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Structure, biological activity and mechanism of action of newly synthesized quaternary ammonium compounds

1. INTRODUCTION

1.1. Structure, properties and application of quaternary ammonium
compounds

Quaternary ammonium compounds (QACs), also known as quats, are a class of
organic compounds synthesized from tertiary amines through the Menshutkin reaction.
Synthetic mechanism involves a nucleophilic substitution (Sx2) reaction, where the
nitrogen atom of the tertiary amine attacks a partially positive carbon atom in a
quaternization reagent, typically an alkyl or aryl halide. As a result, the nitrogen becomes
permanently positively charged, generating a quaternized ammonium ion. Depending on
the number of quaternized nitrogen atoms, QACs can be classified into mono-, bis-, and
poly-QACs, exhibiting distinct properties and effectiveness. The choice of quaternization
reagent determines the counterion, most commonly including chloride, bromide and
iodide due to their favorable leaving group characteristics. Since QACs consist of a
positively charged cation and a corresponding anion, they are often referred to as
quaternary ammonium salts (QASs), represented by the general formula [NR.]*X-.
Accordingly, QACs behave as ionic compounds in terms of physicochemical properties
[1].

A defining feature of QACs is their amphiphilic cationic backbone, which allows them
to aggregate into micelles in solution while simultaneously reducing surface tension [2],
[3]. This property classifies QACs as cationic surfactants, making them valuable
components of detergents and anti-static agents [4], as exemplified by the di-tallow
dimethyl ammonium chloride (DTDMAC) — a widely used QAC in fabric softeners until
the late 1990s [5].

Beyond their amphiphilic properties, the cationic backbone also enables strong
adsorption to negatively charged surfaces, a characteristic that underpins the herbicidal
activity of certain QACs. This was first observed with cetyltrimethylammonium bromide
(CTAB), leading to the development of QAC-based herbicides like diquat and paraquat
[1], [6], [7]. These compounds, characterized by two positively charged nitrogen atoms
and pyridine rings, are highly effective due to their ability to generate reactive oxygen
species, such as superoxide and hydroxyl radicals. Their strong adsorption to negatively
charged soil particles helps localize their activity and minimize toxic effects on humans,
although their rate of self-degradation or induced degradation in the environment

remains notably low [1], [6], [7].
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In addition to their role in household and agricultural applications, QACs are
indispensable in healthcare and hygiene products due to their potent antimicrobial
activity [8], [9], [10]. Their ability to target and inhibit microbial growth, combined with
the flexibility to fine-tune their structural features for optimal efficacy, has made QACs
essential in combating pathogenic microorganisms. However, their widespread use raises

concerns about environmental persistence, bacterial resistance, and long-term safety

[10—14].

1.2. Antibacterial potential of quaternary ammonium compounds

Quaternary ammonium compounds (QACs) are widely recognized for their ability to
eradicate a broad spectrum of microorganisms, including planktonic and sessile bacterial
species, fungi, viruses, and protozoa [2], [15—18]. However, despite their diverse
antimicrobial properties, QACs are particularly valued for their profound activity against
bacterial strains.

The effectiveness of QACs in suppressing bacterial pathogens was first demonstrated
in early 1916 by Jacobs and Heidelberg who described the bactericidal effect of QACs
derived from hexamethylenetetramine, HMTA [19]. In 1930s, German bacteriologist
Gerhard Domagk reported benzyldimethyldodecylammonium chloride, BAC (Figure 1),
suggesting that the addition of an aliphatic chain to the core structure improves
antibacterial activity [20]. Soon after his discovery, variants of BAC that differed in the
length of the alkyl chain on the quaternary nitrogen atom were marketed under the
common name “Zephirol”, which was mainly used as hospital disinfectant for both
surfaces and hands [21]. In less than fifteen years after its discovery, BAC was an active
ingredient incorporated in antiseptics for skin disinfection in 48% of hospitals across the
United States of America [22], [23]. Nevertheless, the discovery of the potent
antimicrobial activity of BAC paved the way for the development of new QAC variants.
One of the first to reach the market was cetylpyridinium chloride, CPC, (Figure 1)
introduced in 1939, just a few years after BAC [24]. Recognized as a powerful antibacterial
agent, CPC was primarily incorporated into dental hygiene products, such as
mouthwashes, where it remains in use today due to its targeted effect on the causative
agent of caries, the bacterium Streptococcus mutans [25—27].

The broad-spectrum antibacterial properties of QACs soon led to the investigation of
the structural features that enable their efficacy. In 1986, Jono et al. described the effects

of structural modifications of BAC in terms of chain length on antibacterial activity [28].
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They found that the bactericidal effect of BAC increases with increasing chain length, with
the Ci2 BAC analogue being the most effective. The same structural influence was further
explored using quaternized cithosan derivatives as a starting point. In 1996 Ho Kim et al.
synthesized cithosan QACs substituted with alkyl chains of varying length [29]. Having
also recognized the superior effect of the C:» analogue towards the representative Gram-
positive strain, Staphylococcus aureus, they suggested that an increasement in
hydrophobicity of the core scaffold could serve as another important factor reflecting to
antibacterial potency of QACs. This hypothesis was further supported by the development
of didecyldimethylammonium chloride, DDAC. The increased hydrophobicity, resulting
from two aliphatic side chains, each with a length of ten carbon atoms attached to the
quaternary nitrogen atom, established DDAC as an exceptionally potent antimicrobial
agent (Figure 1). It soon became used in numerous disinfectant formulations effectively
eradicating a wide range of bacterial pathogens, at the same time outperforming its

analogue, BAC [27], [30], [31].

©\/\N/+ OVW
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Figure 1. Chemical structures of common marketed monoquaternary ammonium compounds (QACs): a)
benzyldimethyldodecylammonium chloride (BAC), b) cetylpyridinium chloride (CPC) and c¢)
didecyldimethylammonium chloride (DDAC) with dashed red rectangle indicating increased
hydrophobicity of the core scaffold.

These early investigations of structure-activity relationships led to speculations about
their possible mode of action, with plausible indications of their membrane-targeting
properties. Specific structural features of QACs point out the possibility of their
incorporation into the lipid bilayers of the bacterial membrane, paving the way for more

in-depth research into the mode of action.

1.3. Mechanism of antibacterial action

Despite the potent antibacterial properties of quaternary ammonium compounds
(QACs) across a wide range of bacterial species, Gram-positive bacteria have been
observed to be generally more susceptible to these agents [2], [13], [32]. This trend is
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primarily attributed to the structural differences in bacterial cell envelopes, supporting
the hypothesis that the mode of action of QACs primarily involves membranolytic
approach [33].

Gram-negative bacteria have an inner membrane, followed by thin peptidoglycan
layer surrounded by an additional outer membrane (OM) hindering the membranolytic
properties of QACs (Figure 2). As a distinguishing feature of Gram-negative species, the
OM contains the inner leaflet composed of the lipid bilayers and the differing outer leaflet
comprised of glycolipids, namely lipopolysaccharide (LPS) [34], [35]. In contrast, the
Gram-positive species lack the OM, but their intracellular contents are preserved with the
cell envelope coated with 30 to 100 nanometer thick layer of peptidoglycan — complex
network of N-acetyl glucosamine (NAG) and N-acetyl muramic (NAM) acids cross-linked
with peptide chains (Figure 2) [34], [36], [37]. Although such thickness ensures
mechanical protection, distinctive polymers anchored in the peptidoglycan matrix,
known as teichoic acids (TA), enable strong membranolytic activity of QACs against
Gram-positive strains. The backbone of TA includes repeats of negatively charged
residues of glycerol, glucosyl or ribitol phosphate [34]. Depending on the type of
attachment of TA to peptidoglycan, those polymers are generally divided into two large
groups — covalently linked cell wall teichoic acid (CWTA) and lipoteichoic acid (LTA)
attached to the head groups of the membrane lipids [34], [38], [39].

a) Gram-negative representative b) Gram-positive representative

Escherichia coli Staphylococcus aureus

/ Lipopolysaccharide \ / Teichoic Lipoteicheic \
acid acid

Outer membrane

Peptidoglycan Peptidoglycan

Klnner membrane / @er membrane /

Figure 2. Schematic representation of cell envelope: a) representative Gram-negative bacterium
Escherichia coli and b) representative Gram-positive bacterium Staphylococcus aureus.
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Considering the structural nature of cationic surfactants, in 1968 Salton was the first
to suggest the potential membranolytic activity of QACs, describing it as a sequence of
events. The first step involves the adsorption of the compound onto the membrane
surface facilitated by the electrostatic interaction of the positively charged QAC backbone
with the negatively charged residues of CWTA and LTA. This is further followed by the
insertion of hydrophobic substituents of QAC into the membrane matrix causing the
efflux of cytoplasmic contents due to membrane disorganization. Ultimately, complete
degradation of cell envelope is achieved through the activation of autolytic enzymes [33].

The proposed membranolytic approach was further supported through numerous
literature data employing different experimental techniques. Lambert and Hammond
described the membrane disorganization upon exposure to low concentrations of QACs
through the disruption of cell osmoregulation processes by measuring the leakage of
potassium ions and disbalance of proton gradient during the incubation time [40].
Additional studies demonstrated the depolarization of bacterial membrane caused by the
increase of net positive charge on the membrane surface upon the initial electrostatic
interaction [41—44]. Alkhalifa et al. combined computational modeling coupled with
experimental approach to further inspect the potential of QACs to lyse the Gram-positive
bacterial cell envelope [45]. Their computational model revealed that both mono- and
poly- cationic QAC variants follow the same order of events in terms of initial electrostatic
interaction and further insertion of hydrocarbon chains into the membrane matrix, with
insertion of one tail at the time in case of poly- QACs. Furthermore, advanced microscopy
techniques were also used to visualize the QAC-induced alterations in bacterial
morphology, specifically showing cellular irregularities and surface indentations in
treated bacterial cells [46—49].

Although QACs are generally considered to act as membrane targeting
antimicrobials, their complete mode of action is yet not fully elucidated. Recent
investigations demonstrated that QACs may employ multiple antibacterial mechanisms
including the inhibition of protein synthesis pathways, DNA intercalation or down-
regulation of proteins responsible for key metabolic processes and stress response
pathways [50-54]. These findings underscore the need for further investigation,
particularly into structure-activity relationships, which could lay the groundwork for the

development of next-generation antimicrobials.
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1.4. Challenges in application of quaternary ammonium compounds

The extensive use of quaternary ammonium compounds (QACs) across a wide range
of industrial sectors has resulted in their classification as high-production volume (HPV)
chemicals, with an estimated 500,000 tons released into the environment in 2004 [55].
Besides industrial runoffs, the introduction of QACs in environmental settings is also
achieved through a variety of anthropogenic activities, most commonly implying the
overuse of products containing QACs, e.g. hygiene and household products or antiseptic
and disinfectant agents. Such overuse particularly raised great concern upon the recent
pandemic outbreak caused by SARS-CoV-2 virus, with over 50% of disinfectants
containing QACs as active ingredients, as evidenced by the United States Environmental
Protection Agency (EPA) [56].

Due to their physicochemical properties, which confer long-term stability, it is crucial
to consider the consequences of environmental accumulation of QACs. Most
commercially available QACs eventually reach wastewater treatment plants (WWTPs),
with dialkyldimethyl ammonium (DADMAC), alkyltrimethyl ammonium (ATMAC), and
benzylalkyldimethyl ammonium compounds (BAC) being the most prevalent analogues
[57]. Although QACs are considered biodegradable under aerobic conditions, their strong
adsorption often limits the opportunity for complete decomposition. This adsorption is
achieved through electrostatic interaction of cationic backbone with negatively charged
surfaces, such as soil particles, sewage sludge, or sediments [57-59]. WWTPs, which are
primarily designed to remove easily degradable organic contaminants, are generally
ineffective at fully removing QACs. As a result, significant quantities of these compounds
persist in treated effluents and are ultimately released into aquatic ecosystems, such as
rivers or seas [57], [60], [61].

The persistence of sub-inhibitory concentrations of QACs in the environment not only
promotes the development of bacterial resistance among environmental isolates but also
exerts toxic effects on a wide range of aquatic organisms. Addressing this pressing issue
implies the development of the next-generation QAC derivatives with improved
environmental profiles and the implementation of more efficient wastewater treatment

strategies to mitigate their ecological impact.

1.4.1.Bacterial resistance development

Selective pressure achieved through the constant presence of sub-lethal

concentrations of commercially available quaternary ammonium compounds (QACs)

6
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enabling bacterial adaptation, serves as a trigger for the activation of bacterial resistance
mechanisms.

One of the most well-known bacterium resistant to a broad spectrum of antibacterial
drugs is Staphylococcus aureus, categorized among the six most virulent and resistant
pathogens under the acronym ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.). Nearly fifty years ago, Johnson and Dyke described the resistance of
S. aureus to the ethidium bromide, QAC which is well-known as DNA-intercalating
biological dye, attributing this phenomenon to a specific plasmid-encoded genetic
elements [62]. Following their discovery, a series of plasmid-borne gac genes were
identified, encoding the expression of specific transmembrane proteins commonly
referred to as efflux pumps, which play a key role in mediating bacterial resistance to QAC
[63].

One of the most studied gac genes is gacA, which encodes the expression of QacA
efflux pump, a protein with 14 transmembrane segments. This efflux pump belongs to the
major facilitator superfamily (MFS) and facilitates the active transport of various
substances across the cell membrane [64], [65], [66]. The expression of QacA is tightly
regulated by the transcriptional repressor QacR, a dimeric protein consisting of 188
amino acids (23 kDa) [67-70]. QacR functions as a negative regulator by binding to the
inverted repeat 1 (IR1) sequence, the transcription initiation site of the gacA gene, in the
form of a dimer pair [71]. QacR is activated by binding a wide range of structurally diverse
compounds, which further serve as substrates for the QacA membrane transporter.
Ligand binding induces a conformational change in QacR, causing its dissociation from
the operator IR1 site. Consequently, this dissociation allows the transcription of gacA
gene and subsequent expression of QacA efflux pump. These pumps utilize the energy
originating from hydrolysis of adenosine triphosphate (ATP) to expel toxic compounds
across the cell membrane, therefore diminishing their toxicity [72], [73].

Although it is not yet fully understood which ligands are structurally most favorable
for the QacR binding site, it is known that conformational changes in QacR are triggered
by the binding of lipophilic, cationic compounds. The binding site of the repressor
contains four glutamic acid residues, along with various aromatic and polar amino acids,
providing its suitability for recognition of a wide variety of structurally diverse ligands
[74]. Negatively charged glutamic acid residues electrostatically interact with the

positively charged nitrogen atom in the structure of QACs, thereby facilitating their
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binding to the active site of the repressor leading to its conformational change that
mediates the efflux of QACs. Schumacher et al. have published six distinct crystallized
structures of QacR, each complexed with different QAC representatives within its highly
adaptable binding site (Figure 3) [74], [75]. Interestingly, despite structural similarities
of ligands in terms of aromatic rings, they have shown that the binding site of the QacR
repressor accommodates both mono- and bis-QACs which underscores its multi-drug

recognition potential.

Figure 3. Crystal structures of QacR dimer complexed with different quaternary ammonium compounds
(QACs): a) QacR complexed with rhodamine (PDB 1JUS) [75], b) QacR complexed with dequalinium (PDB
3BT9) [74] and ¢) QacR complexed with ethidium (PDB 1JTY) [75].

Although resistance mechanisms mediated by the expression of Qac efflux pumps
have been the most extensively studied, growing data suggest that changes in cell
membrane composition serve as an alternative resistance pathway. These changes
include modifications in fatty acid and protein composition, as observed in populations
of Pseudomonas aeruginosa and Listeria monocytogenes exposed to commercially
available QAC analogues [76—79]. Beyond these compositional changes, resistance can
also involve alterations to the cell surface charge. Specifically, Nagai et al. demonstrated
that Pseudomonas fluorescens reduces its net surface charge to disrupt electrostatic
interactions with cationic agents, thereby diminishing their membranolytic activity [76],
[80].

Addressing the challenge of bacterial resistance requires not only the synthesis of

novel QACs unfamiliar to bacterial intrinsic resistance pathways, but also a deeper
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investigation into how structural features influence biological activity and resistance
development. Such efforts will be pivotal in mitigating the spread of resistance and

ensuring the long-term efficacy of QAC-based disinfectants and antiseptics.

1.4.2. Ecotoxicological and toxicological concerns

The presence of quaternary ammonium compounds (QACs) in aquatic systems, due
to their inefficient removal by wastewater treatment plants (WWTPs), has raised
questions about the ecotoxicity of this class of antimicrobials. The chemical stability of
commercially available QAC analogues can be exemplified by the nearly nine-month half-
life of benzalkonium chloride (BAC), emphasizing the urgency of addressing the issue of
environmental saturation with this class of cationic surfactants [73], [81].

Although QACs retain their biocidal properties upon introduction to environmental
setting, this class of compounds have not been reported to cause an acute toxicity towards
aquatic organisms, possibly due to their physicochemical properties including strong
surface adsorption [82—84]. However, experimental studies suggest a more complex
picture, with varying toxicity rates depending on species and QAC structure, particularly
as their usage continues to grow. As early as 1997, Utsunomiya et al. reported that the
half-maximal effective concentration (ECs0) of common QACs against the unicellular
green algae Dunaliella sp. was 18 pg/mL — approximately five times higher than that of
representative anionic surfactants [85], [86]. Similarly, Chlorella pyrenoidosa was
shown to be sensitive to thirteen QACs in a comprehensive study by Jing et al., where the
length of alkyl chains was identified as key toxicity determinant [87]. Moreover, studies
by Garcia et al. highlighted the superior toxicity of alkyl QACs compared to their
benzylated analogues against planktonic crustaceans (Daphnia magna) and the
symbiotic bacterium Photobacterium phosphoreum [88]. Not only do QACs affect algae
and various planktonic species, but their toxicity extends to higher organisms,
predominantly fishes, differing in toxicity profiles depending on the species [89—91].

Beyond ecotoxicological hazards, increasing evidence highlights the negative effects
of QAC exposure on human health. While acute toxicity caused by high concentration
levels of QACs is rare, chronic exposure through everyday household and hygiene
products poses a more significant risk [91—93]. For many commercially available QACs,
existing literature data emphasized the possibility of inducing respiratory side effects,
such as asthma, especially among the healthcare sector employees [94—96]. The excessive

use of QAC-based products has brought significant attention to the consequences of
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chronic exposure, which were thoroughly investigated following the recent SARS-CoV-2
pandemic outbreak [97]. In their pilot study, Hrubec et al. detected QAC traces in the
blood samples of 80% of participants, linking these findings to certain biochemical
pathways in a statistically significant manner [98]. Similarly, Zheng et al. reported the
presence of QACs in breast milk, identifying breastfeeding as a potential exposure route
for newborns [99]. Furthermore, a recent study by Kirkpatrick et al. demonstrated that
long-term  exposure to a mixture of common QACs, including
alkyldimethylbenzylammonium chloride (ADBAC) and didecyldimethylammonium
chloride (DDAC), adversely affects the reproductive system. Their findings, based on both
in vitro and in vivo mouse models, showed that the severity of these effects correlates
with the duration of exposure [100].

In light of these findings, it is clear that the widespread use and environmental
persistence of QACs necessitate urgent action. Stricter regulatory frameworks, alongside
the optimization of existing formulations, are crucial to mitigate their ecotoxicological
and human health risks. Furthermore, the development of safer and environmentally
compatible QAC alternatives must be prioritized to address the pressing challenges posed

by their accumulation and long-term exposure.

1.5. Strategies for the development of next generation quaternary
ammonium compounds

Limitations of traditional commercially available quaternary ammonium compounds
(QACs), particularly their tendency to accumulate in the environment and concerns about
their safety, have driven the development of next-generation QACs. The primary goal in
designing these new analogues is to retain potent antimicrobial activity while enhancing
their environmental degradability and improving their safety profiles for broader and
more responsible use.

The development of next-generation QACs often begins with the structural
optimization of traditional compounds to create variants unable to activate intrinsic
bacterial resistance mechanisms. Benzalkonium chloride (BAC), one of the most widely
used QAC, has been of a major focus in such studies. Pernak et al. synthesized and
evaluated a series of forty BAC analogues for their antimicrobial activity against bacteria
and fungi. Their findings revealed that the minimum inhibitory concentration (MIC)
values of these analogues were comparable to those of standard BAC. They further

suggested that these derivatives could serve as potential antimicrobial agents in food
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processing, with a reduced tendency to trigger bacterial resistance mechanisms [101].
Building on this approach, recent studies have also concentrated on modifying BAC
derivatives. Brycki et al. introduced a pyridine moiety into the BAC scaffold, varying the
alkyl chain lengths attached to the quaternary nitrogen atom. However, introducing
nitrogen into the aromatic ring did not enhance the antibacterial activity, as the newly
synthesized analogues exhibited slightly higher MIC values compared to standard BAC
[102]. The same research group later explored multicationic modifications of the BAC
core structure. These derivatives, particularly Cio and Ci» analogues, demonstrated
significantly improved antibacterial potency [103]. Similarly, Toles et al. synthesized
twenty seven structurally diverse multicationic BAC analogues. Their findings revealed
not only greater antibacterial activity but also reduced susceptibility of hospital-acquired
methicillin-resistant Staphylococcus aureus (HA-MRSA), underlining multicationic
derivatives as promising candidates in next-generation synthesis [104].

In addition to structural modifications of existing QAC scaffolds, establishing a clear
correlation between structure and antibacterial activity can facilitate the rational design
of new compounds with targeted effects. This can be achieved by synthesizing QAC
derivatives with diverse structural motifs, such as alkyl chain modifications,
incorporation of heterocyclic moieties, and functionalization of the QAC backbone. These
approaches aim to enhance antimicrobial efficacy, selectivity, and environmental safety
[105]. Recent advancements in this field include the development of antimicrobial
peptide (AMP)-mimetic QACs, which exhibit favorable therapeutic indices and minimal
toxicity toward mammalian cells [105—-108]. Furthermore, alternative quaternary
compounds, such as quaternary phosphonium or sulfonium derivatives, are emerging as
promising non-nitrogen-based scaffolds, offering unique chemical and biological
properties to expand the spectrum of antimicrobial agents [109].

While these approaches primarily emphasize synthetic modifications, natural
product-guided synthesis remains an underexplored strategy for developing new
antimicrobial agents. By leveraging natural scaffolds and bioactive molecules, the
principles of natural product synthesis can be applied to the design of next-generation
QACs, enabling the development of novel, highly effective, and structurally diverse

antimicrobial compounds.
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1.5.1. Natural scaffolds as new synthetic precursors

An early example of the broad-spectrum biological activity of naturally occurring
substances is berberine, plant-derived alkaloid with inherent quaternary ammonium
compound (QAC) structure (Figure 4). Recognized for its potent antibacterial and
antitumor properties, berberine underscores the therapeutic potential of naturally
occurring scaffolds as promising precursors for the development of new antibacterial
agents [110—113].

The use of natural substances as scaffolds for QAC synthesis represents a cost-
effective and sustainable approach, despite the limited number of studies reported to
date. Building on prior findings, Joyce et al. synthesized mono- and bis-QAC derivatives
using alkaloid cores such as quinine and nicotine (Figure 4) as starting materials [114].
In both cases, quaternization significantly enhanced antimicrobial activity compared to
the precursor structures, demonstrating the benefits of structural modification. Similarly,
Burilova et al. employed 1-azabicyclo[2.2.2]octane, known as quinuclidine (Figure 4), a
bicyclic alkaloid found in Cinchona bark, to create long-chained QAC derivatives. Their
results revealed that analogues with longer alkyl chains exhibit superior antibacterial
potency, exceeding the efficacy of norfloxacin. Importantly, the most active compound
demonstrated minimal cytotoxicity against a healthy human epidermal cell line,
highlighting its potential for practical applications [115]. Bazina et al. further explored
this precursor by utilizing 1-azabicyclo[2.2.2]octan-3-0l, 3-hydroxyquinuclidine, (Figure
4) to synthesize QACs with alkyl chains ranging from three to fourteen carbon atoms.
They identified a chain length of at least ten carbons as critical for activity, with the most
potent derivative bearing the longest chain [116]. Upon the treatment with their candidate
compound at concentrations above the minimal inhibitory, they observed significant
morphological changes of Staphylococcus aureus cells, suggesting its potency to disrupt
bacterial membrane. Building on the precursor structure also analogous to quinuclidine,
Kontos and coworkers reported the synthesis of new QACs derived from 1,4-
diazabicyclo[2.2.2]octane, DABCO, (Figure 4). By fine-tuning the lipophilicity of mono-
and Dbis-cationic derivatives, they developed compounds with sub-micromolar
antibacterial activity, further outlining the versatility of quaternary ammonium scaffolds
depending on the structural features [117].

Demonstrating the diversity of potential natural precursors, Allen et al. quaternized

ianthelliformisamine C, a compound isolated from a sea sponge. The resulting derivatives
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exhibited a wide range of pharmacological activities, including antibacterial effects,

membrane-perforation potential, and cytotoxicity [118].
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Figure 4. Chemical structures of a) berberine — naturally occurring quaternary ammonium compound
and precursors used as quaternization backbones of natural-guided synthesis of novel QACs: b) quinine,
c¢) nicotine, d) 1-azabicyclo[2.2.2]octane (quinuclidine), e) 1-azabicyclo[2.2.2]octan-3-01 (3-
hydroxyquinuclidine) and f) 1,4-diazabicyclo[2.2.2]octane (DABCO).

These examples shed light to the immense potential of natural scaffolds for designing
next-generation QACs. Exploring underutilized natural products and deeper
investigation of structure-activity relationship could accelerate the design of effective,

sustainable antimicrobial agents tailored for specific applications.

1.5.2. Environmentally friendly “soft” quaternary ammonium
compounds

To mitigate the environmental accumulation of conventional quaternary ammonium
compounds (QACs) and the subsequent development of bacterial resistance, novel
synthetic strategies focus on integrating hydrolysable functional groups into the
compound's core. Such quaternized products are often referred to as “soft” QACs. The key
hypothesis behind this synthetic approach is that controlled decomposition of the initial
structure into biologically inactive compounds reduces the likelihood of activating
intrinsic resistance mechanisms.

The most common functionalities enabling the production of “soft” QAC variants are
ester and amide groups, which are prone to hydrolysis under specific conditions. An early
example of “soft” QACs-driven synthesis was reported by Lindstedt et al., who

synthesized a series of betaine ester-based quaternary derivatives [119]. Although these
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compounds demonstrated antibacterial activity comparable to that of traditional QAC
cetyltrimethylammonium bromide (CTAB), the ester analogues exhibited a pronounced
tendency for hydrolysis. This high hydrolysis rate could potentially threaten the
opportunity of antibacterial action.

In their study, Alkhalifa et al. demonstrated differences in the membranolytic activity
of alkyl and “soft” ester QAC variants with identical hydrocarbon chain lengths [45].
While all series exhibited membranolytic activity, both computational simulations and
experimental data pointed out superior antibacterial activity of alkyl derivatives. Based
on these findings, the authors hypothesized that the chemical instability of the ester
functionality, along with its susceptibility to uncontrolled decomposition, is likely to
explain the lower antibacterial potential of these analogues.

On the other hand, further exploration of hydrolysis-prone groups revealed the
substantial potential of the more robust amide functionality. Due to the lower
electronegativity of nitrogen compared to oxygen, the amide bond is chemically more
stable than the ester bond. This was confirmed by Allen et al., who investigated the
degradation rates of amide- and ester-based QAC variants in solutions with varying pH
values [73]. They observed that ester-containing QACs had a half-life of approximately 3
hours at pH 7, with almost immediate decomposition at both lower and higher pH levels,
highlighting the instability of these QACs and their inability to reach full antibacterial
potential. In contrast, amide analogues remained stable for over 16 hours across a wide
range of pH values, at the same time exhibiting greater activity towards selected bacterial
panels. Similarly, Kontos et al. found amide-based QACs derived from piperazine and
2,2-diazabicyclo[2.2.2]octane (DABCO) to be potent bacterial agents, with the low
micromolar range of minimum inhibitory concentrations [117].

In addition to the possibility of chemical degradation under low-pH conditions, the
structural nature of the amide bond allows for potential enzymatic breakdown by
proteases upon cell uptake. Given both the antibacterial potential and the controlled
degradation of amide-based QACs, the synthesis and investigation of the biological
activity and mechanisms of action of these variants is an essential future perspective.

Moreover, considering the enhanced polarity introduced by the electron density
distribution of the amide bond, understanding how this property correlates with
antibacterial potential and mode of action is crucial. To date, studies on QAC structure-

activity relationships have primarily focused on the impact of precursor rigidity on
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antimicrobial potential leaving the influence of backbone functionalization as an
unexplored field [117], [120].

However, with recent synthetic strategies focusing on functionalizing the core scaffold
with polar, hydrolysis-prone groups, further research is needed to elucidate how
increased polarity influences the biological activity of new QAC derivatives. Since the
antimicrobial potential of this class of compounds is largely attributed to their structural
characteristics as cationic surfactants, a more detailed investigation into the optimal
balance between hydrophilic and hydrophobic properties of the scaffold will provide
valuable insight into structure-activity relationships. This knowledge could ultimately
lead to the specific fine-tuning of structural elements, enabling the design and

development of biologically potent yet environmentally friendly QAC variants.
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2. AIMS AND SCOPE OF THE RESEARCH

This dissertation addresses the critical public health challenge of bacterial resistance
by focusing on the development of novel antimicrobial agents, quaternary ammonium

compounds (QACs), and examining their biological activity and mechanisms of action.

The main objectives of this doctoral dissertation are:

(0O1) Synthesis of new quaternary ammonium compounds (QACs) from different
heterocyclic precursors. Quaternized products derived from pyridine-4-aldoxime scaffold
will represent traditional QACs analogues of commercially available cetylpyridinium
chloride, CPC. On the other hand, QACs derived from 3-amidoquinuclidine will result in

“soft” environmentally compatible variants.

(02) Evaluation of the biological activity of the newly synthesized “traditional” and “soft”
QAC derivatives, with emphasis on their antibacterial potential and prediction of toxicity

towards mammalian cell lines of epidermal origin.

(03) Structure-activity relationship investigation of the QAC’s backbone polarity to
antibacterial properties in comparison with commercial mono- quaternary ammonium

compounds.

The doctoral dissertation is based on the following hypotheses:

(H1) Newly synthesized QAC derivatives will exhibit better antibacterial activity

compared to their non-quaternary precursors.

(H2) Increasing the polarity of the functional group on the heterocyclic backbone of the

new QAC derivatives will have a varying impact on their antibacterial activity.

(H3) Selected newly synthesized “soft” QAC derivatives will be susceptible to

degradation, making them less likely to trigger bacterial resistance mechanisms.
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3. SCIENTIFIC PAPERS
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3.1. NEW MEMBRANE ACTIVE ANTIBACTERIAL AND ANTIVIRAL
AMPHIPHILES DERIVED FROM HETEROCYCLIC BACKBONE OF
PYRIDINIUM-4-ALDOXIME
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while 87% of the cells studied exhibited a permeabilized membrane after 3 h of treatment at 4 X
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QacR with a representative candidate showed rapid dimer disruption, whereas this was not observed

Published: 22 June 2022 for QacR and QacR bound to the structural analog CPC. This might explain the lower bioactivity of

Publisher’s Note: MDPl stays neutral ~ OUT compounds, as they are likely to cause premature expression of efflux pumps and thus activation
with regard to jurisdictional claims in of resistance.
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Keywords: quaternary ammonium salts; pyridinium-4-aldoxime; antimicrobial activity; cytotoxicity;
mode of action mechanism

1. Introduction

This article is an open access article s . . . . .
P Antimicrobial membrane-active amphiphiles, such as quaternary ammonium salts

(QAS), are important antiseptic and disinfectant agents in many different commercial prod-
ucts. QAS with permanent positive charge can occur naturally as a product of microbial
secondary metabolism or can be synthesized from alkyl halides, alcohols, or amides [1,2].
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The first QAS introduced to the disinfectant market in the 1930s and 1940s was benzalko-
nium chloride (BAC), and today there are other common QAS besides this, namely bromine
and chlorine salts such as benzalkonium bromide (BAB), cetylpyridinium chloride (CPC),
and didecyldimethylammonium chloride (DDAC) [3]. Due to the amphiphilic nature of
QAS, they exhibit a detergent-like mode of action that targets the cell membrane. This
involves electrostatic interaction between the negatively charged bacterial membrane and
the positive charge of the QAS, whereupon the alkyl chain penetrates the lipid bilayer,
leading to the release of the intracellular contents and cell death [3-5].

Although these agents are already widely used, some projections indicate that their
consumption will increase in the coming years as public health is threatened by the current
and future spread of infectious diseases [6]. Due to their increased chemical stability and
longer retention time in the environment, there are legitimate concerns about the emergence
of bacterial resistance to QAS. In 1999, 63% of methicillin-resistant Staphylococcus aureus
(MRSA) isolates in Europe were already resistant to this class of compounds [7] and in 2012,
83% were resistant in the United States [8]. Commercial QAS can have 2- to 4-fold lower
efficacy against resistant bacteria, particularly CPC, one of the most effective commercial
disinfectants, which has 4-fold lower efficacy against MRSA in the biofilm state [1]. It
was found that the major acquired resistance pathway in Gram-positive bacteria is the
gacA/qacR system [3]. This system consists of the negative transcriptional regulator QacR,
which binds to the IR1 site of DNA, thereby inactivating transcription of the QacA efflux
pump [9]. QacR ligands are various aryl-substituted mono- and biscationic QAS that,
when bound to QacR, induce a conformational change leading to its dissociation from
DNA and production of the QacA efflux pump [10,11]. Therefore, solving the problem of
bacterial resistance by developing new or structurally modified QAS is the focus of further
scientific investigation.

Several research groups have made considerable efforts to develop new QAS with
structural modifications of CPC [1,2,12-15]. In this sense, environmentally friendly CPC
derivatives (“soft QAS”) have been synthesized [1]. Although these pyridinium derivatives
have the potential to decompose more rapidly, which could halt the development of
bacterial resistance, they have been less effective because antimicrobial activity has been
shown to be closely related to the structural stability of these compounds. On the other
hand, pyridinium derivatives with more than one positive center and different alkyl chain
lengths have shown potent antimicrobial activity at low micromolar concentrations, most
likely due to a multicationic-specific interaction with the negatively charged bacterial
surface [12-14,16]. In addition, the authors speculate that QAS bearing more than two
positive centers may be poor substrates for QacR, thus repressing the expression of specific
efflux pumps.

QSAR studies have shown that various properties such as substituents on the pyridine
moiety, alkyl side chain length, hydrophobicity, pKa value, and cell surface absorptivity
are crucial aspects for antimicrobial activity [17]. In this sense, Marek et al. synthesized
derivatives of pyridinium-4-aldoxime with alkyl chains of different lengths (C8 to C20) [18].
They found that the C14 and C16 derivatives were the most effective and less toxic than
commercial QAS and proposed them as new potential antimicrobial candidates. In addition
to their potent antibacterial potential, derivatives of pyridine oximes have also shown strong
antiviral activity against influenza B-Mass and HIV-1 viruses [19], and some of them have
been discovered as potential antidotes for organophosphate poisoning [20-22] because the
oxime group upon deprotonation leads to a strong nucleophile that acts as a cleaver of
esters and amides [23].

Inspired by previous studies [18,24], in this work we extended the structure-activity
investigation by studying the effect of different aryl and alkyl substituents on the biolog-
ical and physical properties of pyridinium-4-aldoxime. The biological potential of the
synthesized compounds was determined by measuring the minimum inhibitory concen-
trations (MIC) against representative Gram-positive and Gram-negative bacteria and by
determining the number of local lesions in plants infected with Tobacco mosaic virus. Due to



Pharmaceuticals 2022, 15, 775 3 of 21

the potential application of the identified candidates as antibacterial and antiviral agents,
cytotoxicity was determined on healthy human cell lines, namely HaCaT and RPE1. For
all compounds, the topological polar surface area and cLogP values were calculated to
estimate the effects of the oxime group and other substituents on the physical properties of
the pyridine backbone. In addition, the membranolytic mechanism of action was investi-
gated using atomic force and inverted optical fluorescence microscopies. Using molecular
dynamics (MD) simulations, we were able to predict the stability of the QacR dimer in
complex with the candidate compound, which provides an explanation for the decreased
antibacterial activity of the quaternary pyridinium-4-aldoxime salts.

2. Results and Discussion
2.1. Chemistry

The preparation of monoquaternary oxime salts is a simple one-step reaction of
pyridine-4-aldoxime with aryl or alkyl bromides/dibromides (Scheme 1). Nevertheless,
repeated crystallization was necessary to obtain the required purity of the compounds. We
must point out that some of the compounds have been previously synthesized [18,22,24].
All quaternization reactions were carried out at room temperature in acetone and the
reaction products were obtained in very good yields. Alkylated QAS, more specifically,
Py-C12, Py-C14 and Py-Cy6, were obtained in better yields (y = 79-82%) than reported
by Marek et al. who used reflux with two different solvents, acetonitrile and ethanol
(7 = 55-87% and i = 70-75%) [18]. Our reaction conditions using a less polar solvent at
room temperature are also supported by the fact that we obtained alkylated QAS with
terminal bromine atom in high yields (7 = 60-73%).

\+
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Scheme 1. Preparation of aryl/alkyl quaternary pyridinium-4-aldoxime salts.
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2.2. In Vitro Evaluation of Biological Activity
2.2.1. Antibacterial Activity

The antibacterial activity of all compounds was evaluated by determining the mini-
mum inhibitory concentration (MIC), which is defined as the lowest concentration of the
compound at which no visible bacterial growth is detected. The compounds were tested
against representatives of Gram-positive and Gram-negative strains, including the ESKAPE
bacterium Staphylococcus aureus ATCC25923 and the clinical isolate of methicillin-resistant
S. aureus (MRSA), which are known for their pathogenicity [3].

As can be seen in Tables 1 and 2, all pyridine-4-aldoxime QAS have much better
antibacterial potential than the precursor pyridine-4-aldoxime, but higher MIC than the
standard CPC. The MIC values of CPC against representative Gram-positive bacteria
and Escherichia coli are in the uM range, in contrast to our QAS whose MICs are ranging
from pM to mM values. In contrast to our previous experience with quaternization of
other heterocycles [25,26], here we obtained poorly active QAS regardless of the type of
substituent used for quaternization.

In this series, slightly better activities were observed for alkylated pyridinium-4-
aldoxime QAS, although these activities were still in the mM range. In general, we can
conclude that the alkylated QAS have better MIC for Gram-positive than for Gram-negative
bacteria, which is in agreement with previous studies that also found better activity of
QAS against Gram-positive strains [3]. This is mainly attributed to the different membrane
structure and composition of these two types of bacteria, as Gram-negative bacteria have
a double membrane that is more difficult to penetrate. We have also confirmed that
chain length affects MIC, such that longer alkyl chain derivatives generally have a lower
MIC [3]. Studies have shown that antibacterial activity depends mainly on the hydrophilic-
hydrophobic balance of the amphiphilic compounds [27] and not solely on the length of
the chain, since derivatives with longer chains have poor solubility [28]. Moreover, when
investigating the antibacterial activity of pyridine-4-aldoxime QAS, Marek et al. reported
the lowest MIC values for derivatives with Cq,, Cq4, and Cq¢ atoms in the chain, which is
in agreement with our observation [18]. Therefore, these compounds were considered as
antimicrobial candidates.

In our study, Py-Cy4 showed consistently better MIC for the series of Gram-positive
strains (Table 2). Mereghetti et al. showed that of 97 isolates of L. monocytogenes, 17 exhibited
resistance to QAS at high concentrations (MIC up to 18 mg/L) [29]. In our study, the
alkylated pyridinium-4-aldoxime QAS showed promising antibacterial potential against
L. monocytogenes ATCC7644 with the lowest MIC of 0.31 mg/mL for Py-C14. The deriva-
tive with an alkyl chain of 16 carbon atoms, Py-Cy6, showed the lowest MIC, but these
values were limited to S. aureus ATCC25923 (0.09 mM), MRSA, and Bacillus cereus strains
(0.37 mM). We must note that Py-Cy6 has the same MIC against Gram-negative Escherichia
coli as for Gram-positive B. cereus, which is consistent with the observation that QAS con-
taining C14-C16 have the best antibacterial activity against Gram-negative strains [30].
When antibacterial efficacy was compared with standards, Py-Cy6 was found to have
28-fold and 10-fold higher MIC for CPC and cefotaxime against S. aureus ATCC25923,
respectively. However, MRSA had comparable MIC values for Py-Cj4 and cefotaxime (160
and >119.4 pg/mlL, respectively), leading us to conclude that this bacterial strain may use
the same efflux pump system to drive bactericidal agents out of the cell. Interestingly, it
has been reported that there are examples of efflux pumps that export both QAS and other
antimicrobial agents. It has been shown that gacA/B and a gene conferring resistance to
(-lactams, such as cefotaxime, are both found on large plasmids in various Staphylococcus
species [31].
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Table 1. Antibacterial activities of benzylated derivatives of pyridinium-4-aldoxime. The minimal inhibitory concentrations (MIC) are expressed in mg mL~! and

mM units. MIC is the highest concentration of the compound required to suppress bacterial growth in three replicate experiments.

MIC (mg mL~1/mM)

Bacterial Strain Strain Origin Py-4-0x Py-Bn Py-BnCHj3 Py-BnNO, Py-BnCl Py-BnF Py-BnBr Py-BnCF;  Py-BnOCF;
M, =122.1 M, = 293.2 M, =307.2 M,=3382  M,=3276 M,=3112 M,=3721 M;=3612  M,=377.2
Gram-positive bacteria
Staphylococcus aureus ATCC25923 >5/>40.9 >5/>17.05 2.5/8.14 5/14.78 1.25/3.82 5/16.07 1.25/3.36 0.63/1.74 0.31/0.82
Staphylococcus aureus Clinical/MRSA >5/>40.9 >5/>17.05 5/16.28 >5/>14.78 2.5/7.63 >5/>16.07 1.25/3.36 1.25/3.46 1.25/3.31
Bacillus cereus ATCC14579 >5/>40.9 >5/>17.05 5/16.28 >5/>14.78 5/15.26 >5/>16.07 2.5/6.72 1.25/3.46 2.5/6.63
Enterococcus faecalis ATCC29212 5/40.9 >5/>17.05 2.5/8.14 >5/>14.78 5/15.26 >5/>16.07 2.5/6.72 2.5/6.92 2.5/6.63
Listeria monocytogenes ATCC7644 >5/>40.9 >5/>17.05 1.25/4.07 >5/>14.78 2.5/7.63 >5/>16.07 2.5/6.72 2.5/6.92 2.5/6.63
Gram-negative bacteria
Escherichia coli ATCC25922 >5/>40.9 1.25/4.26 5/16.28 2.5/7.39 0.31/0.95 0.63/2.02 0.16/0.43 2.5/6.92 0.31/0.82
Salmonella enterica Food isolate 5/40.9 >5/>17.05 0.63/2.05 5/14.78 2.5/7.63 >5/>16.07 0.63/1.69 1.25/3.46 2.5/6.63
Pseudomonas aeruginosa ATCC27853 >5/>40.9 >5/>17.05 >5/>16.28 >5/>14.78 5/15.26 >5/>16.07 5/13.44 5/13.84 2.5/6.63

Table 2. Antibacterial activities of alkylated derivatives of pyridinium-4-aldoxime. The minimal inhibitory concentrations (MIC) are expressed in mg mL~!/mM

and pg mL~!/uM. MIC is the highest concentration of the compound required to suppress bacterial growth in three replicate experiments.

MIC (mg mL~1/mM)

MIC (ug mL~-1/uM)

Bacterial Strain Strain Origin Py-CgBr Py-CyBr Py-Cy,Br Py-C1p Py-Cy4 Py-Ci6 CPC Cefotaxime
M, =394.2 M, =422.2 M, =450.3 M, =371.4 M, =399.4 M, =427.5 M, =339.9 M, =477.5
Gram-positive bacteria
Staphylococcus aureus ATCC25923 5/12.68 0.63/1.49 0.16/0.36 0.08/0.22 0.08/0.20 0.04/0.09 14/41 3.7/10
Staphylococcus aureus Clinical/MRSA 2.5/6.34 0.31/0.73 0.31/0.69 0.31/0.83 0.16/0.40 0.16/0.37 2.7/10 >119.4/>250
Bacillus cereus ATCC14579 2.5/6.34 0.63/1.49 0.63/1.40 1.25/3.37 1.25/3.13 0.16/0.37 5.3/20 3.7/10
Enterococcus faecalis ATCC29212 2.5/6.34 5/11.84 1.25/2.78 0.63/1.70 0.31/0.78 2.5/5.85 2.7/10 29.8/60
Listeria monocytogenes ATCC7644 1.25/3.17 5/11.84 1.25/2.78 0.63/1.70 0.31/0.78 1.25/2.92 2.7/10 3.7/10
Gram-negative bacteria
Escherichia coli ATCC25922 1.25/3.17 0.63/1.49 0.63/1.40 0.63/1.70 0.63/1.58 0.16/0.37 5.3/20 0.2/0.4
Salmonella enterica Food isolate >5/>12.68 5/11.84 2.5/5.55 0.63/1.70 2.5/6.26 5/11.70 21.2/60 0.1/0.2
Pseudomonas aeruginosa ATCC27853 >5/>12.68 >5/>11.84 2.5/5.55 2.5/6.73 2.5/6.26 2.5/5.85 850/250 59.7/130
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Compounds containing a terminal bromine atom (Py-CgBr, Py-CyoBr and Py-C1,Br)
in an alkyl chain showed a gradual improvement in MIC values with the higher number
of carbons in the chain. Nevertheless, these values were generally poor, suggesting that a
large halogen atom at the end of the alkyl chain negatively affects the biological activity
of QAS.

Interestingly, arylated QAS have better potential against Gram-negative strains, which
may be due to the different mode of action. QAS with substituted benzyl ring showed
better antibacterial potential than Py-Bn alone, which is probably due to the preferential
substitution at para position. However, the best activity in this series was observed for
Py-BnCl, Py-BnF, Py-BnBr, and Py-BnOCFj; against E. coli with MIC values ranging from
0.43 to 2.02 mM. Similarly, Py-BnCHj3 and Py-BnBr showed MIC between 1.69 and 2.05 mM
against Salmonela enterica. The observed potential against Gram-negative strains, especially
E. coli, could be explained by the size of the para substituent or by the specific unknown
mechanism of action.

2.2.2. Antiviral Activity

Recent data have shown that QAS have good antiviral potential, which is why these
compounds were used extensively during the COVID-19 pandemic [32]. Coronaviruses
have a lipophilic membrane that is easily destroyed by the application of topical antiseptics
or disinfectants [6]. Numerous plant viruses are important pathogens for agricultural crops,
and new antiviral agents are welcome for economic and environmental reasons. Therefore,
one of our goals was to investigate whether our new QAS have antiphytoviral potential.
Tobacco mosaic virus (TMV) occupies a unique place in the history of virology and remains
one of the most important pathogens of agricultural crops infecting over 200 species
of herbaceous and, to a lesser extent, woody plants. The viral disease has the greatest
impact on vegetables, where it can reduce yield and significantly affect quality. Extensive
research has been conducted to control TMV. The most common methods include biological
and chemical control. Natural products such as essential oils, flavonoids, polyphenols,
and organic, alcoholic, and aqueous extracts from plants and other organisms, such as
fungal metabolites, have been tested against plant diseases caused by viruses and other
phytopathogens [33-36]. It is undisputed that chemical control methods continue to play an
important role in disease control because of their ease of use and economic advantages. As
a result, the development of efficient, environmentally friendly antiviral agents by chemical
synthesis has become the core area of research to eradicate TMV and/or prevent TMV
attacks. All of this has encouraged us to conduct antiviral studies that will increase our
knowledge of the biological effects and potential applications of QAS.

The results of the efficacy of selected alkylated pyridinium-4-aldoxime QAS, namely
Py-Ciz Br, Py-Cy3, Py-Cy4, and BAB against TMV infection on local host plants are shown
in Figure 1. The results show that simultaneous inoculation of the tested compounds and
TMYV significantly reduced the number of local lesions on host plant leaves (Figure 1a).
Plants treated with BAB as a control substance developed almost no infection symptoms
(Figure 1c), and the percentage of inhibition of local lesions was 98.7% (Figure 1b). Among
the tested series of alkylated QAS, Py-Cy4 reduced the number of local lesions most effi-
ciently with a percent inhibition of 93.7% (Figure 1b). This is a very promising antiviral
activity that opens a new field of research for these compounds. In the same series, Py-Cy2Br
and Py-Cjpz had slightly lower activity, but the inhibition rate was still worth mentioning
with a promising 57.7 and 78.1%, respectively. The results show that simultaneous inocula-
tion of the tested compounds and TMV significantly reduced the number of local lesions
on plant leaves (Figure 1a). The control BAB showed the highest potential to suppress
the symptoms of virus infection with the lowest number of local lesions (LLN 0.2), i.e., a
percentage inhibition of 98.7% compared to control plants. Among the tested series of alky-
lated QAS, Py-Ci4 had 5-fold higher LLN than the control and showed almost maximum
inhibition of 93.7%. In the same series, Py-C12Br and Py-Cy; had lower antiviral activity
but inhibition greater than 50% (57.7 and 78.1%, respectively).
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Thus, we can conclude that Py-Cy4 is a new potent antiviral candidate in the series of
alkylated QAS, which has similar activity to the commercial standard. Although the an-
tibacterial and antiviral potentials are not comparable at first glance, an increasing trend in
bioactivity can clearly be observed for the Py-C1,Br, Py-C1z, and Py-Ci4 sequence. Despite
the lower antibacterial activity, we show here that the alkylated pyridine-4-aldoxime salts
have strong antiviral activity comparable to standard. This was expected since viruses lack
the gacR/qacA resistance pathway typical of bacteria.

2.2.3. Cytotoxic Activity

Py-Cj6 has the best antibacterial potential and shows versatile activity against Gram-
positive and Gram-negative strains, while Py-Cy4 has the best activity against Tobacco
mosaic virus (TMV). Therefore, these two candidates were tested for their cytotoxicity.
Keratinocytes are the primary cell type found in the outermost layer of the skin. Therefore,
HaCaT cells were used as a model for human skin, and RPE1 are retinal pigment epithelial
cells, thus a model for epithelial cell type. These healthy human cell lines were used to test
the cytotoxicity of standard CPC, precursor, Py-4-o0x, Py-C14, and Py-Cye.

(a) (b)

LLN + SD 120 4
Control plants 14.6x1.7
Py-Ci:Br 6.3+1.6% " -
Py-C,; 3.0+1.1% %0 .
Py-Cus 1.0£0.4% g 2
BAB 0.2+0.2* ’E'f 60 -
Standard deviation (SD) of triplicate &
analysis. Significant differences were 40
determined by r-test;  *Statistically 4 |
significant differences between control and
treatment data (p<0.05) 0

Py-C,,Br Py-Cy; Py-Cy, BAB
(c)

™V

Leaf of the control plant infected with

Leaf of the plant inoculated simultaneously | Leaf of the plant inoculated simultaneously
with TMV and BAB (100 gg/mL) with TMV and Py-C,4 (100 pzg/mL)

Figure 1. (a) Number of local lesions (LLN) on leaves of treated and control Datura stramonium
plants. Treated plants were simultaneously inoculated with Tobacco mosaic virus (TMV) and tested
compounds. (b) Percentage of inhibition of LLN for the tested QAS and BAB. Error bars show
standard deviation of triplicate analyses. (c) Local symptoms of TMV infection on leaves of control
plants and plants inoculated with TMV and BAB or TMV and Py-Cy4.

Figure 2 shows the cytotoxicity results in the form of bars representing the concentra-
tion of the compound at which 50% inhibition of cell growth is observed. The standard CPC
was the most toxic and inhibited cell growth at the lowest concentrations (below 0.5 mM).
The precursor Py-4-o0x, and the candidates Py-Cq4 and Py-Cy6 were moderately toxic to
both cell lines, with Py-Cy6 being the least toxic. This is interesting considering that Py-Cye
is a structural analogue of CPC, differing only in the presence of the oxime group. Most
importantly, the ICs values for the identified candidates were 10- to 50-fold higher than
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the concentrations at which antimicrobial activity was observed. Therefore, results suggest
that these new antimicrobial candidates could be considered as potentially non-toxic and
safe QAS.

OHaCat RPEl

+0.49

+0.73 |

+0.71 +0.076
!

+0.025

Py-4-OX Py-Cy4 Py-Cys

Figure 2. Cytotoxicity of CPC, Py-4-ox, Py-Cy4, and Py-Cy6 expressed as a concentration (IC59/mM)
of the compounds at which 50% inhibition of cell growth is observed. Experiments were performed in
triplicate and results are given as means of three independent experiments, with standard deviations
presented as error bars. The experiments were performed with HaCaT and RPE1 cells.

2.3. Hydrophobicity and Electron Density Distribution of Synthesized QAS

In this study, the prediction of hydrophobicity for all compounds was generated using
the SwisADME online tool. This tool provides an average cLogP value from iLogP, xLogP,
wLogP, mLogP, and silicos-it [37]. A higher cLogP value indicates a stronger distribution
of the compound in the lipid phase, which could be a good indicator of how compounds
behave in complex biological systems.

The calculated cLogP values are listed in Table 3. All benzylated salts of the pyridine-
4-aldoxime backbone have very low cLogP values, indicating that these compounds are
almost evenly distributed between the lipid and aqueous phases. Given their low cLogP
values, it is reasonable to assume that they are less susceptible to membrane penetration.
On the other hand, the cLogP values of the alkylated pyridine-4-aldoxime derivatives
are much higher, suggesting that they are much more hydrophobic and, therefore, most
likely to interact with the membrane. Our cLogP data for Py-Cjz, Py-Cy4, and Py-Cjy¢ are
consistent with those of Marek et al. although the values are different due to the effect of the
bromide counterion [18]. It can be seen that these values are similar or close to those of CPC
and BAB for alkylated derivatives. We must note that compounds with terminal bromine
atom have high cLogP values like the standard CPC and BAB, but have low antimicrobial
potential, possibly due to the strong steric hindrance caused by the large halogen atom at
the end of the chain.



Pharmaceuticals 2022, 15, 775

9 of 21

Table 3. Consensus partition coefficients (cLogP) and topological polar surface area (TPSA/ A?)
of compounds.

Compound cLogP TPSA/A?
Py-4-ox 0.73 45.48
Py-Bn 0.95 36.47
. Py-BnCHj3 0.69 36.47
E Py-BnNO, -0.62 82.29
3 Py-BnCl 0.86 36.47

=

2 Py-BnF 0.63 36.47
B Py-BnBr 0.93 36.47
< Py-BnCFs; 1.50 36.47
Py-BnOCF; 0.90 45.70
= Py-CgBr 1.76 36.47
E Py-Cy0Br 2.40 36.47
2 Py-Cy,Br 3.12 36.47
3 Py-Cqp 1.51 36.47
i Py-Ci4 2.07 36.47
< Py-Cys 2.82 36.47
CPC 3.24 3.88
BAB 3.55 0.00

In addition, calculation of the topological polar surface area (TPSA) (Table 3) shows
that all synthesized derivatives have higher polar surface area values than structurally sim-
ilar CPC, suggesting that the addition of oxime group and/or strong electron withdrawing
and polar groups, e.g., NO, or OCF3, negatively affects the lipophilicity of the structures.
This is clearly seen in the structure of the pyridine-4-aldoxime backbone (Figure 3), which
has a polar surface over the oxime group and the nitrogen atom in the pyridine ring.
Moreover, a comparison of Py-Cj4 and CPC, which are both structurally similar and have
similar cLogP values, shows a large difference in TPSA, which can be explained by the
influence of the polar oxime groups on the synthesized QAS. Nevertheless, this compound
shows the best biological activity. For illustration, the TPSA of the representative structures
is shown in Figure 3.

2.4. Atomic Force Microscopy (AFM)

Optical and atomic force microscopy of the immobilized untreated and treated cells
was performed to visualize the effect of Py-Cy, on the bacterial membrane. For these exper-
iments we used Escherichia coli DH5«x cells because these cells allowed solid immobilization
with persevered cell viability.

Prior to the measurements, we determined the minimum inhibitory concentration of
Py-Cjz against E. coli DH5x and found it to be equivalent to that of E. coli ATTC 25922. The
height AFM image in Figure 4a shows the untreated characteristically rod-shaped E. coli
DHb5«x cells with smooth cell surface in an ongoing cell division process (white arrow).
After making sure that the cells were properly immobilized and proliferating (a few new
generations of cells were observed via optical microscopy), we started the treatment. To
accelerate the process of time-dependent membrane damage, the cells were treated with the
4xMIC of Py-Cy; for three hours after which the sample was rinsed with the fresh growth
medium. Bright-field images in Figure 4b,c show an unchanged number of bacterial cells
at the start and immediately after the treatment, demonstrating the bacteriostatic effect of
Py-Cjz. Interestingly, the unidentified spherical structures (red arrows) seen in these images
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could be from the highly aggregated Py-Cy,, which leads to the formation of vesicles at the
concentration used (4xMIC).

Py-4-0X

HON HON
Py-CuBl'
g @|N/\M(\B'
HON L n=10 O
Py-Cy,
S
HON\ RN n=10

Figure 3. Representative structures of pyridinium-4-aldoxime and its quaternary salts with visualized
topological polar surface areas (TPSA).

(DB /! ©

Figure 4. Atomic force and optical microscopy data of untreated and treated bacterial cells: (a) Height
AFM image of untreated Escherichia coli DH5« cells, (b) bright-field image of cell groups taken at
the very beginning of treatment—the arrows indicate possible vesicles, (c) bright-field image of
the exact same sample area as in (b) taken after 3 h of cell treatment and vigorous rinsing with
the Muller-Hinton broth—the arrows indicate possible vesicles, (d) height AFM image of bacterial
cells—the arrows indicate possible micelles attached at the cell surface or membrane blebbing,
(e) SYTO 9 fluorescence image of the exact same sample area as in (b,c), acquired after 3 h of
treatment, (f) Propidium iodide fluorescence image of the exact same area as in (e), acquired after 3 h
of treatment.
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These formations were stable during the 3-hour treatment and after rinsing of the cells
with the growth medium (Figure 4c).

The height AFM image (Figure 4d) of the 3-hours treated cells at 4 x MIC shows
an altered cell morphology with a corrugated and/or disrupted cell surface, but without
massive lysis since the cells have preserved their characteristic rod shape. A similar effect
was previously observed when E. coli cells were treated with newly synthesized quaternary
N-benzylimidazole salts [26]. Moreover, the false color ruler, which reveals the height of the
structures in the image, indicates the reduction in height of treated cells when compared
to the untreated cells. Furthermore, white arrows in Figure 4d point to bulges on the cell
surface that could be signs of either membrane blebbing and/or micelle attachment.

To estimate the percentage of cells whose membrane had been permeabilized by the
treatment, the same group of cells was stained simultaneously with two fluorescent nucleic
dyes, SYTO9 and propidium iodide (PI). Figure 4e,f show the SYTO9 staining of all cells
and the PI staining of the permeabilized cells. When applied together, PI tends to displace
SYTO9 from nucleic acid and the cells fluorescence in red [38]. However, there is some
overlap in the SYTO9 and the PI signal, which results with different shades of green as seen
in Figure 4e (the permeabilized cells tend to be green-orange in the SYTO9 signal, while
the preserved cells tend to florescent bright green). Images such as Figure 4e,f allowed
us to calculate the percentage of permeabilized cells—87% of the 344 cells were identified
as permeabilized.

2.5. The Effect of Py-Cy4 Binding to the Transcriptional Factor QacR Dimer

To investigate the effect of the ligand binding on the conformation of QacR, we
performed MD simulations of the three systems, namely QacR dimer, QacR:CPC complex
and QacR:Py-Cy4 complex. We thereby observe rather drastic differences in the three
systems (Figure 5). More precisely, one can notice that the distance between the centers
of mass of the two monomeric subunits of QacR behaves in a radically different fashion
depending on the presence/lack of the ligand, and also on the very nature of the ligand at
hand. The average distance between the two subunits in the last 450 ns of the simulation,
denoted dm-m, is significantly smaller in the case of both QacR (dm-m ~ 2.6 nm) and
QacR:CPC (dm-m ~ 3.1 nm) systems compared to QacR:Py-C14 (dm-m ~ 5.1 nm) system,
see Figure 5a.

(b)
700
— QacR
— QacR/CPC 600
QacR/Py-C,
@ 500
8
=
8 400
G
©
tf L

| | ;

| | I | I
200 . 300 400 500 100 200 . 300 400 500
Time / ns Time / ns

Figure 5. Time evolution of the distance between the centers of mass (a) and the number of contacts
between the two monomers of the QacR protein (b), with the contact threshold set at 0.6 nm.
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Taking only this finding into consideration, one could be prone to hypothesize the
following—while the dimer remains stable in the cases of QacR and QacR:CPC systems,
Py-Ci4 ligand has a disruptive effect on the protein, causing it to dissociate into individual
subunits, i.e., into two monomers. Specifically, inspection of the contacts between the two
monomeric subunits reveals that QacR dimer, lacking any ligand, possesses by far the
largest number of contacts between its monomeric subunits on average (=550 contacts),
compared to either QacR:CPC (/290 contacts) or QacR:Py-Ci4 (=200 contacts). We thus
observe the following relation: QacR:Py-Cy4 >> QacR:CPC > QacR (Figure 5a) regard-
ing the distance between the centers of mass of the two monomeric subunits, while
QacR >> QacR:CPC > QacR:Py-Cy4 (Figure 5b) regarding the number of contacts. It is
to be noted that the inversely proportional behavior of the two trends is fully expected, as
the smaller average distance indeed implies a larger number of contacts. However, such
a similar number of contacts between the two monomers in the cases of QacR:CPC and
QacR:Py-Cy4 is quantitatively rather unexpected.

In this respect, we further examined conformational behavior of the QacR protein in
detail, finding that dimer reorganizes when either of the investigated ligands is present
(compare right panel to the left panel of Figure 6). Evidently, binding of Py-Cy4 first
induces the dimer disruption and then reintegration of only a portion of the interactions.
While both ligands have a pronounced effect on QacR, the outcome with respect to dimer
organization is qualitatively different in the case of CPC and Py-Cy4 (compare Figure 6b to
Figure 6a,b). In this regard, if we imagine a monomer as a cylinder, the interactions between
the monomers in the dimer could be perceived along their cylinder jackets (Figure 6, left
panel). While this kind of interaction is preserved in the case of CPC ligand (Figure 6a,
right), the dimer containing Py-Cy4 shows a different arrangement, with the base-to-base
interactions between the monomers being predominant (Figure 6b, right).

We also analyzed the conformational behavior of the two ligands and the specific
interactions the ligands form with QacR. We thus find that rather similar initial confor-
mations of both ligands with the aliphatic tails approximately straight (“open” states of
the ligands, Figure 6, left panel), become different in the post-equilibrium stage of MD
simulations. More precisely, Py-Cy4 retains the “open” state conformation, while CPC
adopts the “closed” conformation, as seen from insets of Figures 6b and 6a, respectively.
Finally, we also analyzed the specific interactions between the two ligands and amino acid
residues belonging to the QacR monomers to which they are anchored, focusing primarily
on the hydrogen bond (HB) interactions. HB is considered to have formed if the X-H---Y
bond is shorter than 0.35 nm and if the angle closed with the three atoms defining HB is
smaller than 30°. Due to the fact that CPC possesses only one HB acceptor (nitrogen atom of
the pyridinium moiety), its ability to form HBs with the amino acids of QacR is significantly
reduced compared to Py-Ci4, which due to the presence of the oxime group, additionally
forms HBs with six amino acid residues lining the ligand binding pocket (Table 4). In light
of this, it is not surprising that CPC forms no HBs during the entire course of the simulation.
However, it does readily form 7t-7r-interactions via its pyridinium moiety with the aromatic
sidechain of Trp60, as well as favorable electrostatic interactions with GIn95 and Thr87.

On the other hand, Py-Cy4 forms 0.3 £ 0.5 HBs on average during its respective MD
simulation, with the HBs being most readily formed with the sidechains of Glu67 and
GIn63 through -OH moiety of Py-Cy4, accounting for 73% of all HBs this ligand forms with
QacR (Table 4). However, it is worth noting that, regardless of the presence/lack of the
HB interactions in the case of Py-C14 and CPC, respectively, both ligands remain bound to
QacR for the entire 500 ns of the MD simulations.

Overall, one can conclude that binding of both ligands strongly affects the initial
conformation of the QacR dimer. However, binding of Py-Cy4, as compared to CPC,
additionally initiates the dimer dissociation and subsequent reintegration of base-to-base
contacts between the monomers.
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Initial conformation Final conformation

Figure 6. Dimer conformations representing the state of QacR during MD simulations for:
(a) QacR:CPC at 200 ns (right; inset: the CPC ligand enlarged), (b) QacR:Py-Cy4 at the beginning
(starting snapshot, left) and during the last 200 ns (right; inset: Py-Cy4 ligand enlarged). Protein is
given in orange (new cartoon representation), with the ligands shown in the licorice.

Table 4. Contribution of all the amino acid residues forming hydrogen-bonds (HB) with Py-Cy4 to
the overall Py-Cy4—protein HB count.

Amino Acid Overall Hydrogen-Bond (HB) Count (%)
Glu67 50
GIn63 23
Leu94 12
Tyr91 9
Thr87 5

Leu80 1
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3. Material and Methods
3.1. Synthesis

The synthesis of the compounds Py-Bn, Py-BnCHj3;, Py-BnNO;, Py-BnCl, Py-BnBr,
Py-Cy;, Py-Cy4, and Py-Cy4 with associated NMR spectra was described in [9-11]. How-
ever, for the purpose of this investigation, all these and new monoquaternary oximes
were prepared by adding the appropriate reagents for quaternization: 4-benzyl bromide,
4-methylbenzyl bromide, 4-nitrobenzyl bromide, 4-chlorobenzylbromide, 4-bromobenzyl
bromide, 4-fluorobenzyl bromide, 4-(trifluoromethyl)benzyl bromide, 4-methoxybenzyl bro-
mide, 1, 8-dibromooctane, 1, 10- dibromodecane, 1, 12-dibromododecane, 1-bromododecane,
1-bromotetradecane, and 1-bromohexadecane; in equimolar amounts to the solution of
4-hydroxyiminomethylpyridine in dry acetone at room temperature. The reaction mix-
ture was kept in the dark without stirring for 2-3 days to obtain a solid product. The
excess of the acetone was removed under reduced pressure and the white crystals were
washed several times with dry diethyl ether. The quaternary compounds were obtained
as white crystals in good yields. All synthesized compounds were identified by IR and
NMR spectroscopies.

Pyridinium-4-aldoxime and all reagents for quaternization were commercially avail-
able (Alfa Aesar) and were used without further purification. The progress of quite simple
one-step reaction was monitored by thin layer chromatography using DC-Alufolien Alu-
miniumoxide 60 Fps4 plates (Merck) with 5:1 and 9:1 chloroform /methanol as eluent. Spots
were detected by UV light and by reversible absorption of iodine. Repeated crystallization
was necessary to achieve the required purity of the compounds. Melting points were deter-
mined in open capillaries using a Biichi B-540 instrument and are uncorrected. Elemental
analyses were performed using a PerkinElmer PE 2400 Series II CHNS/O Analyzer. FTIR
spectra were recorded using a PerkinElmer FTIR 1725 X spectrometer. All samples were
prepared by mixing FTIR-grade KBr (Sigma-Aldrich) with 1% (w/w) salt and grinding
to a fine powder. Spectra were recorded over the range 400-4000 cm~! without baseline
corrections. 'H and '3C NMR spectra were recorded in DMSO-dg solutions using a Bruker
Avance III HD 400 MHz/54 mm Ascend spectrometer (400 MHz) at room temperature.
Chemical shifts are reported as ¢ values in ppm using TMS as the internal standard. Abbre-
viations for the data reported are: s, singlet; d, doublet; ¢, triplet; m, multiplet. The coupling
constants (J) are given in Hz.

N-p-fluorobenzyl-4-hydroxyiminomethylpyridinium bromide (Py-BnF). Yield: 89%; mp:
181-183 °C; IR (KBr) t/cm™1: 3313, 3075, 2924, 1666, 1466, 1220, 1008, 775. 'H-NMR
(400 MHz, DMSO-dg): 6/ppm 12.85 (s, 1H, OH); 9.21 (d, 2H, | = 6.9 Hz, H2 and H6 Py);
8.44 (s, 1H, CH=N); 8.26 (d, 2H, | = 6.9 Hz, H3 and H5 Py); 7.64-7.71 (m, 2H, ArH);
7.34-7.26 (m, 2H, ArH); 5.88 (s, 2H, NCH,). '3C-NMR (100 MHz, DMSO-d): 6/ppm 163.5
(q, Je-r =246 Hz), 169.3, 145.4, 132.0, 131.0, 124.9, 116.6 (d, Jc.r = 22 Hz), 62.2. Anal. Calcd.
for C13leBI'FN202 50.18% C,’ 3.89% H; 9.00% N. Found: 50.14% C,‘ 3.88% H,‘ 8.97% N.

N-(p-(trifluoromethyl))benzyl-4-hydroxyiminomethylpyridinium bromide (Py-BnCF3). Yield:
97%; mp: 186-187 °C; IR (KBr) ©/cm~1: 3423, 3108, 2990, 1655, 1428, 1288, 1001, 782. 'H-
NMR (400 MHz, DMSO-dg): §/ppm 12.89 (s, 1H, OH); 9.22 (d, 2H, ] = 6.7 Hz, H2 and H6
Py); 8.45 (s, 1H, CH=N); 8.29 (d, 2H, | = 6.7 Hz, H3 and H5 Py); 7.83 (d, 2H, | = 8.5 Hz,
ArH); 7.76 (d, 2H, ] = 8.5 Hz, ArH); 6.00 (s, 2H, NCH,). '3C-NMR (100 MHz, DMSO-dg):
6/ppm 150.6, 149.5, 145.6, 139.2, 130.1, 124.9, 124.4 (q, Jc.F = 273 Hz), 62.3. Anal. Calcd. for
C14H15BrEFsN,O: 46.56% C; 3.35% H; 7.76% N. Found: 46.49% C; 3.35% H; 7.77% N.

N-(p-trifluoromethoxy)benzyl-4-hydroxyiminomethylpyridinium bromide (Py-BnOCEF3). Yield:
61%; mp: 175-176 °C; IR (KBr) §/cm~1: 3311, 3112, 2995, 1644, 1458, 1311, 1004, 765. 'H-
NMR (400 MHz, DMSO-dg): 6 /ppm 12.88 (s, 1H, OH); 9.22 (d, 2H, ] = 6.7 Hz, H2 and H6
Py); 8.46 (s, 1H, CH=N); 8.28 (d, 2H, ] = 6.7 Hz, H3 and H5 Py); 7.73 (d, 2H, ] = 8.5 Hz, ArH);
7.47 (d, 2H, ] = 8.5 Hz, ArH); 5.94 (s, 2H, NCH,). '3C-NMR (75 MHz, DMSO-dg): 6 /ppm
149.4,147.1, 145.6,134.1,124.9, 122.2,121.3,120.4 (q, Jc.r = 257 Hz), 62.1. Anal. Calcd. for
C14H15BrFsNO5: 44.58% C; 3.21% H; 7.43% N. Found: 44.68% C; 3.20% H; 7.44% N.
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N-(8-bromooctyl)-4-hydroxyiminomethylpyridinium bromide (Py-CgBr). Yield: 60%; mp:
100-101 °C; IR (KBr) §/cm~1: 3410, 3208, 2713, 1602, 1410, 999, 538. 'H-NMR (400 MHz,
DMSO-dg): 6/ppm 12.82 (s, 1H, OH); 9.10 (d, 2H, | = 6.7 Hz, H2 and H6 Py); 8.61 (s, 1H,
CH=N); 8.25 (d, 2H, ] = 6.8 Hz, H3 and H5 Py); 4.59 (t, ] = 7.4 Hz, 2H, NCH,); 1.91-1.71 (m,
2H, CH,); 1.38-1.24 (m, 12H, CH,). '3C-NMR (100 MHz, DMSO-de): §/ppm 149.3, 147.7,
1459, 123.4, 59.6, 34.6, 31.5; 29.9, 27.6, 24.7. Anal. Calcd. for C14HypBroN,O: 42.66% C;
5.63% H; 7.11% N. Found: 42.78% C; 5.61% H; 7.13% N.

N-(10-bromodecyl)-4-hydroxyiminomethylpyridinium bromide (Py-Cq9Br). Yield: 71%; mp:
103-105 °C; IR (KBr) §/cm~1: 3400, 3188, 2718, 1641, 1438, 999, 547. 'H-NMR (400 MHz,
DMSO-dg): 6/ppm 12.82 (s, 1H, OH); 9.08 (d, 2H, | = 6.8 Hz, H2 and H6 Py); 8.60 (s, 1H,
CH=N); 8.25 (d, 2H, ] = 6.8 Hz, H3 and H5 Py); 4.61 (t, ] = 7.3 Hz, 2H, NCH>); 1.92-1.71 (m,
2H, CH,); 1.38-1.23 (m, 16H, CH,). '3C-NMR (100 MHz, DMSO-ds): §/ppm 150.6, 148.8,
145.6,124.5, 60.67, 35.7, 32.7; 31.1, 29.2, 27.6, 25.8. Anal. Calcd. for C14Hp¢Br,N,O: 45.52%
C; 6.21% H; 6.64% N. Found: 45.34% C; 6.22% H; 6.63% N.

N-(12-bromododecyl)-4-hydroxyiminomethylpyridinium bromide (Py-Cq2Br). Yield: 73%;
mp: 109-110 °C; IR (KBr) /cm~!: 3388, 3200, 2719, 1622, 1440, 1003, 543. 'H-NMR
(400 MHz, DMSO-dg): 6/ppm 12.83 (s, 1H, OH); 9.01 (d, 2H, ] = 6.8 Hz, H2 and H6 Py);
8.62 (s, 1H, CH=N); 8.26 (d, 2H, ] = 6.7 Hz, H3 and H5 Py); 4.62 (t, ] = 7.4 Hz, 2H, NCH,);
1.93-1.71 (m, 2H, CH,); 1.39-1.23 (m, 20H, CH,). '*C-NMR (100 MHz, DMSO-de): §/ppm
150.1, 148.4, 145.6, 123.5, 59.8, 35.1, 32.7, 31.4; 31.14, 29.3, 27.4, 24.9. Anal. Calcd. for
C18H39BroN»O: 48.02% C; 6.72% H; 6.22% N. Found: 47.91% C; 6.73% H; 6.21% N.

3.2. In Vitro Evaluation of Biological Activity
3.2.1. Bacterial Strains

To evaluate antibacterial efficacy, the synthesized QAS were tested against represen-
tative Gram-positive and Gram-negative bacterial strains. All strains were acquired from
Biognost (Zagreb, Croatia), except for the clinical isolate of methicillin-resistant Staphylococ-
cus aureus (MRSA), which was kept as part of the culture collection in the Department of
Chemistry, Faculty of Science, and the food isolate Salmonella enterica, which was kept in
the culture collection of the University Department of Marine Studies in Split.

The collection included five Gram-positive strains, including Staphylococcus aureus
(ATCC 25923 and a methicillin-resistant Staphylococcus aureus clinical strain MRSA), Bacillus
cereus ATCC 14579, Enterococcus faecalis ATCC 29212, and Listeria monocytogenes ATCC 7644;
and three Gram-negative strains: Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853 and the food isolate Salmonella enterica. All microbial strains were maintained at
—80 °C for long-term storage and subcultured on Mueller-Hinton (MH) agar (Biolife, Italy)
prior to broth microdilution experiments. The MH plates were stored at +4 °C for no longer
than one month.

3.2.2. The Standard Curves for Bacterial Colony Forming Units per Milliliter (CFU/mL)
versus Agg

The standard growth curve was determined for each bacterial strain by plotting the
Agpp value with the number of colony-forming units in milliliter (CFU/mL).

The overnight bacterial culture was diluted (1:10, v/v) in Mueller-Hinton broth (MHB;
Biolife) and incubated at 220 rpm at 37 °C until the mid-exponential growth phase was
reached (Agpy = 0.34-0.65). Then, 10-fold serial dilutions of the bacterial culture were
prepared and 50 uL of each dilution was plated on Mueller-Hinton agar plates after
measuring Agpp. The dilution plate on which 30-100 colonies grew was used to calculate
CFU/mL. The optical density of a culture was measured using a spectrophotometer (Perkin
Elmer Lambda Bio 40) and a densitometer (BioSan, DEN-1) relative to a blank sample of
the medium. Listeria monocytogenes ATCC 7644 and Enterococcus faecalis ATCC 29212 were
cultured on nutrient media containing 0.5% peptone, 0.3% yeast extract, 0.5% NaCl, and
1.5% agar. These two strains were cultured at 220 rpm and 35 °C.
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3.2.3. Broth Microdilution Assays

Antibacterial activity was evaluated using the Broth Microdilution Assay according to
the Clinical and Laboratory Standard Institute’s Methods for Dilution Antimicrobial Sus-
ceptibility Test for Bacteria That Grow Aerobically; Approved Standard-Tenth Edition [39].

The stock solution of QAS (10 mg/mL) was prepared in 4% DMSO. Then, 100 uL of
the tested QAS was added to the first well of the microtiter plate. Twofold serial dilutions
in Muller-Hinton broth were performed over the entire plate at a concentration range of
5 mg/mL to 5 pg/mL. To each well, 50 pL of mid-exponentially grown inoculum containing
10° CFU/mL in Mueller-Hinton broth was added and incubated at 37 °C for 18 hours. The
minimum inhibitory concentration (MIC) was determined as the lowest concentration at
which no visually detectable bacterial growth occurred in the wells.

3.2.4. Virus and Plant Hosts

Leaves of Nicotiana tabacum L. cv. Samsun plants systemically infected with Tobacco
mosaic virus (TMV) were ground in 0.06 mol/L phosphate buffer, pH 7.0 (1:1, w/v) to
prepare virus inocula. Leaves were ground in 0.06 mol/L phosphate buffer, pH 7.0 (1:1,
w/v), and centrifuged at low speed to prepare virus inoculum. Leaves of the local host
Datura stramonium L. were dusted with silicon carbide (Sigma-Aldrich, St. Louis, MO, USA)
before virus inoculation, and the inoculum was diluted with inoculation buffer to obtain
5-20 lesions per inoculated leaf. Experiments were performed when the experimental
plants reached the 4-6 leaf stage.

3.2.5. Antiphytoviral Activity Assay

The tested QAS (10 mg/mL) were dissolved in 4% DMSO and added to the virus
inocula at a final concentration of 100 pg/mL. DMSO was added to the control virus
inocula at the same concentration. The control and treated plants were then rubbed with
the prepared inocula and the antiviral activity of the tested compounds was evaluated by
the percentage inhibition of the number of local lesions on the leaves of the treated and
control plants as described in [40]. The obtained data were analyzed in Excel (Microsoft
Office) and significant differences were determined by t-test.

3.2.6. Cytotoxicity

Cytotoxicity of selected QAS was performed using three different human cell lines
(RPE1 and HaCaT) and compared with the standard cetylpyridinium chloride (CPC). Cells
were grown in DMEM media in a humidified environment with 5% CO; and 37 °C. To
determine cytotoxicity, a twofold serial dilution of a tested compound starting at 5 mg/mL
was prepared in a 96-well plate. Five thousand cells were pipetted into each well, and the
cells were grown for an additional 48 h. Then, the reagent MTS (20 uL) was added to the
cells according to the manufacturer’s instructions (CellTiter 96® Aqueous One Solution Cell
Proliferation Assay, Promega). After 3 h of incubation, the absorbance was measured at 490
nm. IC5q values were determined by plotting compound concentration against absorbance
using GraFit6 software [41]. Measurements were performed in duplicates and results are
reported as means of at least three independent experiments with standard deviation (£SD)
indicated.

3.3. SwissADME Calculations and Visualization of Electron Density Distribution

CLogP values and topological polar surface area (TPSA) were calculated using the
online tool SwissADME available at http:/ /www.swissadme.ch (accessed on 4 March 2022).
The chemical structures of the compounds were drawn using Chem Draw [42] and the
generated list of SMILES (Table 5) was used to perform the corresponding calculations. The
topological polar surface area (TPSA) was visualized using Jmol [43].
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Table 5. Compound abbreviations and list of generated smiles used for ADME calculations.
Compound SMILES
Py-4-ox ON=CC1=CC=NC=C1
Py-Bn ON=CC1=CC=[N+](CC2=CC=CC=C2)C=C1.[Br-]
Py-BnCHj3 CC(C=C1)=CC=C1C[N+]2=CC=C(C=NO)C=C2.[Br-]
Py-BnNO; ON=CC1=CC=[N+](CC2=CC=C([N+]([O-])=0)C=C2)C=C1.[Br-]
Py-BnCl CIC(C=C1)=CC=C1C[N+]2=CC=C(C=NO)C=C2.[Br-]
Py-BnF FC(C=C1)=CC=CI1C[N+]2=CC=C(C=NO)C=C2.[Br-]
Py-BnBr BrC(C=C1)=CC=C1C[N+]2=CC=C(C=NO)C=C2.[Br-]
Py-BnCF3 ON=CC1=CC=[N+](CC2=CC=C(C(F)(F)F)C=C2)C=C1.[Br-]
Py-BnOCF; ON=CC1=CC=[N+](CC2=CC=C(OC(F)(F)F)C=C2)C=C1.[Br-]
Py-CgBr ON=CC1=CC=[N+](CCCCCCCCBr)C=C1.[Br-]
Py-CyoBr ON=CC1=CC=[N+](CCCCCCCCCCBr)C=C1.[Br-]
Py-Cy,Br ON=CC1=CC=[N+](CCCCCCCCCCCCBr)C=C1.[Br-]
Py-Cqp ON=CC1=CC=[N+](CCCCCCCCCCCO)C=C1.[Br-]
Py-Ciy ON=CC1=CC=[N+](CCCCCCCCCCCCCC)C=CL1.[Br-]
Py-Cyg ON=CC1=CC=[N+](CCCCCCCCCCCCCCCC)C=C1.[Br-]
crC CCCCCCCCCCCCCCCCIN+]1=CC=CC=C1.[C]-]
BAB C[N+](CC1=CC=CC=C1)(C)CCCCCCCCCCCC.[Br-]

3.4. Atomic Force Microscopy

AFM measurements of immobilized cells, both untreated and treated, were performed
using the Nano-wizard IV system (JPK/Bruker, Berlin, Germany) operating in quantitative
imaging (QI) mode with SNL-B probes (Bruker, Billerica, MA, USA). The AFM system was
integrated with an IX73 inverted fluorescence optical microscope (Olympus, Tokyo, Japan).
Escherichia coli DH5« cells and FluoroDish Petri dishes (WPI, Sarasota, FL, USA) coated
with Cell-Tak (Corning, NY, USA) solution were prepared as previously reported [44]. After
preparing the coated dish, a 30 puL aliquot of the exponentially grown bacterial cells was
applied and rinsed vigorously with MHB after 10 min. The final volume of the medium
in the dish was 1 mL, while the temperature was always kept at 37 °C. The immobilized
bacterial cells were examined with the bright-field microscope to select the AFM imaging
region of choice. The cells were then grown for 2 hours under constant conditions to
confirm intact cell division and elongation processes. After incubation, the cell culture was
once again washed vigorously with fresh MHB, and AFM images of untreated cells were
acquired. Cell treatment was initiated by adding a Py-Cy, stock solution to reach the final
concentration equivalent to 4 x MIC. After 3 h of treatment, cells were washed again with
fresh MHB and AFM images of treated cells were acquired. During the imaging of the
treated and untreated cells, the set point was maintained at 0.9 nN, the extend /retract speed
was between 100 and 150 pms~! while the Z length was up to 6000 nm. The resolution of
each measurement was 128 x 128 pixels. Finally, the collected AFM data were processed
using JPK data processing software.

To confirm cell membrane permeation, Py-Cy; treatment was replaced with physiolog-
ical saline (1 mL) containing 1.5 uL of each fluorescent dye—the green fluorescent SYTO 9,
and the red fluorescent propidium iodide (PI), which are components of the LIVE/DEAD
BacLight Bacterial Viability Kit L7012 (Invitrogen, Carlsbad, USA). Fluorescence images
were taken 30 min after addition of the dyes.

3.5. Docking Analysis

We performed all-atom molecular dynamics (MD) simulations of QacR protein in
the presence of CPC (QacR:CPC system) and Py-Cy4 (QacR:Py-Cy4 system) ligands, as
well as in their absence (QacR system). In this respect, the starting protein structure was
obtained from crystal structure with PDB code 3BT] (dimer). The dimer (crystal water,
ions, and the ligand present in the 3BT] pdb file removed) was solvated using 40,000
water molecules (rectangular periodic boundary conditions), while chloride anions were
added to each simulated system to neutralize the overall charge of the prepared simulation
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boxes (four chloride ions in the case of the “pure” protein, five in the cases of QacR:ligand
systems). A common and consistent set of parameters was used to describe the protein
and its surrounding, namely AMBER ff145B force field [45] was used to describe the
protein, with chloride anions and water molecules were represented using TIP3P water
model and parameters developed by Cheatham III et al. [46], respectively. The two ligands
investigated in this study were parameterized according to general AMBER force field
(GAFF) [47], whereby the only missing parameters, namely partial charges of the two
ligands, were calculated employing a restrained single-conformer fit to the electrostatic
potential (RESP) [48]. The electrostatic potential via which partial charges were estimated
was obtained using quantum mechanical calculations (HF/6-31G(d)//B3LYP/6-31G(d)
level of theory). The ligands were positioned in QacR dimer on the basis of the position of
the ligand (dequalinium, DEQ) found in the aforementioned crystal structure, which was
performed utilizing the program Maestro from Schrodinger software suite [49].

All three prepared systems (QacR, QacR:CPC, QacR:Py-Cj4) were subjected to the
equivalent minimization/equilibration procedure, consisting of the following steps: (a) min-
imization of the systems employing steepest descent algorithm (5000 steps), (b) relaxation
of the systems in the duration of 10 ns at T = 310 K (NVT ensemble, 2 fs time step, Berendsen
thermostat with time constant for temperature coupling equal to 1 ps, position restraints
applied on all heavy atoms of the ligands (if present) and the protein (500 k] mol~! nm~2)),
(c) equilibration at T = 310 K in the duration of 10 ns (NPT ensemble, 2 fs time step,
Berendsen thermostat with time constant for temperature coupling equal to 1 ps, Berendsen
barostat with p = 1 bar and time constant for pressure coupling equal to 5.0 ps), position
restraints on all heavy atoms of the protein and ligands (200 k] mol~! nm~2). Upon equili-
bration, all three prepared system were propagated at T = 310 K with no applied positional
restraints (free MD) in the duration of 500 ns (MD parameters of the production simulations:
NPT ensemble, 2 fs time step, Nosé-Hoover thermostat with time constant for temperature
coupling set to 1 ps, Parrinello-Rahman barostat with p = 1 bar and time constant for
pressure coupling equal to 5.0 ps). All aforementioned simulations were performed taking
into account periodic boundary conditions, where the particle mesh Ewald method was
employed to properly account for the long-range electrostatic interactions beyond a 1.2 nm
cutoff [50]. In the subsequent analysis, the first 50 ns of each individual simulation were
ignored, corresponding to the equilibration period of the simulations. All MD simulations
and subsequent analyses were produced using GROMACS 2020 software package [51].
The systems are visualized via VMD visualization software [52].

4. Conclusions

In this paper we describe synthesis and biological evaluation of quaternary ammonium
salts (QAS) with aryl and alkyl substituents on pyridine-4-aldoxime. We noticed that alkyl,
as opposed to aryl substituted quaternary oximes, generally show much better antibacterial
potential with lowest MIC values ranging from 0.04 to 0.31 mg/mL. Moreover, the same
compounds exhibit potent antiphytoviral activity against Tobacco mosaic virus (TMV) with
Py-Ci4 inhibiting up to 93.7% of viral load comparable to the standard compound BAB.
More importantly, the identified candidates did not show toxicity toward healthy human
cell lines, namely RPE1 and HaCaT, implicating that these compounds might be new potent
antimicrobial agents. Furthermore, the compounds have a membranolytic mode of action,
inducing an alteration of bacterial morphologies displaying corrugated and/or disrupted
cell surfaces. While the presence of the oxime group unfavorably increases the topological
polar surface area as compared to structurally similar CPC, the candidate compounds still
exhibit potent membranolytic activity with 87% of the cells with permeabilized membrane
after 3 h of treatment at 4 x MIC. The effect of new compounds on the most studied
QAS resistance system involving QacR transcriptional regulator was investigated by MD
simulations. We observed strikingly different QacR conformations in the presence of
either ligand, CPC or Py-C14. However, the detrimental effect of Py-Cy4 binding was most
pronounced as this ligand induced QacR dimer dissociation and its re-assembly during
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the respective MD simulation suggesting that this class of compounds could induce a
premature activation of QAS resistance system.
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Quaternary ammonium compounds (QACs) have served as essential antimicrobial agents for nearly
a century due to their rapid membrane-disrupting action. However, the emergence of bacterial
resistance and environmental concerns have driven interest in alternative designs, such as "soft QACs",
which are designed for enhanced biodegradability and reduced resistance potential. In this study, we
explored the antibacterial properties and mechanisms of action of our newly synthesized soft QACs
containing a labile amide bond within a quinuclidine scaffold. Our findings revealed that these
compounds primarily exhibit a bacteriostatic mode of action, effectively suppressing bacterial growth
even at concentrations exceeding their minimum inhibitory concentrations (MICs). Unlike traditional
QACs, fluorescence spectroscopy and microscopy demonstrated membrane preservation during
treatment, with reduced membrane integration compared to cetylpyridinium chloride (CPC), as
corroborated by parallel artificial membrane permeability assays. Additionally, molecular dynamics
simulations revealed "hook-like” conformations that limit lipid bilayer penetration and promote the
formation of larger aggregates, reducing their effective concentration and minimizing cytotoxic effects.
Interestingly, secondary antibacterial mechanisms, including inhibition of protein synthesis, were
observed, further enhancing their activity. Zebrafish embryotoxicity and in vitro cytotoxicity studies
confirmed significantly lower toxicity compared to CPC. By addressing limitations associated with
conventional QACs, including toxicity, resistance, and environmental persistence, these soft QACs
next-generation antimicrobials. This work advances the
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provide a promising foundation for

understanding of QAC mechanisms while paving the way for safer, eco-friendly applications in
healthcare, agriculture, and industrial settings.
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a century across a wide range of industries, including health-
care, agriculture, and the production of household cleaning
supplies.’ Their most prominent characteristic is antibacterial
efficacy, first identified in the early 1930s with benzalkonium
chloride (BAC), which quickly became a key active ingredient in
disinfectants and surface sanitizers commonly used in hospital
settings.*® The antibacterial activity of QACs is primarily
attributed to their distinct structural elements, which facilitate
interactions with bacterial cell membrane components.

1 Introduction

Quaternary ammonium compounds (QACs) are a class of
cationic surfactants that have been employed for nearly
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Although the precise mechanism of action is not fully under-
stood, it is proposed that QACs act as membranolytic agents in
a few steps. The electrostatic interaction of QAC's positively
charged nitrogen atom and negatively charged residues of tei-
choic and lipoteichoic acids within the peptidoglycan matrix
and lipid bilayer causes initial membrane destabilization.” This
is further followed by the insertion of hydrophobic substituents
into the membrane matrix causing the leakage of cytoplasmic
contents and ultimately leading to cell lysis.**° In addition to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their role as “biological detergents” that act on biological
membranes, some QACs have also demonstrated antibacterial
activity by targeting intracellular components, such as DNA or
pyridoxal-dependent enzymes targting."***

Due to their strong antibacterial activity, the demand for these
compounds has surged, particularly during the SARS-CoV-2
pandemic which was followed by an urgent need for effective
topical antiseptic formulations.** At the same time, the inherent
chemical stability of commercially available QACs has become
a subject of considerable concern within the scientific commu-
nity, as these compounds have the potential to simultaneously
activate bacterial resistance mechanisms and pose significant
risks to human health."*"” These findings underscore the need
for further new-generation QACs development, exploration of
their antibacterial mechanism of action, as well as a compre-
hensive investigation of their structure-activity relationship.

In pursuit of environmentally friendly yet biologically effec-
tive QAC variants, contemporary synthetic strategies involve the
functionalization of the compound backbone with hydrolysable
groups, such as ester or amide, enabling the controlled degra-
dation of so-called “soft QACs”. Among these, QACs with amide
groups are considered promising new derivatives, as ester-
containing QACs tend to self-degrade, diminishing the reli-
ability of their antibacterial effectiveness."®?® We have previ-
ously reported the new soft amido-QACs prone to protease
degradation derived from heterocyclic backbone of naturally
occurring quinuclidine (Scheme 1).** The assessment of their
biological activity, ranging from non-active to moderately active
structures (Scheme 1) led us to hypothesize that the polar amide
functional group at the C-3 atom of the quinuclidine scaffold
significantly impacts the antibacterial efficacy of the new QAC
derivatives potentially hindering the electrostatic interactions
with the bacterial membrane.

In this study, we provide a comprehensive investigation of
the antibacterial mechanisms and structure-activity relation-
ships of four newly synthesized soft QACs, incorporating a polar
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amide group within a quinuclidine scaffold. Unlike conven-
tional QACs, these compounds exhibit a dual mode of action,
combining membrane interaction with protein synthesis inhi-
bition, which may help address bacterial resistance. Time-kill
assays revealed a bacteriostatic effect, while microscopy and
fluorescence spectroscopy confirmed preserved membrane
integrity at their respective minimum inhibitory concentrations
(MICs).

Molecular dynamics (MD) simulations revealed that these
compounds adopt unique “hook-like” conformations that limit
membrane penetration compared to the commercial standard,
CPC, a finding supported by parallel artificial membrane
permeability assays (PAMPA). This reduced interaction corre-
lates with significantly lower cytotoxicity and embryotoxicity, as
demonstrated through in vitro and in vivo testing.

By linking structure to activity, this study advances the
understanding of QAC mechanisms and highlights the poten-
tial of these soft QACs as safer, environmentally friendly anti-
microbials for applications in healthcare and beyond.

2 Results and discussion

2.1. Bacteriostatic activity

Examination of bacterial viability during the treatment over
a certain incubation time provides initial insight into the mode
of action of the tested agent. Namely, antibacterial agents can
generally exhibit bactericidal or bacteriostatic effect.*** While
bactericidal agents kill 99.99% of cells during a 24 hours
treatment, the bacteriostatic mode of action implies keeping
the population in the stationary growth phase without directly
causing cell death. Due to their membranolytic potency,
quaternary ammonium compounds (QACs) are most known as
bactericidal agents causing almost immediate membrane
damage and cell death. Although some QACs are also prone to
cellular uptake followed by DNA or proteins targeting, such
antibacterial activity requires further exploration.»**2*>*
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1
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Scheme1l Previous investigations on soft quaternary ammonium compounds (QACs) derived from heterocyclic backbone of quinuclidine taken
from ref. 21. Amide functional group is located at third carbon atom of quinuclidine scaffold depicted in the colored squares reflecting the polar
character. Different substituents in extension of amide functionality (QAc — acetamide, QB,, — benzamide and QC,, — aklylamide) were found to

exhibit differential antimicrobial activity.
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Fig.1 (A) Time-resolved log; of colony forming units per mililiter (CFU mL™) curves obtained by plate count method during the 24 hours long
treatment of Staphylococcus aureus ATCC25923 with, %MIC, MIC and 2 x MIC of QCy4-Me, QCy4-Ally, QCi6-Me and QCyg-Ally. (B) Flow
cytometry dot plot of injured and dead thiazole orange (TO) and propidium iodide (PI) fluorescently stained Staphylococcus aureus ATCC25923
cells after 24 hours long treatment at MIC and 2 x MIC concentration of QCy4-Me, QCy4-Ally, QCy6-Me and QC,6-Ally.

The cell viability of Staphylococcus aureus ATCC25923 during
the 24 hours treatment at IMIC, MIC and 2 x MIC is shown in
Fig. 1. Time-resolved curves of log;, of colony forming units per
mililiter (CFU mL™') point out subtle differences between
methyl and allyl analogues of QAC candidates at IMIC treat-
ment. The results show that methylated QACs (QC;4-Me and
QC;6-Me) keep cells in stationary phase for six hours, in contrast
to more effective allyl analogues (QCy4-Ally and QC,¢-Ally) that
manage to stop cells from dividing during the entire incubation
time. Treatment with concentrations of candidate compounds
corresponding to MIC, despite resulting in diminished log;,
(CFU mL™") over time, surprisingly revealed the same effect of
each compound on bacterial population. Namely, after six
hours of MIC treatment with candidate compounds, S. aureus
ATCC25923 population was kept in the stationary phase with no
indicative cell division. Furthermore, the drop in the number of
bacterial cells of =3 log;, (CFU mL ") after 24 hours of exposure
further supported that these compounds are indeed bacterio-
static agents that rather inhibit bacterial growth without
damaging bacteria to the extent of cell death. On the contrary,
treatment with 2 x MIC resulted in almost complete bacterial
eradication upon 12 or 24 hours of treatment with only QCy¢-
Ally displaying reduced potential to annihilate bacteria as
further confirmed by flow cytometry (Fig. 1B).

These results clearly show that even at prolonged MICs
exposure (24 h) at least half of the population is dead with
a similar fraction of injured cells that can potentially recover in
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favorable conditions. It seems those candidates bearing Ci,
alkyl chains are better than candidates with longer chains
which can be due to several reasons. Firstly, QACs with longer
chains tend to be less soluble, or secondly, they tend to form
larger aggregates that diminish their antibacterial potential.
This trend is visible at 2 x MIC, which also did not result in
complete bacterial eradication even at 24 h of exposure to the
antibacterial agent. However, as opposed to MIC treatment,
treatment with 2 x MIC clearly shows a larger fraction of dead
cells, leaving just about 5-10% of injured cells that can poten-
tially recover. Together, these results confirm our initial obser-
vation about a bacteriostatic mode of action which provides
a new insight into the different mechanism that has not been
documented for these compounds up until now.

2.2. Membranolytic activity

2.2.1. Morphological examination of bacterial cells. To
investigate morphological changes of bacterial cells during the
treatment, atomic force microscopy (AFM) was employed. Since
the newly synthesized compounds showed more pronounced
antimicrobial activity against Gram-positive bacteria, Listeria
monocytogenes ATCC7644 was selected for the AFM measure-
ments. Apart from the low micromolar minimum inhibitory
concentrations of candidate compounds (Scheme 1), the rod-
shaped form of L. monocytogenes and high proportion of
proteins in the cell wall enable better adhesion and immobili-
zation required for the AFM measurements.”® Furthermore, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AFM usually detects morphological changes upon treatment,
cells were treated with 2 x MIC concentration of each candidate
compound in the total duration of three hours.

The untreated L. monocytogenes cells, shown in Fig. 2, exhibit
the characteristic densely packed rod-shaped morphology, even
post-fixation.

Treatment with 2 x MIC concentrations of QCy4-Me, QCy4-
Ally, QC46-Me, and QC,6-Ally resulted in no detectable loss of
distinct cell morphology, although a consistent increase in cell
height was observed across all treated cells. Furthermore, a 3
hours long exposure to 2 x MIC of these compounds did not
induce significant membrane damage, which aligns with prior
findings in Staphylococcus aureus, another Gram-positive
representative. Instead, the cell membranes in treated L. mon-
ocytogenes cells appeared preserved, with only minor irregular-
ities along the cell edges. To further investigate membrane
integrity, both bacterial strains were subjected to optical fluo-
rescence microscopy and fluorescence spectroscopy analysis.

2.2.2. Membrane perforation potential. Optical fluores-
cence microscopy was employed to examine the membrane
integrity of Listeria monocytogenes ATCC7644 upon the atomic
force microscopy (AFM) measurements utilizing two common
fluorophores, SYTO9 and propidium iodide (PI).”” While SYTO9
can passively diffuse through intact cellular membranes, PI can
only pass through compromised membranes indicating their
damage. Fig. 3A shows the same optical field of L. mono-
cytogenes ATCC7644 cells treated with 2 x MIC concentration of
candidate compounds for three hours. The observed intensity
of the red fluorescent signal originating from the PI dye bound
to DNA molecule indicates compromised cell membranes of
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Untreatd cells

QCm-Me

QC,-Me
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almost all cells, which is further confirmed by the images of
SYTO9 stained cells. In this case, the orange color originating
from the spectral overlap of the green and red fluorescent
signals upon the exposure to the 2 x MIC concentration of
candidate compounds indicates membrane damage despite the
preserved membrane appearance observed in AFM measure-
ments, suggesting a membranolytic effect at higher concentra-
tions of our soft QACs.

Furthermore, the uptake of PI by Staphylococcus aureus
ATCC25923 cells in treatment was measured spectro-
fluorimetically at different time intervals over six hours of
treatment with 4 x MIC, 2 x MIC and MIC concentrations of
the selected compounds (Fig. 3B). The treatment with 4 x MIC
and 2 x MIC concentrations showed the same effect for all
tested QACs. An almost immediate steep increase of the relative
fluorescent units (RFUs) of PI suggested pronounced
membrane disruption. On the other hand, at concentrations
corresponding to MIC, RFUs were slightly higher for all
compounds when compared to the untreated control cells
indicating an absence of pronounced membrane damage over
six-hours long period of treatment.

Obtained results underlined the previously observed impli-
cation of the bacteriostatic activity of QC;4-Me, QCy4-Ally, QC6-
Me and QC,¢-Ally suggesting the need for further investigation
of their mode of action through alternative pathways, primarily
including the inactivation of the protein synthesis pathways.

2.3. Inhibition of protein synthesis

Antibacterial agents are generally classified in two large groups
regarding their mechanism of combating pathogens.

1.6 pm 1.5 pum

QC,4-Ally

0 pm

QC ls-f\ll.\"

)

0 pm

Fig. 2 Height atomic force microscopy (AFM) data of untreated Listeria monocytogenes ATCC7644 control cells in contrast to the cells of the
same bacteria treated with 2 x MIC concentration of candidate compounds QCj4-Me, QCy4-Ally, QC15-Me and QC,¢-Ally in total of three hours.
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(A) Fluorescent images of the Listeria monocytogenes ATCC7644 cells treated with 2 x MIC concentration of candidate compounds

QC14-Me, QCy4-Ally, QC15-Me and QCy6-Ally for three hours and stained with SYTO9 and propidium iodide (PI). Fluorescent images were taken
in the same field of view. (B) Spectrofluorimetric analysis of propidium iodide (PI) uptake during Staphylococcus aureus ATCC25923 treatment
with 4 x MIC, 2 x MIC and MIC concentration of QCy4-Me, QCi4-Ally, QC;6-Me and QC,¢-Ally candidate compounds in contrast to untreated
control cells. Results were recorded in time intervals during six hours of treatment. (C) Logq of relative luminescence units (RLUs) upon inhibition
of master mix with QC14-Me, QCy4-Ally, QC14-Me and QCy6-Ally and kanamycin for one hour. Positive control with plasmid DNA containing

luciferase gene and negative control with no plasmid DNA.

Bactericidal agents, such as carbapenems and polymyxins, are
known for their membrane and cell wall targeting effect.”®
Besides membrane disorganization, bactericidal agents can
also act as blockers of DNA replication or inhibitors of cell wall
synthesis.>**® In both cases the result is extermination of the
entire population during 24 hours long incubation time. On the
other hand, bacteriostatic activity implies prevention of bacte-
rial division resulting in the stationary growth phase of the
population in treatment which is attributed to the potency of
protein synthesis inhibition.”*** In most cases, this effect is
caused by irreversible binding to the 30S ribosomal subunit
which is a common pattern for aminoglycosides, such as
kanamycin and spectinomycin **.

Quaternary ammonium compounds (QACs) are categorized
as potent membranolytic agents, especially when it comes to
Gram-positive pathogens given the simplicity of membrane
composition in contrast to Gram-negative bacterial isolates.>'®
The unique structure of QAC's scaffold comprised of perma-
nently positively charged nitrogen plays a pivotal role in their
proposed mechanism of antibacterial action, exploiting elec-
trostatic interaction with components of bacterial -cell
membrane. Further membrane disorganization is achieved by
incorporating hydrophobic substituents into the membrane
matrix resulting in membrane perforation and ultimately cell
lysis. Although QACs are known for their membrane-targeting
antibacterial approach, some QACs employ different antibac-
terial potency acting on intracellular components such as DNA
and/or proteins.'>?*3

1494 | RSC Adv, 2025, 15, 1490-1506

Previously observed bacteriostatic effect prompted us to
examine the potential of QCi4;-Me, QC,4-Ally, QC;6-Me and
QCy6-Ally to inhibit the protein synthesis pathways. For this
purpose, we employed an assay based on in vitro synthesis of
luciferase protein - expression product of a reporter sequence
under the control of T7 promoter. If the expression is success-
ful, luciferase protein degrades its natural substrate luciferin to
the product coelenteramide followed by the emission of an
intense luminescent signal expressed in relative luminescence
units (RLUs). In contrast, if the addition of the tested
compound prevents the transcription of protein of interest,
a luminescent signal is absent.

The reaction mixture that served as a positive control for
luciferase protein expression, apart from T7 extract and S30
ribosomal mixture, contained nuclease-free water and a DNA
template that contained luciferase reporter gene downstream of
the T7 promoter site. On the other hand, the composition of the
negative control differed in absence of the DNA template, pre-
venting the expression of luciferase and therefore emission of
luminescent signal. The effect of tested compounds QC,,-Me,
QC,4-Ally, QCy6-Me and QC,6-Ally on in vitro luciferase protein
expression was compared with the effect of kanamycin which is
known to act as the protein synthesis inhibitor employing
a bacteriostatic mode of action.*” Fig. 3C shows RLUs detected
in each reaction mixture upon one hour of incubation. As ex-
pected, the highest RLUs were observed in positive control,
indicating a successful expression of luciferase protein. When

compared to positive control, all the tested candidate
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compounds showed 100-10 000-fold decrease in RLUS, pointing
out the absence of expressed luciferase. This is further
confirmed in comparison with the RLUs detected in negative
control and kanamycin respectively. Furthermore, QCy4-Ally
and QCy6-Ally exhibited greater inhibitory effects in regard to
methylated QACs, which is consistent with previously observed
trend in biological activity of selected candidate compounds.
The evaluation of their ability to inhibit protein synthesis
pathways indicates a potential new antibacterial mechanism for
selected QACs, simultaneously highlighting a promising direc-
tion for future research into the mode of action of this class of
compounds.

2.4. Membrane interaction analysis

2.4.1. Molecular dynamics (MD) simulations and
membrane integration. In order to further inspect mem-
branolytic potency we conducted a set of molecular dynamics
(MD) simulations of commercial representative cetylpyridinium
chloride, CPC, and our candidate compound QCy¢-Ally inter-
acting with realistic Staphylococcus aureus membrane. Specifi-
cally, we analyzed penetration of CPC and QC,6-Ally within the
model S. aureus membrane over time. To assess this, we
monitored the average distance of each compound's head and
tail groups from the membrane center (Fig. 4A). This distance
was measured in the z-direction, perpendicular to the plane of
the membrane. For both CPC and QC,6-Ally, the head group is
defined as the protonated nitrogen atom, while the tail group
corresponds to the terminal carbon atom of their 16-C aliphatic
chain.

Fig. 4A reveals that both compounds incorporate into the
membrane rather swiftly, likely due to their long hydrophobic

RSC Advances

tails. CPC integrates into the membrane fully by approximately
40 ns (and partially as early as 20 ns, data not shown), whereas
QC,6-Ally requires about 60 ns to achieve full integration, sug-
gesting that CPC may penetrate the membrane more readily
than QC,6-Ally. Additionally, we compared the average positions
of the head and tail groups of each compound, focusing on the
behavior after 60 ns — when both compounds are fully incor-
porated (highlighted in Fig. 4A) to the right of the green dashed
line. While the distance of the tail groups of CPC and QCy¢-Ally
from the membrane center is rather similar, a notable differ-
ence can be observed in the positioning of their head groups.
Specifically, the head group of CPC is located 16.0 A from the
membrane center, whereas this distance for QCy¢-Ally is 17.8 A
This indicates that the head group of CPC penetrates deeply
into the membrane compared to QC,6-Ally which seems to
protrude more prominently toward the membrane: water
interface. This might be explained by the favorable interactions
of the polar amide group with the water molecules at the
membrane surface.

Next, we examined the conformational behavior of CPC and
QCy6-Ally within the model membrane. QC;6-Ally occupies
a significantly broader conformational phase space than CPC,
adopting both “hook” or “L-shaped” and elongated conforma-
tions (Fig. 4B). In contrast, CPC shows a much more restricted
phase space, predominantly existing in the elongated form
(Fig. 4B). To quantify these observations, we monitored the
distance (dac) between the terminal carbon atom and the C-2
atom of the aliphatic chain over the last 40 ns (see Fig. S17).
In QCy6-Ally, 40% of the conformations had a d¢ of less than
14.5 A whereas d,c < 14.5 A is regarded as approximate cut-off
distance indicating the “L-shaped” form. On the contrary,
only about 13% of CPC conformations met this criterion with
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Fig. 4

(A) Average distance in the z-direction (averaged over two molecules present in each of the two systems), i.e., in the direction

perpendicular to membrane, between the head group, denoted via the protonated nitrogen atom, and the center of the membrane, as well as
between the tail group (terminal carbon atom in the aliphatic chain) and the center of the membrane, for cetylpyridinium chloride, CPC (right)
and QCye-Ally (left). (B) Conformations of QCye-Ally (@ and b) and cetylpyridinium chloride, CPC (c) upon incorporation into the model

Staphylococcus aureus membrane.
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majority of conformers displaying dac 14.5 A indicating
elongated conformations. These results clearly show that both
CPC and QC,¢-Ally exist in two conformations namely elongated
and “L-shaped”, with significantly higher percentage of “L-
shaped” conformers in QCe-Ally (40%) compared to CPC
(13%).

2.4.2. Molecular dynamics (MD) simulations of aggrega-
tion in water environment. Given the amphiphilic nature of
quaternary ammonium compounds (QACs), we aimed to examine
how selected compounds aggregate in water. For each system
(cetylpyridinium chloride, CPC/water and QC,¢-Ally/water), three
simulations with different initial conditions were monitored (see
Molecular dynamics simulation methodology and Fig. 10). Each
simulation box contained approximately 35 000 water molecules
and chloride counterions, with the molecules randomly placed
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using Packmol®* (Fig. 10, bottom panel). To monitor the potential
aggregation, several aggregation-related metrics were calculated,
namely the number of clusters and the average cluster size as the
functions of time, and a histogram of cluster sizes. These indi-
cators allow us to observe both how the systems approach equi-
librium and the typical size of aggregates formed.”” Molecules
were considered part of the same cluster if the minimum distance
between them was less than 3.5 A. The average cluster size, N,
was calculated as

> k-Ny
k

SRV
k

where N, is the number of clusters containing & molecules. The
average cluster size is calculated from k = 2, i.e., the monomers
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Fig.5 Number of clusters (top panel), average cluster size (middle panel) and distribution of clusters (bottom panel) for cetylpyridinium chloride,
CPC (left column) and QC,6-Ally (right column). Black, red and green lines denote results of the three distinct simulations that were propagated

per each system.
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are purposely not accounted for.*” On the other hand, the
histogram of cluster sizes was obtained by averaging the
number of clusters of k& molecules over the last 50 ns of
respective simulation.

Our analysis revealed clear differences in aggregation
tendencies between commercial standard CPC, and QC,¢-Ally,
with our candidate compound exhibiting greater tendency to
form clusters. The number of QCy¢-Ally clusters dropped to =4
within 20 ns and stabilized at 2 clusters by 50 ns across all three
simulations. In contrast, CPC does not reach such convergence,
with cluster numbers ranging from 3 to 6 throughout the
simulations. Similarly, QCy¢-Ally forms larger and more stable
clusters reaching up to 9 molecules, in contrast to CPC with
approximately 7 molecules in aggregate (Fig. 5).

Regarding cluster morphology, QCye-Ally exhibited more
spherical and thus more stable clusters, whereas CPC
predominantly formed elongated, less defined clusters (Fig. 6).

2.4.3. Parallel artificial membrane permeability assay
(PAMPA). Membrane permeability was further investigated
using an in vitro model of passive transcellular permeation. The
model membrane was constructed from lecithin, which
contains both saturated and wunsaturated fatty acids,
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phosphoric acid, and choline, thereby mimicking mammalian
cell membranes.®® The parallel aftificial membrane perme-
ability assay, PAMPA, due to its methodological design, is
commonly employed to assess the ability of potential drug
compounds to passively diffuse across mammalian
membranes.* Given that quaternary ammonium compounds
(QACs) are frequently used in topical antiseptics aimed at skin
disinfection, it is crucial to evaluate their effects on
phospholipid-based membranes to predict potential toxicity.
Fig. 7 illustrates the percentage concentrations of the examined
QACs in the donor and acceptor wells of the multiplate, as well
as the percentage of each compound integrated into the artifi-
cial membrane. We observed that the commercial standards,
cetylpyridinium chloride, CPC and dimethyldodecylbenzy-
lammonium bromide, BAB, almost completely integrate into
the membrane layer (=97%). In contrast, our methylated
candidate compounds, QCy4-Me and QC,6-Me, exhibited a high
percentage in the donor wells but showed low rates of passive
diffusion across the artificial membrane, likely due to their
reduced solubility attributed to the iodine counterion.
Conversely, candidates with an allyl group on the quaternary
nitrogen center, QCy4-Ally and QC,6-Ally, demonstrated

QCy6-Ally

Run 2

CpC

Run 2

Fig.6 Clusters/aggregates formed at t = 100 ns, for QC,6-Ally/water (top panel) and cetylpyridinium chloride/water, CPC/water (bottom panel)
systems. Results of the two propagations shown (left and right columns), with the third simulation of each system omitted. Observed clusters/
aggregates are denoted with ellipses (black — dominant cluster/aggregate, blue — two equally sized clusters/aggregates, red — smaller cluster/

aggregate).
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Fig.7 The percentage of corresponding compound concentration in donor and acceptor wells after 24 h incubation at 37 °C. The percentage of
compound integrated in membrane was calculated subtracting the final concentration in donor and accept wells from the initial concentration
expressed as percentage.

a greater potential for membrane integration compared to the utilized as the active ingredients in household cleaning and
methylated QACs, though they still integrated less effectively hygiene products. Although generally considered safe, recent
than the commercial standards. These findings suggest that our studies have raised concerns regarding their potential
compounds may have lower toxicity toward mammalian cells, hazardous effects, especially since traces of QACs have been
which was further examined through in vitro and in vivo toxicity —detected in breast milk and blood samples.**** Prolonged
tests. exposure to high concentrations of QACs may pose risks,
including dermal irritation, respiratory side effects, and

2.5. Invitro and in vivo toxicity potential development of allergic conditions.*
Given the potential applications of our synthesized soft QAC

2.5.1. In vitro toxicity. Owing to their antimicrobial derivatives, we aimed to further evaluate their toxicity on two

potency, quaternary ammonium compounds (QACs) are widely
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Fig. 8 (A) (a) Cytotoxicity of candidate compounds QCi4-Me, QCy4-Ally, QC16-Me and QCy6-Ally towards healthy human cell lines retinal
pigment epithelial (RPE1) and keratinocytes (HaCaT). Obtained values of half maximal inhibitory concentration, ICsq, (M) were compared to the
commercially available standards dimethyldodecylbenzylammonium bromide (BAB) and cetylpyridinium chloride (CPC) respectively. (b)
Graphical representation of lethal concentration of 50% (LCso) Danio rerio embryos with table containing corresponding LCsq values. Deter-
mined LCsg values are within 95% confidence interval (Fig. S21). (B) Representation of morphological abnormalities upon treatment with
concentration higher than LCsq for each tested compound: (a) negative control — a normally developed individual without morphological
abnormalities, (b) CPC — scoliosis, (c) QC14-Me — pericardial edema (red arrow), blood accumulation in the tail area (black arrow); (d) QCq4-Ally —
pericardial edema (black arrow), yolk sac edema (red arrow); (e) QCy4-Me — pericardial edema (red arrow), yolk sac edema (black arrow),
scoliosis; (f) QCy6-Ally — pericardial edema (red arrow), scoliosis.
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healthy human cell lines, retinal pigment epithelial (RPE1) and
keratinocytes (HaCaT). The in vitro half maximal inhibitory
concentration, ICs,, values obtained were compared to the
toxicity profiles of commercially available QACs, cetylpyr-
idinium chloride (CPC) and dimethyldodecylbenzylammonium
bromide (BAB) respectively. As depicted in Fig. 84, the
commercial QACs, CPC and BAB, exhibit cytotoxic activity
towards both RPE1 and HaCaT cell lines at low, single digit
micromolar concentrations, corresponding to their MIC values.
In contrast, the synthesized derivatives, QC;,-Me, QCy,-Ally,
QCi6Me and QCy6-Ally, demonstrated reduced toxicity
compared to CPC and BAB, with QC,4-Me exhibiting the lowest
cytotoxicity against both cell lines. Coupled with their low
minimal inhibitory concentration (MIC) and the potential for
degradation into non-toxic products, these findings suggest
that our soft QACs could be considered as promising candidates
for the development of new QACs that are safe for both human
health and the environment.

2.5.2. Invivo zebrafish embryotoxicity test. In addition to in
vitro cytotoxicity studies, we further aimed to assess the toxicity

b) © E3 O QC,,-Me
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of selected compounds towards zebrafish Danio rerio. Other
than rational aspects such as its size, external fertilization and
transparency, zebrafish contains 84% of genes known to be
associated with human disease, which is the main reason of its
use as a toxicity model organism.****® After exposure of zebrafish
Danio rerio embryo samples to QC,4-Me, QC,4-Ally, QC;6-Me,
QCy6-Ally and cetylpyridinium chloride (CPC) an increased
embryotoxicity in a concentration-dependent manner was
observed. The lethal concentration of 50% Danio rerio embryos,
LCs,, values obtained are presented in the table in Fig. 8A and
are consistent with the previously determined half maximal
inhibitory concentration, ICs,, values in the in vitro cytotoxicity
experiment, with the commercially available CPC exhibiting the
highest toxicity. Morphological abnormalities Fig. 8B were
observed in treatment with the selected compounds at
concentrations above the obtained LCs;, values.

2.5.3. Quantification of locomotor activity in larval zebra-
fish. Other than gene and morphological homology, zebrafish
behavioral studies serve as foundation for modeling neurolog-
ical disorders as those organisms exhibit complex behaviors
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Fig. 9 Locomotor activity assessment of zebrafish larvae (N = 48) following 120 hours of exposure to QCi4-Me (20 uM), QCy4-Ally (8 uM), and
QCj6-Me (8 uM). Control larvae were treated with E3 medium. (a) Representative swimming trajectories of individual larvae recorded over a 20
minutes observation period. (b) Mean distance traveled by each experimental group, presented in 1 minute time bins. The horizontal bars
represent the lighting conditions during the experiment, with white boxes indicating light, and gray boxes indicating dark phases. (c) Total
distance traveled within light and dark conditions. Data are represented as mean =+ SE. Asterisks denote statistically significant differences

compared to the control group (***p < 0.001).
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close to mammals.***® Three compounds, QCy4-Me, QCy4-Ally,
and QC,6-Me, were selected for further analysis based on the
concordance between their lethal concentration 50% (LCsg)
values obtained from in vivo assay (see Section 2.5.2), half
maximal inhibitory concentration (ICs,) values determined
using in vitro assay (see Section 2.5.1). and previously deter-
mined minimal inhibitory concentration (MIC). Concentrations
chosen for locomotor assessment corresponded to their
respective MIC values. To investigate whether tested samples
are associated with a locomotor deficit, swimming behavior was
monitored at 120 h of exposure to tested samples. QCy4-Ally
exhibited a significant increase of locomotor activity during
dark phases (38% increase compared to the control group on
E3). This effect was not observed during light periods. No
significant changes in locomotor activity were detected
following exposure to QCy4-Me and QC,¢-Me (Fig. 9).

3 Conclusions

This study provides new insights into the bacteriostatic prop-
erties and dual mechanisms of action of soft quaternary
ammonium compounds (QACs) designed with a labile amide
bond in the quinuclidine scaffold. In contrast to traditional
QACs, which rapidly kill bacteria by disrupting membranes, our
findings indicate that these soft QACs primarily inhibit bacte-
rial growth through a combination of membrane interaction
and protein synthesis interference. This dual mode of action
positions them as promising alternatives for addressing chal-
lenges associated with bacterial resistance.

Key experiments, including time-kill assays and membrane
integrity analyses, demonstrated that our soft QACs primarily
maintain bacterial populations in a stationary phase without
immediate cell death. Molecular dynamics (MD) simulations
further revealed their unique “hook-like” conformations that
restrict deep membrane penetration and facilitate aggregate
formation, reducing their effective concentration at the
membrane surface. This reduced permeability aligns with their
lower cytotoxicity, as validated by zebrafish embryotoxicity
assays and human cell line studies, highlighting their safety
advantages over conventional QACs. Furthermore, evidence of
protein synthesis inhibition underscores their ability to target
intracellular bacterial processes, providing a secondary anti-
bacterial mechanism.

These findings emphasize the potential of soft QACs as safer,
environmentally friendly alternatives for antimicrobial appli-
cations. While the current study establishes their antibacterial
properties and safety profile, further investigations could focus
on optimizing their chemical scaffolds to enhance antibacterial
potency while retaining biodegradability and low toxicity.
Expanding efficacy testing against a broader range of bacterial
strains, including antibiotic-resistant pathogens, would
strengthen their relevance as next-generation antimicrobials.
Additionally, exploring their potential for synergistic combina-
tions with existing antimicrobials could help improve overall
treatment efficacy while mitigating resistance development.

Beyond their antimicrobial properties, future research
should address the environmental degradation pathways of soft
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QACs to confirm their eco-friendly nature under real-world
conditions. Moreover, efforts to incorporate these compounds
into practical formulations, such as surface disinfectants,
medical device coatings, and personal care products, will be
essential to bridge the gap between laboratory findings and
industrial applications.

The reduced toxicity, biodegradability, and dual antibacte-
rial activity demonstrated by these soft QACs underscore their
promise as innovative, sustainable solutions to the challenges
posed by bacterial resistance and environmental concerns.
These insights provide a strong foundation for further devel-
opment and highlight the potential for soft QACs to play
a pivotal role in advancing safer, more effective antimicrobials
across healthcare, agriculture, and industry.

4 Materials and methods

4.1. Viability of bacterial cells in treatment over time (time-
kill assay)

The time Kkill assay was performed with a representative Gram-
positive bacterium, Staphylococcus aureus ATCC25923. The
overnight culture was diluted in fresh temperature-controlled
Mueller-Hinton broth (MHB) and propagated in a shaking
incubator at the temperature of 37 °C with the constant rotation
at 220 rpm. The pre-exponentially grown culture was diluted to
a final concentration of 5 x 10> CFU mL " and an aliquot of 50
uL of the prepared cell culture suspension was added to the 96-
well microtiter plate containing 50 puL of the compounds to be
tested at final concentrations corresponding to the minimum
inhibitory concentration (MIC) and 2 x MIC. The untreated S.
aureus ATCC25923 cells served as growth control. At the start of
the experiment, after the addition of the cell culture suspen-
sion, a 10 pL aliquot was pipetted from each well, diluted in 990
pL MHB and further serially diluted up to 10°fold. A 20 pL
aliquot of each cell suspension dilution was plated on MHB
agar using a sterile loop. The 96-well plate containing the
treated cells was incubated at 37 °C and the previously
described dilution and plating of the treated culture was
repeated at the desired time intervals (2, 4, 6, 8, 12 and 24
hours). The Petri dishes were incubated for 24 hours. The
bacterial colonies formed were then counted and the number of
viable cells after treatment was calculated at each time interval.
The results were plotted graphically as log;, of colony forming
units per mililiter (CFU mL™") versus time.

4.2. Flow cytometry measurement of the cells in treatment

The cell viability of the representative Gram-positive bacterium
Staphylococcus aureus ATCC25923 during treatment with
candidate compounds was further tested by flow cytometry
(NovoCyte Advanteon). Two overnight cultures were diluted 10
times and incubated in a shaking incubator at 220 rpm and the
temperature of 37 °C. Pre-exponentially grown cells were
centrifuged at 4500 g for 10 minutes at room temperature. After
discarding the supernatant of the culture medium, one cell
pellet was resuspended in an equal volume of the staining
buffer (phosphate buffer, pH = 7.4, 1 mM EDTA, 0.1% Tween-
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20) and the other in an equal volume of the absolute ethanol.
The cell pellet to which absolute ethanol has been added was
incubated for 30 minutes and then centrifuged again under the
same conditions. After centrifugation, the supernatant of
absolute ethanol was discarded, and the cell pellet was resus-
pended in the staining buffer. Both prepared cultures were
diluted in the desired volume of staining buffer to the final cell
concentration of 1 x 10° colony forming units per mililiter (CFU
mL ") and served as fluorescently labeled compensation spec-
imens along with the same concentration of unstained cells. BD
Biosciences (BD™ Cell Viability) kit containing two fluorescent
dyes (thiazole orange, TO and propidium iodide, PI) was used
for cell labelling and detection according to the manufacturer's
instructions. 50 pL cell suspension in staining buffer was added
to the wells of 96-well plate containing tested compounds in
staining buffer in MIC and 2 x MIC final concentrations and
incubated at 37 °C. At the desired time intervals, the treated
cells were stained with a mixture of TO and PI dyes followed by
flow cytometric detection of cell viability.

4.3. Atomic force microscopy (AFM)

29.5 pL of the Cell-Tak solution in 0.1 M NaHCO3;, pH = 8.00
was pipetted into the center of a sterile Petri dish and incubated
in the laminar flow hood for 30 minutes. Petri dishes were
further washed with at least ten portions of mQ water. After
thorough rinsing, the Petri dishes were air dried in a sterile
laminar flow hood for about 40 minutes, or longer if necessary.
The overnight culture of Listeria monocytogenes ATCC7644 was
diluted 10-fold and propagated in culture medium in a shaking
incubator at 35 °C and 180 rpm. After thirty minutes, an aliquot
of the culture was added to the previously coated surface of the
Petri dish and incubated at 35 °C for 30 minutes. After incu-
bation, the Petri dish was thoroughly rinsed with fresh culture
medium and then with the sterile phosphate buffer (PBS). The
cells were fixed with a 2.5% solution of glutaraldehyde (GT) in
PBS for a total of four hours at 4 °C. After fixation and rinsing in
sterile PBS, the untreated cells were measured using the atomic
force microscope (AFM). To image bacterial cells treated with
candidate compounds using the AFM, a solution of the corre-
sponding compound was added to the cells in the culture
medium before the fixation, so that the final concentration of
the compound in the treatment is 2 x MIC. After the treated
cells have been exposed to the treatment for three hours, they
were fixed in GT in the same manner as described above. The
AFM measurements of treated and untreated L. monocytogenes
ATCC7644 cells were performed using a Nano-wizard IV system
(JPK/Bruker, Berlin, Germany) in quantitative imaging mode
with a ScanAsyst Fluid probe (Bruker, Billerica, MA, USA).
During the measurements, the set point was maintained at 0.7
nN, the length along the Z-axis was 1200 nm, and the images
were acquired at a resolution of 256 x 256 pixels. The collected
data was analyzed using the JPK software for data processing.

4.4. Optical fluorescence microscopy

A Petri dish (FluoroDish) with adhesive (Cell-Tak in 0.1 M NaHCOs,
pH = 8.00) was prepared in the same way as for the AFM
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measurements. The overnight culture of Listeria monocytogenes
ATCC7644 was diluted 10-fold in tempered nutrient culture
medium and propagated in an incubator shaker at 35 °C and
170 rpm. After incubation, 30 uL of the bacterial cell suspension
was pipetted onto the surface of the coated Petri dish and incu-
bated for 10 minutes at appropriate temperature to ensure the
highest possible number of immobilized bacterial cells. The
contents of the Petri dish was washed with tempered culture
medium and the immobilized cells were further incubated at 35 °C
on the stand of an optical microscope. At the beginning and after
incubation, optical images of the immobilized cells were taken to
confirm their initial viability. At the end of the incubation, the
contents of the Petri dish were washed again, and the culture
medium was replaced with a solution of the selected compounds
in culture medium at a final concentration of 2 x MIC. The cells
were exposed to the treatment for a total of three hours. At the end
of the treatment, the Petri dish was washed with sterile physio-
logical solution. The immobilized treated cells were stained with
a mixture of fluorescent SYTO9 and propidium iodide (PI) dyes (1.5
uL dye per mL), which are components of the LIVE/DEAD BacLight
Bacterial Viability Kit L7012. The images of the fluorescently
labelled treated bacterial cells were taken after 30 minutes of
incubation in the dark.

4.5. Propidium iodide (PI) uptake assay

An overnight culture of Staphylococcus aureus ATCC25923 was
diluted 20-fold in tempered Mueller-Hinton broth (MHB) and
propagated for one hour in a shaking incubator at 37 °C and
220 rpm. The compounds were diluted in sterile filtered phos-
phate buffer (PBS), pH = 7.4, to a final concentration of 8 x MIC.
The prepared solutions were serially diluted to concentrations of 4
x MIC, 2 x MIC and MIC. The optical density of the bacterial
suspension was measured at 600 nm and the cell pellet was
precipitated by centrifugation at 4500g for ten minutes. The
supernatant was discarded, and the cell pellet was resuspended in
sterile filtered PBS buffer. The resuspended bacterial cells were
further diluted in PBS buffer to a final concentration of 1 x 10°
colony forming units per mililiter (CFU mL ). An aliquot of 500
uL of the diluted suspension of bacterial cells was added to
microtubes containing previously prepared solutions of the tested
compounds in PBS buffer. 1 pL of propidium iodide solution (3 mg
mL ") was added to each microtube so that the final concentration
of fluorescent dye was 5 pM. Fluorescence intensity (ex: 536 nm;
em: 617 nm) was measured over six hours of treatment at 37 °C
using Tecan Infinite 200 Pro plate reader.

4.6. In vitro inhibition of protein synthesis

The potential of tested candidate compounds to inhibit protein
synthesis was evaluated using a commercially available S30 T7
High Yield Protein Expression System kit (Promega) based on
Escherichia coli cell lysate containing T7 polymerase for tran-
scription of the gene of interest. In addition to the T7 extract, the
expression was additionally ensured by the S30 mixture containing
amino acids, ribonucleoside triphosphates (rNTPs), transfer RNA
(tRNA), ATP-regenerating enzymes and isopropyl-p-p-1-thio-
galactopyranoside (IPTG). The expression vector was pFN6A
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plasmid DNA which contains the ARluc reporter gene downstream
of the T7 promoter site. After preparation of mastermix, reaction
tubes were incubated in a thermomixer for one hour at a temper-
ature of 37 °C with rotation of 1200 rpm. The commercially
available Renilla Luciferase Assay System kit (Promega) was used
to evaluate the results after incubation. An aliquot of each mas-
termix reaction was diluted 40 times in Renilla Luciferase Lysis
Assay buffer. A total of 50 pL of the samples prepared in this way
was added to the wells of the white microtiter plate. Renilla
Luciferase Assay substrate was diluted 5-fold in Renilla Luciferase
Assay Buffer and 50 pL was added to each well of 96-well plate.
After the addition of the substrate solution, the relative lumines-
cence intensity units, RLUs, were measured using Tecan Infinite
200 Pro plate reader with a signal integration time of ten seconds.

4.7. Molecular dynamics (MD) simulation studies

4.7.1. Interactions with realistic Staphylococcus aureus
model membrane. Force field converter module available at

CPC

SA - membrane

Water

Paper

CHARMM-GUI (http://www.charmm-gui.org/)***' was used to
convert the force field and starting geometry of a realistic
Staphylococcus aureus model membrane (SA-membrane)® to the
ones appropriate for simulating vie GROMACS,* with the force
field utilized for the membrane constituents (Tables S1 and
S21) being CHARMM36m.* The overall simulation box
contained approximately 35000 water molecules (TIP3P water
model), 360 sodium ions and 52 chloride ions. CHARMM-GUI
membrane builder minimization and equilibration procedure
was used to obtain equilibrated simulation box of the S. aureus
model membrane at 7 = 30 °C. Upon initial equilibration, the
membrane was sinuated for 100 ns using unbiased all-atom
molecular dynamics (MD). The snapshot corresponding to ¢ =
100 ns was extracted and then employed in preparation of the
cetylpyridinium chloride (CPC) + S. aureus (CPC/SA-membrane)
and QCye-Ally + S. aureus (QC,6-Ally/SA-membrane) membrane
systems. Both CPC and QC,-Ally were parameterized consistently
with the lipid forcefield, namely using CHARMM36m force field.

QC6-Ally

Fig. 10 Starting configurations of cetylpyridinium chloride (CPC)/SA-membrane (left) and QC,6-Ally/SA-membrane (right) systems are shown in
the top panel, with the initial configurations of the CPC/water (left) and QC,e-Ally/water (right) systems shown in the bottom panel. Water
molecules are shown in light gray, CPC and QCj¢-Ally using van der Waals sphere representation, with the different lipids constituting the model
Staphylococcus aureus membrane shown using licorice representation, and in different colors. More precisely, FFPG and IFPG are shown in blue,
PFPG. JFPG, ZFPG, JIPG and ZIPG are shown in red, SFPG, VFPG, TFPG and TIPG are colored orange, XFPG is colored yellow, OIPG and OFPG are
shown in tan, JFGK, ZFGK, SFGK and TFGK are colored green, and ZFCL is colored pink (consult Tables S1 and S27 for further clarification of the
lipid codenames). Phosphorous atoms belonging to the lipid headgroups are shown in van der Waals sphere representation and colored yellow.
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To prepare the initial simulation boxes containing both the lipid
bilayer and the chosen molecules, exactly two molecules of each
compound were placed in the previously equilibrated simulation
box of the model membrane. Tested compounds were placed
inside the water layer, above the outer leaflet of the Staphylococcus
aureus model membrane. Upon the initial placement, the simu-
lation boxes were firstly minimized and equilibrated for 5 ns in
the NPT ensemble, using Nosé-Hoover thermostat®™ with
Berendsen barostat™® (p = 1 bar, semiisotropic pressure
coupling). The duration of each production run was 100 ns.

4.7.2. Behavior of compounds in water environment.
Additionally, three sets of molecular dynamics simulations of
CPC and QC;6-Ally molecules in water environment with no
membrane present were propagated. The simulated system
consisted of approximately 35000 water molecules and cetyl-
pyridinium chloride, CPC and QC,6-Ally in final concentration
of approximately 15 mM (10 molecules per simulation box). All
the MD simulations were performed using GROMACS 2021.5
simulation package,*® with a time step of 2 fs, short-range
Coulomb and van der Waals cut-offs set at 10 A, three-
dimensional periodic boundary conditions, and incorporating
the PME procedure.”” All MD simulations were propagated
using Nosé-Hoover thermostat® with the pressure being
monitored via Parrinello-Rahman barostat® (p = 1 bar,
isotropic pressure coupling) in the duration of ¢ = 100 ns. The
starting snapshots of the propagated systems containing CPC
and QC,6-Ally, respectively, are shown in Fig. 10.

4.8. Parallel artificial membrane permeability assay (PAMPA
assay)

The simulated membrane was prepared by dissolving lecithin
in dodecane while heating in an ultrasonic bath to a final mass
fraction of 1%. An aliquot of 5 uL of the prepared solution was
pipetted onto the surface of the donor wells (Multiscreen-IP
Filter Plate, 0.45 um, Clear, Hydrophobic PVDF membrane,
Millipore). Before the lecithin solution was dried out, 150 uL of
the tested compound solution was added to the donor wells. A
“sandwich” composed of donor/acceptor wells was assembled
so that the simulated membrane is constantly immersed in the
solvent in the acceptor wells during incubation. The plate was
incubated at 37 °C for 24 hours. After incubation, the absorp-
tion spectrum of donor and acceptor wells was recorded in the
wavelength range from 190 to 400 nm. The concentration of the
tested compound in each well, both donor and acceptor, was
calculated from the maximum absorbance. The integrity of the
simulated membrane was tested using two different dyes, bril-
liant cresyl blue and lucifer yellow.

4.9. Invitro cytotoxicity

The cytotoxicity of selected compounds was tested on two
healthy human cell lines - human retinal pigment epithelial
(RPE-1) and human keratinocytes (HaCaT) cells. The results
were compared with the results of the commercially available
quaternary ammonium salts, cetylpyridinium chloride (CPC)
and benzidodecyldimethylammonium bromide (BAB). Human
cells were grown in Dulbecco's Modified Eagle medium
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(DMEM) at 37 °C in a humidified atmosphere with 5% CO,. The
tested compounds were dissolved in DMEM medium and seri-
ally diluted in a microtiter plate in the concentration range from
250 to 0.25 uM. 5000 human cells were pipetted into each well of
the plate and the prepared plate was incubated for 48 hours. At
the end of the incubation, 20 pL of the CellTiter 96 AQueous
MTS reagent (Promega) was added to the wells of the microtiter
plate according to the manufacturer's instructions. After three
hours of incubation with the reagent, the absorbance was
measured at a wavelength of 490 nm. The half maximal inhib-
itory concentration, ICsg,value for each compound was calcu-
lated by plotting the percentage of viable cells versus
concentration of compound using the GraFit 6.0 software.

4.10. In vivo zebrafish embryotoxicity test

Zebrafish Danio rerio (WIK type) were obtained from the Euro-
pean Zebrafish Resource Center of the Karlsruhe Institute of
Technology. Zebrafish maintenance and embryo production are
described in detail in our previous study.* A zebrafish embry-
otoxicity test (ZET) was performed in accordance with OECD
236.% In dose range-finding experiments, embryos (N = 10)
were exposed to a wide range of concentrations in serial dilu-
tions: QCy4-Me (500-31 uM), QC,,-Ally (500-15.6 M), QC,¢-Me
(500-3.9 uM), QCy6-Ally (500-1.56 pM), and cetylpyridinium
chloride, CPC (0.5-0.0078 uM). Once a relevant range of
concentrations was identified, a refined concentration range
was tested using 48 embryos per concentration. E3 medium was
used as a negative control. Plates were kept at 27.5 + 0.5 °C
(Innova 42 incubator, New Brunswick). Mortalities and abnor-
malities were recorded 120 hours post fertilization (hpf) using
an inverted microscope (Olympus CKX41), equipped with
a Leica EC3 digital camera and LAS EZ 3.2.0 digitizing software
statistical program.

4.11. The zebrafish locomotor assessment

The swimming behavior of zebrafish larvae (N = 48) was
assessed following 120 h of exposure to tested samples in a 96-
well plate using the DanioVision system (Noldus Information
Technology, Netherlands). Concentrations chosen for loco-
motor assessment were as follows: QC;4,-Me (20 uM), QCq4-Ally
(8 uM), and QCy6-Me (8 puM). Zebrafish activity was recorded
using the EthoVision XT software (Noldus Information Tech-
nology, Netherlands) over a 20 min period, including three
periods of light and darkness (5 min in the darkness and 10 min
in the light). To minimize the background noise, a smoothing
profile with a minimum distance moved threshold of 0.2 cm
was applied. The temperature during the measurement was
maintained at 27.5 °C. After tracking, larvae were examined
under inverted microscope to identify malformed or dead
specimens, which were excluded from statistical analysis.

4.12. Statistical analysis

Statistical analysis and graphical representations were con-
ducted using GraphPad Prism 6.01 software. Results are
expressed as means £ SD, with a significance treshold set at p <
0.05 for all data. Prior to determination of the median lethal
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concentration (LC50), data were subjected to logarithmic
transformation. One-way analysis of variance (ANOVA) and
Tukey's post hoc test were employed to assess the significance
of differences between treatments. In cases where the
assumption of normality was violated, the Kruskal-Wallis one-
way analysis of variance on ranks was utilized.
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Quaternary ammonium compounds (QACs) are a biologically active group of chemicals with a wide
range of different applications. Due to their strong antibacterial properties and broad spectrum of
activity, they are commonly used as ingredients in antiseptics and disinfectants. In recent years,

the spread of bacterial resistance to QACs, exacerbated by the spread of infectious diseases, has
seriously threatened public health and endangered human lives. Recent trends in this field have
suggested the development of a new generation of QACs, in parallel with the study of bacterial
resistance mechanisms. In this work, we present a new series of quaternary 3-substituted quinuclidine
compounds that exhibit potent activity across clinically relevant bacterial strains. Most of the
derivatives had minimal inhibitory concentrations (MICs) in the low single-digit micromolar range.
Notably, QApCl and QApBr were selected for further investigation due to their strong antibacterial
activity and low toxicity to human cells along with their minimal potential to induce bacterial
resistance. These compounds were also able to inhibit the formation of bacterial biofilms more
effectively than commercial standard, eradicating the bacterial population within just 15 min of
treatment. The candidates employ a membranolytic mode of action, which, in combination with the
generation of reactive oxygen species (ROS), destabilizes the bacterial membrane. This treatment
results in a loss of cell volume and alterations in surface morphology, ultimately leading to bacterial
cell death. The prominent antibacterial potential of quaternary 3-aminoquinuclidines, as exemplified
by QApCl and QApBr, paves the way for new trends in the development of novel generation of QACs.

Keywords Quaternary ammonium salts, 3-substituted quinuclidine, Biological activity, Mode of
antibacterial action

The unique biological potential and physicochemical properties of quaternary ammonium compounds
(QACs) play a central role in modern healthcare making them indispensable components in the fight against
microbial pathogens and in maintaining public health!. Since their initial introduction as highly effective agents
for disinfecting surgical surfaces, QACs have quickly become ingredients in numerous commercial products
covering a wide range of applications and industries®. Due to their extensive use, QACs are produced in high
volumes generating approximately $1.8 billion in sales which is expected to grow at a compound annual growth
rate (CAGR) of 4.2-4.7% over the next several years>*.

Since QACs are ionic compounds, two distinct parts of the structure can be differentiated: the positively
charged cationic amphiphile and the corresponding counterion. While the counterion primarily influences
solubility, numerous studies have consistently shown its minimal impact on bioactivity*. In contrast, the cationic
amphiphile constitutes the bioactive core, with its chemical composition and physicochemical attributes
significantly influencing bioactivity’. The hydrophilic moiety of the cationic amphiphile comprises a polar
head characterized by a positively charged nitrogen as a part of the quaternary ammonium cation. Conversely,
the hydrophobic components consist of alkyl and/or aryl substituents, which play pivotal roles in determining
optimal biological activity. Typically, elongated alkyl chains function as dynamic extensions forming integral
elements within the structure®.

One of the most important features of QAC:s is their ability to disrupt the cell membranes of microorganisms,
leading to their inactivation and eventual death. The proposed mechanism of action involves adsorption to the
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membrane, which is triggered by an electrostatic interaction between the positively charged nitrogen of the
QACs and the negatively charged groups on the membrane surface’~?. Consequently, concentration-dependent
adsorption, followed by subsequent penetration of alkyl chains, disrupts the membrane’s structural integrity,
resulting in heightened permeability and leakage of intracellular components. With increasing concentrations
of QAC:s, this disruption impairs vital cellular processes like osmoregulation and nutrient uptake, ultimately
leading to cellular dysfunction!'®-!2 In addition, QACs can inhibit the bacterial respiratory chain, which further
impairs energy production!®. The cumulative effect of membrane damage and cellular dysfunction eventually
leads to bacterial cell death. This mechanism underlines the strong antimicrobial effect of quaternary ammonium
compounds and their crucial role in fighting the spread of microbial infections’.

However, despite their potent antimicrobial effects, their widespread use has led to the emergence of bacterial
resistance, presenting a significant challenge in infection control and public health!*. Additionally, studies have
shown that these compounds can be toxic to various organisms, including aquatic and terrestrial species, raising
concerns about their safety and ecological impact!.

The development of resistance to QACs primarily stems from prolonged exposure to these compounds at
subMIC concentrations, allowing bacteria to adapt and evolve mechanisms to circumvent their antimicrobial
effects'®. One of the key mechanisms of resistance involves the upregulation of Qac efflux pumps, which actively
remove QACs from bacterial cells, thereby reducing their intracellular concentration and rendering them less
effective. Additionally, alterations in membrane composition and charge can hinder the binding of QACs to
bacterial cell membranes, diminishing their ability to disrupt membrane integrity and exert antimicrobial
activity!”.

To address the growing concern of QACs resistance, several innovative strategies aimed at circumventing or
overcoming resistance mechanisms have been proposed. One such strategy involves structural modifications
which can be used to develop analogs with enhanced antimicrobial potency or altered modes of action that
bypass resistance mechanisms*!%. Such modifications may include altering the length or branching of alkyl or
aryl groups®, addition of more positive nitrogen centers'*-2!, introducing novel functional groups, or designing
molecules that degrade rapidly*?2. These design choices promote faster degradation, reducing bacteria’s exposure
time to the active agents and thus effectively combating resistance?.

In our recent research on 3-substituted quinuclidine QACs, we have proposed promising solutions to
overcome some challenges in the field. We focused on using the natural bioactive scaffold quinuclidine as a
base for quaternization, resulting in a class of compounds bearing polar substituents at the C-3 position and
lipophilic substituent at the quaternary center?*~?’. This approach confirmed that quaternizing natural scaffolds
is a viable strategy for crafting new broad-spectrum antimicrobials (Fig. 1). Concerned with their high toxicity
and ecological impact, we subsequently explored a second class of derivatives. These derivatives feature
a quinuclidine backbone substituted at the C-3 atom with an amide group, extended by long alkyl chains of
varying lengths and methyl or allyl substituent at the quaternary center?.

Introducing amide functionality at the targeted site within the structure results in compounds that can undergo
spontaneous or enzyme mediated degradation, consequently mitigating their adverse environmental impact
and reducing the likelihood of resistance development. Despite demonstrating their potential susceptibility to
protease cleavage, the antimicrobial activity of these candidates proved to be lower than initially anticipated.
Thus, our findings suggested that careful consideration of substituents at this position of quinuclidine backbone
might yield derivatives that hold promise in overcoming antimicrobial resistance, improving biodegradability,
and reducing toxicity relative to traditional QACs?.

This work
introduction of increased lipophilicity
amide group for eco- for better
friendly QACs H antimicrobial effect H
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Figure 1. Overview of 3-substituted quinuclidine QACs structures form our previous and current work where
X=Br/I, and Y=Cl/Br/NO,/CH,.
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Inspired by results of these studies and driven by the further pursuit for biologically potent 3-substituted
quinuclidine QACs, here we synthesized quaternary salts of 3- dodecylaminoquinuclidine with benzyl substituents
at the quaternary center to acquire further insights that can aid the development of novel antimicrobial agents
with enhanced efficacy and safety profiles.

Results and discussion

Synthesis

Previous investigations have shown that introducing an amide group into the structure of QACs can provide new
functionalities, such as biodegradability, but can also negatively impact antibacterial activity. These compounds,
while gaining desired properties, often exhibit reduced effectiveness as antimicrobial agents?®?. Wuest and
coworkers have explored the role of multiple positive charges in QACs, finding that compounds with more
than one positive nitrogen atom exhibit better antimicrobial activities and are less prone to intrinsic resistance
mechanisms®**3!. This enhanced activity is likely due to the additional positive charge, which strengthens
electrostatic interactions with the negatively charged groups on bacterial membranes. The increased positive
charge may reduce the likelihood of these compounds being recognized and neutralized by bacterial resistance
elements, thereby enhancing their effectiveness as antimicrobial agents.

To mitigate the negative effects of the amide group, we synthesized 3-aminoquinuclidine (QA) with a
dodecyl chain attached to the nitrogen atom of the amino group at the C-3 position of the quinuclidine ring.
These compounds contain amine functionality, which under physiological conditions can bear an additional
positive charge, similar to QACs with multiple positive nitrogen centers. QA was prepared through the reductive
amination of commercially available quinuclidine-3-one with dodecyl amine, as shown in Fig. 2.

Understanding that the choice of the quaternizing agent is crucial for determining the bioactivity of QACs®,
it is also essential to consider other factors that contribute to their effectiveness. One such factor is maintaining
an optimal hydrophilic-hydrophobic balance®?, which has been consistently observed as vital for the bioactivity
of these compounds. Increased hydrophobicity, for instance, can significantly enhance the interaction between
QACs and lipid membranes during the later stages of membrane penetration, thereby improving the antibacterial
effect® but can also diminish water solubility.

The approach that implements these findings, e.g. more positive centers and an optimal hydrophilic-
hydrophobic balance, has the potential to yield compounds with potent antimicrobial efficacy and less
susceptibility to resistance mechanisms, providing a promising path for the development of new antimicrobials.
For this reason, quaternary products of QA were synthesized using methyl iodide, benzyl bromide or differently
para- and meta- substituted benzyl bromides. The reactions were carried out in dry acetone under inert
atmosphere as shown in Fig. 3.

The prepared QA and its eight quaternary derivatives are compounds which have not been described in the
literature so far. They were synthesized in moderate to good yields and their structures were determined by 1D
and 2D NMR and HRMS analyses (Supporting information).

Antibacterial activity

Minimal inhibitory concentrations (MICs)

The antibacterial activity of 3-substituted aminoquinuclidine salts was investigated by determining the minimum
inhibitory concentrations (MICs) on representative Gram-positive and Gram-negative bacteria. These values
were compared with the MICs of commercially available standard QACs, cetylpyridinium chloride (CPC) and
benzododecinium bromide (BAB), as well as the precursor QA, which served as a non-quaternized control.

As shown in Table 1, the non-quaternized control showed no relevant antibacterial activity compared to
the QACs, demonstrating that rational quaternization is indeed a powerful tool to obtain potent antibacterial
agents®*. However, the choice of quaternizing agent significantly impacts bioactivity. For example, the QAMe
compound, which features simple methylation, did not reach the full antibacterial potential observed with
QABn. This indicates that more robust and hydrophobic quaternizing agents may be required to achieve optimal
antibacterial efficacy.

Nevertheless, we must consider QAMe (MICs>16 puM) alongside two structurally similar QACs, which
showed minimal activity against Staphylococcus aureus with MICs > 100 puM?%28. One of these analogues carries
amino group in the C-3 position and long alkyl chains in the quaternary center, the other is functionalized
with a non-polar dodecyl chain in continuation of the amide group at the C-3 position and methyl or allyl
substituent at the quaternary center (Fig. 1). It seems that a sole amino group at C-3 position is insufficient to

0 NH,CH,(CH,),oCHj3 g CH;
o/n 40 °C _ \Mf
NaBH;CN -
N MeOH N
QA 32%

Figure 2. Preparation of QA.
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Figure 3. Preparation and structures of N-substituted quaternary QA derivatives.

Minimal inhibitory concentrations ( 1t M)

Gram-positive bacteria Gram-negative bacteria
Staphylococcus | Staphylococcus | MRSA Listeria Enterococcus | Escherichia | Sal, lla | Pseud
aureus aureus Clinical | Bacillus cereus | monocytogenes | faecalis coli enterica aeruginosa
Compound | ATCC25923 ATCC33591 isolate | ATCC14579 | ATCC7644 ATCC29212 | ATCC25922 | Food isolate | ATCC27853
QA 63 63 31 31 31 31 63 31 >125
QAMe 16 31 63 31 63 125 63 63 >125
QABn 8 8 8 31 8 4 16 16 125
QAmMe |2 4 4 16 4 2 8 8 63
QApMe 4 4 4 8 4 2 8 8 63
QAmCl 2 4 4 16 4 2 8 8 63
QApCl 4 2 4 16 2 2 4 8 31
QAmBr 8 4 4 16 4 2 8 8 31
QApBr 2 2 4 8 2 2 4 8 31
Commercial QACs
CPC 4 6 8 16 8 8 16 63 250
BAB 10 25 25 13 10 15 63 50 >125
Table 1. Minimal inhibitory concentrations (MICs/ u M) of antimicrobial agents against the panel of selected
bacteria.
obtain fully bioactive structure instead a non-polar functionality in the continuation of the amino group seems
to be required. Taken together, these structure-activity insights indicate the importance of the functional group
and the correct hydrophilic-hydrophobic balance at the C-3 position for efficacy. Besides having the optimal
hydrophilic-hydrophobic balance, the amino functional group in QAMe can further enhance the antibacterial
properties due to its ionization state, which is similar to the double positive charge of bisQACs under
measurement conditions. Therefore, it can be hypothesized that, among other known structural determinants,
the functionality at the C-3 atom of the quinuclidine backbone is indeed an important point that requires special
attention in the development of future QACs.

On the contrary, benzylated derivatives, featuring a highly hydrophobic benzyl ring at the quaternary center,
displayed robust antibacterial activity, often achieving single-digit micromolar values (Table 1). These broad-
spectrum activities were either much better or equivalent to conventional BAB or CPC, thus underlining the
antibacterial potential of the new candidates. Notably, QABn exhibited higher MICs compared to derivatives with
ahalogen atom or a methyl group in the para- or meta- position on the benzyl ring, suggesting that the substituents
on the benzyl ring and their position also play a role in enhancing antibacterial activity. For example, QApCl
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and QApBr demonstrated particularly potent activities against Gram-negative Escherichia coli and Salmonella
enterica, with MICs of 4 and 8 uM, respectively. Similar results were observed with 3-hydroxyiminoquinuclidine
QACs bearing a benzyl ring at the quaternary center and chloride or bromide substituents at the meta and para
positions?!. These derivatives, despite lacking long alkyl chains, exhibited potent activity against S. aureus and
E. coli, also achieving single-digit MIC values. The role of electron-donating elements on the benzyl ring might
be responsible for increased activities. This is supported by earlier reports from Ali et al., where derivatives with
2,6-dichloro and 2-methoxy substituents on the phenyl ring showed excellent antimicrobial and wound healing
properties®.

To explore their antimicrobial potential against methicillin-resistant Staphylococcus aureus (MRSA), which is
known to harbor gac resistance genes, this collection of QACs was tested against clinically isolated and hospital-
acquired HA-MRSA strains (ATTC33591) (Table 1). Based on the determined MICs, QApCl and QApBr once
again exhibited compelling activity, underscoring the importance of para- position substitution. These findings
suggest that para-substituted derivatives could be particularly effective in overcoming resistance mechanisms
in MRSA, making them promising candidates for further development in the fight against antibiotic-resistant
bacterial infections.

Given the potent activities of QApCl and QApBr against both Gram-positive and Gram-negative bacteria,
they were selected for a more comprehensive investigation of their antibacterial potential and mechanism of
action.

Potential for resistance development

The possibility of developing resistance, especially to quaternary ammonium compounds (QACs), is a major
challenge in microbiology and public health!®. Resistance to these compounds primarily arises from the plasma
efflux system encoded by gac genes, which relies on the cellular ATP pool’s availability. Consequently, reduced
minimum inhibitory concentrations (MICs) under conditions of limited ATP supply suggest that the tested
QACs may act as substrates for the efflux system?®.

To further evaluate the potential of QApCl and QApBr to induce bacterial resistance, we assessed their
MICs against Staphylococcus aureus ATCC33591, a known carrier of gac resistance genes, in the presence of
the protonophore carbonyl cyanide-3-chlorophenylhydrazone (CCCP). Previous research has demonstrated
that CCCP, at concentrations below the MIC, can indeed diminish the efflux activity of S. aureus ATCC33591
by reducing the cellular ATP level®”. Therefore, evaluating MICs in the presence of CCCP may offer valuable
insights into whether synthesized QACs act as substrates for Qac efflux pumps and the extent to which they
contribute to bacterial resistance.

Table 2 illustrates the determined minimum inhibitory concentrations (MICs) for QApCl and QAp3Br in the
presence and absence of CCCP. Interestingly, the MICs remained unchanged regardless of the presence of CCCP,
indicating that these compounds did not exhibit a reduction in MICs. This observation suggests that QApCl and
QApBr may not trigger known resistance mechanisms associated with efflux system.

Furthermore, the lack of change in MIC values in the presence of CCCP implies that these compounds are
not substrates for the efflux pumps affected by ATP depletion induced by CCCP. This finding is significant as it
suggests that QApCl and QApBr may exert their antibacterial activity through mechanisms independent of QAC
efflux pumps and different from commercial BAB or CPC which both exhibit 32 and 16XMICs reduction during
the CCCP treatment?®. Additionally, this finding highlights the potential of these compounds as promising
antimicrobial agents that are less susceptible to resistance development through known efflux mechanisms.

Minimal biofilm inhibition concentrations (MBICs)
Bacterial biofilms consist of individual bacteria embedded in extracellular polymeric substances (EPS). Due
to the genetic diversity within biofilm populations and the protective role of EPS, bacteria in biofilms exhibit
heightened resistance to antibacterial agents®®. Notably, many human pathogens responsible for healthcare-
associated infections, posing severe threats to human health through colonization of wounds and medical
devices, are known for their ability to form biofilms*. Consequently, there is considerable interest among
scientists in developing novel antibacterial agents with potent antibiofilm activities.

The antibiofilm activity of QACs has been extensively documented, expanding their application to long-term
antimicrobial materials and coatings'’. Two mechanisms have been proposed: firstly, QACs inhibit bacterial

Minimum inhibitory
concentrations ( L M)
Staphylococcus aureus
ATCC33591

Compound | -CCCP | +CCCP
QApCl 2 2
QApBr 2 2

CPC?* 6.25 0.39
BAB? 25 0.78

Table 2. Minimal inhibitory concentrations (MICs/ u M) of candidate compounds QApCl and QApBr against
Staphylococcus aureus ATCC33591 in Mueller Hinton broth without (black) and in the presence (red) of
carbonyl cyanide-3-chlorophenylhydrazone (CCCP).
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adhesion to surfaces, thus suppressing biofilm formation; secondly, QACs actively eradicate bacteria within
biofilms.

The minimal inhibitory concentrations (MICs) demonstrated the potent antibacterial activity of two
candidates, QApCl and QApBr. Consequently, we investigated their antibiofilm activity against Staphylococcus
aureus ATCC25923 in comparison to conventional CPC. The S. aureus was chosen due to documented cases of
persistent S. aureus biofilm infections associated with high mortality rates*!. Figure 4 clearly demonstrates the
greater ability of QApCl and QApBr to suppress the formation of bacterial biofilms compared to commercial
QAC.

These candidates effectively inhibited biofilm formation across all tested concentrations, ranging from 3.13
to 100 pg mL~!, with inhibition percentages exceeding 70%. Remarkably, they exhibited pronounced inhibition
at the two lowest concentrations, where CPC showed no activity. This finding is particularly noteworthy
considering that CPC is typically recognized as a potent antibacterial agent, often used in mouthwash solutions
to eradicate and inhibit Streptococcus mutans, the primary bacteria responsible for cavities*!*2. Streptococcus
mutans forms intricate and multidimensional structures on oral mucosa and tooth enamel, contributing to cavity
development®’. Taken together, these findings underscore the potential of new compounds as potent alternatives
to existing antibacterial agents, particularly in applications requiring effective biofilm inhibition.

Bacterial growth kinetic analysis

Bacterial growth kinetic analysis elucidates how bacterial populations evolve over time under specific conditions,
influenced by factors such as temperature, pH, oxygen levels, nutrient availability, and the presence of inhibitory
substances like antibiotics or toxins*. When subjected to an antibacterial agent, the growth curve deviates from
the standard pattern, notably in comparison to the untreated control. Typically, the discrepancy between the
curves is observed during the lag phase, wherein bacterial growth may be delayed or halted as bacteria adapt
to the antibacterial agent®. Subsequently, during the exponential phase, the antibacterial agent often induces a
reduction in the rate of bacterial growth compared to the untreated control. Instead of the anticipated rapid and
exponential growth, the bacterial population may exhibit slower growth or even remain relatively constant as the
antibacterial agent continues to exert its inhibitory effects.

Considering the role of the bacterial growth curves in evaluating the effectiveness of antibacterial agents
within defined measurement conditions, our study aimed to explore potential variations in bacterial growth
curves when treated with QApCl and QApBr. The findings depicted in Fig. 5 distinctly illustrate the contrasting
growth curves observed in the presence of the antibacterial agents. Notably, as the growth curves span a 24-
hour incubation period, it becomes apparent that both agents effectively suppress bacterial growth at their
respective MICs. However, intriguingly, at half the MIC concentration, QApBr demonstrates a notable reduction
in bacterial growth compared to QApCl. This observation suggests a differential impact of the two agents on
bacterial proliferation, emphasizing the importance of further investigation into their antibacterial mechanisms
and potency.
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Figure 4. The percentage (%) of Staphylococcus aureus ATCC25923 biofilm inhibition in relation to mass
concentration ( i g mL™!) of the antibacterial agents: QApCl, QApBr and CPC.
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Figure 5. Time-resolved growth curves of Escherichia coli ATCC25922 during a 24-hour exposure to (A)
QApCl and (B) QApBr, respectively. The inserts in the graphs provide enhanced resolution of the growth
curves at MIC and Y2 MIC, clearly depicting a halt in bacterial growth at %> MIC for QApBr.

Cytotoxicity

The drawback of quaternary ammonium compounds (QACs) lies in their toxicity, which restricts their
widespread use and application. Consequently, recent attention in the scientific community has shifted towards
the development of environmentally friendly variants that exhibit easy degradation and lower toxicity towards
both terrestrial and aquatic organisms>?%4%47, Given the common utilization of QACs as disinfectants and
antiseptics, ensuring their safety for potential use in humans and animals is paramount.

Hence, we determined the cytotoxicity of all newly synthesized QACs using healthy cell lines, human
embryonic kidney (HEK293) and retinal pigment epithelial cells (RPE1), respectively. We further compared
obtained IC, with MICs for Gram-positive representative, namely Staphylococcus aureus ATCC25923 to obtain
therapeutic index which provides insight into the safety of our compounds as potential therapeutic agents. The
candidates expressing IC, higher than the corresponding MIC were declared to be the least toxic for healthy
cells and potentially safe for selected application. The resultant IC, values, illustrated in Fig. 6, reveal distinct
toxicity profiles for all QACs.

We can also observe different selectivity of QACs against two human cell lines. Specifically, HEK293 cells are
generally more sensitive to all QACs evidenced by low IC, values. On the other side, RPE1 cells display higher
resistance to QACs, and given their epithelial origin and resemblance to keratinocytes, RPE1 could be taken
as a reference cell line. Higher therapeutic indices of selected QACs in contrast to commercial standard, CPC,
suggest their higher safety, with QApBr recognized as more prominent candidate compound.

Taken together, these findings are reassuring and support the potential application of QApCl and QApBr as
ingredients in topical solutions, disinfectants, and antiseptics, given their selective toxicity profiles and efficacy.
We have to note the strong therapeutic index of QAmCl which was expected given its higher IC, value compared
to MIC. However, QAmCl was not considered as candidate due to its diminished antibacterial potential.

Mode of antibacterial action

Atomic force and scanning electron microscopies

The antibacterial mechanism of QACs is primarily based on their membranolytic properties leading to the
disruption of the bacterial cell envelope and subsequent cell lysis”%. Gram-positive bacteria protect their cell
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Figure 6. The toxicity of quaternary 3-aminoquinuclidine salts expressed as concentration ( p M) at which
50% of HEK293 and RPE1 cells are dead (IC,). The obtained therapeutic indices (T1) are presented in
corresponding table and were calculated as ratio of IC, value towards RPE1 reference cell line and MIC
determined for Staphylococcus aureus ATCC25923.

contents with a membrane covered by a thick layer of peptidoglycan, whereas Gram-negative bacteria have an
additional outer membrane that restricts the access of QACs to their target site. This difference explains the
increased efficacy of QACs against Gram-positive bacterial strains.

Motivated by the previously demonstrated antibacterial efficacy of the QAC candidates, QApCl and QApBr,
against a panel of both Gram-positive and Gram-negative bacteria, we wanted to further investigate their
mode of action against most common representative bacterial pathogens. Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) were used to evaluate the morphological changes of Escherichia coli after
the treatment with selected QACs in comparison to untreated cells (Fig. 7).

The strain selected for measurements was E. coli DH5a, due to its ability to be immobilized without
compromising the cell viability. The minimum inhibitory concentration (MIC) for both compounds was
determined prior to microscopy measurements and was found to be consistent with the values observed for E.
coli ATCC25922, namely 8 uM for QApCl and 4 puM for QApBr. Height AFM image of untreated, viable E. coli
DHb5a in their characteristic rod shape with smooth, intact surfaces indicative of division (white arrow) is shown
on panel A (Fig. 7).

Once the viability of the immobilized bacteria was confirmed, the cells were exposed to a 4xMIC
concentration of the candidate compounds for three hours to accelerate the time-dependent membrane
disruption. Interestingly, height AFM images of treated cells pointed out different extent of damage depending
on candidate compound (panel A, Fig. 7). Cells treated with 4xMIC concentration of QApCl were unable to
proliferate as evidenced by cellular elongation, while the cell surface seemed preserved. In contrast, treatment
with QApBr resulted in pronounced damage manifested by a roughened cell surface and loss of characteristic
rod shape which led to increased adhesion between the sample and the AFM probe tip significantly aggravating
the measurement.

In contrast to AFM measurements, the inspection of both untreated and treated cells using scanning
electron microscopy (SEM) necessitates fixation and air drying®>*°. Although these procedures can alter cell
morphology, panel B in Fig. 7 illustrates significant differences between untreated E. coli DH5a cells and those
treated with candidate QACs. Despite the potential morphological alterations due to sample preparation, the
untreated cells exhibit their characteristic morphology. Conversely, the presence of membrane bulges in the
treated cells confirms the membranolytic activity of both selected compounds. Although both compounds act
as membranolytic agents, QApBr demonstrates potent efficacy, causing more extensive cellular damage and
complete membrane disruption, as evidenced by the leakage of intracellular contents observed on the sample
surface.

Uptake of propidium iodide (PI)
Bacterial membrane damage upon treatment can also be evidenced by fluorescent labeling, most commonly
using red fluorescent nuclear dye propidium iodide (PI). Due to its molecular size, PI cannot penetrate the intact
cell membranes of viable cells. It therefore serves as a marker to distinguish cells with damaged membranes®!.
To further investigate membranolytic potency of candidate QACs, treated Escherichia coli DH5a cells were
fluorescently labelled with a mixture of two fluorophores, SYTO9 and PI. When treated culture is simultaneously
stained, SYTOY, unlike PI, penetrates all cells, regardless of their membrane integrity, and emits green fluorescent
signal upon binding to the nucleic acid. Comparison of the optical fluorescence microscopy images provides
information on the quantity of the bacterial cell population with the compromised cell membranes®2.
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Figure 7. Panel A: Height atomic force microscopy images before and after three-hour long treatment of
Escherichia coli DH5a cells - untreated viable E. coli DH5a cells upon division (white arrow), E. coli DH5a
cells after treatment with a 4 x MIC concentration of QApCl and E. coli DH5a cells after treatment with a 4 x
MIC concentration of QApBr. Scale bar for all AFM data is given in the first image. Panel B: Scanning electron
microscopy data — untreated E. coli DH5a cells, cells treated with 16 x MIC concentration of QApCl and 8 x
MIC concentration of QApBr. Scalebar corresponding to 1 pum is given below each image.

Figure 8, panel A, shows the population of fluorescently labelled E. coli DH5a cells after exposure to 4xMIC
concentration of QApCl and QApBr. While atomic force microscopy did not indicate severe membrane damage
subsequent to QApCl treatment, the distribution of fluorescently PI and SYTO9 labelled cells was nearly
identical for both candidates, suggesting their membranolytic mechanism of action. Given the low single-digit
micromolar values exhibited by the candidate compounds against a representative Gram-negative bacterium,
it is noteworthy that these compounds exhibit strong antibacterial activity. This is particularly interesting
considering the composition of the cell envelope in Gram-negative strains.

The observed membranolytic activity of the QAC candidates against E. coli DH5a prompted us to investigate
their efficacy against Staphylococcus aureus ATCC25923, a representative Gram-positive strain characterized by
the absence of an outer membrane. Moreover, negatively charged teichoic acid anchored in the peptidoglycan
matrix can interact electrostatically with the QAC backbone, facilitating their membranolytic effect.

To determine how selected QACs affect the S. aureus ATCC25923 membrane, we used different fluorescence-
based techniques, namely spectrofluorimetric determination of propidium iodide (PI) uptake and temporal
monitoring of treated culture by flow cytometry. Figure 8, panel B, depicts relative fluorescence units (RFU) of
PI over six-hour long treatment of S. aureus ATCC25923 with different concentrations of QApCl and QApBr.
The evaluation of PI fluorescence intensity for both the treated cells and the untreated control points out almost
immediate membrane damage. In addition, QApBr was found to be more effective, as indicated by a continuously
high PI fluorescence intensity for each concentration tested.

The treatment of S. aureus ATCC25923 with MIC and 2XMIC concentrations of QApCl and QApBr
was further analyzed by flow cytometry. Given the previously indicated prompt membrane damage, these
measurements were performed at shorter time intervals. Flow cytometric analysis showed that after only 15 min
of treatment with MIC concentration of both candidates, no viable cells were present, while half of the bacterial
population was dead (Fig. 9) which was consistent with spectrofluorimetric analysis.

The investigation of the antibacterial mode of action of QApCl and QApBr highlights their potential to
combat both Gram-positive and Gram-negative pathogenic bacteria. At the same time, their lower toxicity to
human cells and reduced potential to trigger bacterial resistance mechanisms points out these compounds as
promising new antibacterial agents.
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Figure 8. Panel A: Escherichia coli DH5a cells stained with the mixture of SYTO9 and propidium iodide
(PI) nucleic fluorophores subsequent to exposure of 4XMIC concentration of QApCl and QApBr. Panel B:
Spectrofluorimetric determination of propidium iodide (PI) uptake during the time of Staphylococcus aureus
ATCC25923 treatment with different concentrations of selected candidate compounds QApCl (upper graph)
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Figure 9. Time-dependent flow cytometry detection of live and dead Staphylococcus aureus ATCC25923
bacterial cells upon the treatment with the antibacterial agents (A) QApCl and (B) QApBr at MIC and 2xMIC
concentrations.

Generation of reactive oxygen species (ROS)
A promising strategy to eradicate bacteria while simultaneously targeting multiple crucial bacterial pathways
involves the generation of reactive oxygen species (ROS)>. Previous studies have demonstrated that exposure
to quaternary ammonium compounds (QACs) can induce ROS production by inhibiting key bacterial enzymes.
Notably, enzymes such as superoxide dismutase (SOD) and catalase (CAT), which play vital roles in scavenging
ROS, are inhibited by QACs during treatment. This inhibition is more pronounced with longer alkyl chains in
QAGs, resulting in increased ROS generation®. The ROS accumulation triggered by QACs can cause extensive
damage to cellular components, potentially leading to apoptosis and cell death®.
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Led by these investigations, we aimed to assess ROS generation resulting from QApCl and QApBr treatments,
comparing these results to the background ROS levels produced by untreated live cells and hydrogen peroxide
as a positive control (Fig. 10). Notably, all treatments led to high ROS production, eventually saturating the
instrument’s detector. However, differences between the candidates are apparent and consistently demonstrate
distinct profiles. Although both compounds induce ROS generation, the extent of ROS production varies between
them. Specifically, QApCl treatment results in lower ROS generation compared to QApBr and the hydrogen
peroxide control. For example, ROS production from QApCI continues beyond the 80-minute exposure time,
while ROS production from hydrogen peroxide and QApBr ceases around 70 min due to detector saturation.

These findings may explain the stronger antibacterial activity of QApBr, suggesting an additional mechanism
of action that induces faster bacterial death due to higher toxicity. This indicates that QApBr could be more
effective in situations requiring stronger oxidative stress to eliminate resilient bacterial strains.

In conclusion, the comparative analysis of ROS generation by QApCl and QApBr enhances our understanding
of their bioactive profiles, guiding their appropriate application in antimicrobial strategies. Further research is
warranted to explore the underlying mechanisms driving these differences and to optimize the use of these
compounds in various clinical and environmental settings.

Materials and methods

Synthesis

General notes

Reagents and solvents for the preparation of compounds were purchased from Sigma-Aldrich (St. Louis, MO,
USA), Fluka. The reactions were monitored by thin-layer chromatography plates coated with aluminum oxide
(Sigma-Aldrich, St. Louis, MO, USA). TLC plates were visualized by UV irradiation (254 nm) or by iodine
fumes. 1D and 2D 'H and *C NMR spectra were recorded on a Bruker Avance Neo 600 MHz/54 mm Ascend
spectrometer equipped with a 5 mm inverse TCI Prodigy cryoprobe (Bruker Optics Inc, Billerica, MA, USA).
Chemical shifts are given in ppm downfield from tetramethyl silane (TMS) as an internal standard and coupling
constants (J) in Hz. Splitting patterns are designated as s (singlet), d (doublet), ddd (doublet of doublet of
doublets), t (triplet), dt (doublet of triplets) or m (multiplet). Dodecyl hydrogen and carbon atoms are marked
with an apostrophe. Benzyl hydrogen and carbon atoms are marked with an asterisk. Melting points were
determined on a Melting Point B-540 apparatus (Biichi, Essen, Germany) and are uncorrected. HPLC analyses
were performed on Agilent 1260 series instrument equipped with a quaternary pump, autosampler, column
compartment and diode array detector (DAD). HPLC conditions: Zorbax Eclipse C18 column, 4.6 X250 mm,
5 pum pore size; column temperature 25 °C; flow rate 1.0 mL/min; mobile phase A: 0.1% phosphoric acid,
mobile phase B: CH,CN; 10/90/90/10/10% B in time intervals 0/10/15/20/25; the volume of injection 10 pL;
UV detection at 220 nm. All prepared compounds have purity > 95%. HRMS analyses were carried out on Q
Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer.

Synthesis of 3-aminododecylquinuclidine QA
Quiniclidin-3-one (1 mmol), sodium cyanoborohydride (1.4 mmol) and dodecyl amine (1 mmol) were mixed
in methanol overnight at 40 °C. Solvent was evaporated, residue made alkaline with 1 M NaOH and transferred
in separation funnel. After extraction with chloroform, organic extracts were dried over anhydrous sodium
sulphate, filtered and evaporated. Residue was purified with column chromatography (aluminum oxide,
CHCL,;:MeOH =9:1) to acquire oily product.
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Figure 10. The generation of reactive oxygen speces (ROS) upon treatment with QApCl and QApBr. The
results are compared with untreated live cells and cells treated with hydrogen peroxide control.
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3-aminododecylquinuclidine, QA, Yield: 32%. (Supporting information, S1-2, $19) 'H NMR (600 MHz,
CDCI3) S/ppm: 0.88 (t, J=6.9 Hz, 3 H, H12’) 1.21-1.37 (m, 19 H, H3’-H11, H5b) 1.43-1.51 (m, 3 H, H2} H7b)
1.63-1.71 (m, 1 H, H7a) 1.78-1.84 (m, 2 H, H5a, H4) 2.39 (ddd, J=13.6, 4.8, 2.3 Hz, 1 H, H2b) 2.48-2.61 (m,
2 H, Héb, H8a) 2.68-2.92 (m, 5 H, H1, H3, Héa, H8b) 3.13 (ddd, J=13.2, 8.8, 2.2 Hz, 1 H, H2a); 13C NMR
(151 MHz, CDCl,) §/ppm: 14.12 (C12°) 20.01 (C5) 22.65; 25.15 (C4); 26.37 (C7); 27.46; 29.32; 29.55; 29.59;
29.64; 30.46 (C2’); 31.90; 47.10 (C’) 47.68 (C8) 47.72 (C6) 55.22 (C3) 57.07 (C2); HRMS (Electrospray ionisa-
tion (ESI) m/z caled for C,jH, N,* = 295.3108, found 295.3106.

General procedure for synthesis of quaternary compounds

N-dodecyl-3-amino-quinuclidine (1 mmol) was mixed with methyl iodide (1 mmol) or appropriate benzyl
bromide (1 mmol) in dry acetone under nitrogen atmosphere. Reaction was monitored with thin-layer
chromatography. Crude product was filtered off and washed extensively with diethyl ether.

3-dodecylamino-1-methylquinuclidinium iodide, QAMe, Yield: 79%, mp 110.8-111.5 °C. (Supporting in-
formation, $3-4, $20, $28) 'H NMR (600 MHz, CDCL,) §/ppm: 0.88 (t, J=6.9 Hz, 3 H, H12") 1.22-1.35 (m, 18
H, H3-H11°) 1.43-1.50 (m, 2 H, H2’) 1.86-1.95 (m, 1 H, H5b) 1.98-2.07 (m, 1H, H7a) 2.09-2.18 (m, 1 H, H7b)
2.24-2.26 (m, 1 H, H4) 2.27-2.36 (m, 1 H, H5a) 2.47-2.57 (m, 2 H, H1’) 3.11 (dt, J=12.5, 2.9 Hz, 1 H, H2b)
3.26-3.29 (m, 1 H, H3) 3.32 (s, 3 H, N-CH,) 3.52-3.59 (m, 1 H, H6b) 3.75-3.93 (m, 3 H, H8a, H6b, H8b) 4.15
(ddd, J=12.3, 8.9, 2.9 Hz, 1 H, H3); *C NMR (151 MHz, CDCL,) &/ppm: 14.03 (C12’) 18.50 (C5) 22.61, 22.85
(C7) 23.82 (C4) 27.30, 29.28, 29.48, 29.55, 29.57, 29.60, 30.13 (C2’) 31.86, 47.40 (C1’) 52.60 (C3) 52.80 (CH3)
56.47 (C8) 57.82 (C6) 64.73 (C2); HRMS (Electrospray ionisation (ESI) m/z calcd for C,;H, N,* = 309.3264,
found 309.3261.

3-dodecylamino-1-benzylquinuclidinium bromide, QABn, Yield: 73%, mp 70.2-70.4 °C. (Supporting infor-
mation, $5-6, 521, 529) 'H NMR (600 MHz, CDCL,) d/ppm: 0.88 (t, J=6.7 Hz, 3 H, H12’) 1.20-1.33 (m, 18 H,
H3-HI11’) 1.39-1.48 (m, 2 H, H2") 1.74-1.83 (m, 1 H, H5b) 1.91-2.02 (m, 1 H, H7a) 2.02-2.09 (m, 1 H, H7b)
2.19-2.21 (m, 1 H, H4) 2.22-2.28 (m, 1 H, H5a) 2.43-2.54 (m, 2 H, H1’) 3.14-3.18 (m, 1 H, H2b) 3.22-3.28 (m, 1
H, H3) 3.51-3.58 (m, 1 H, H6b) 3.70-3.79 (m, 2 H, H8a, H6b) 3.93-4.00 (m, 1 H, H8b) 4.21 (ddd, J=12.29, 8.99,
2.93 Hz, 1 H, H2a) 4.92 (d, J=13.21 Hz, 1 H, CH,a) 4.99 (d, J=13.20 Hz, 1 H, CH,b) 7.38-7.46 (m, 3 H, H2*,
H4*, H6*) 7.63 (d, J=6.60 Hz, 2 H, H3*, H5%); 15C NMR (151 MHz, CDCl,) d/ppm: 14.03 (C12) 18.45 (C5)
22.62,22.91 (C7), 24.64 (C4) 27.24, 29.28, 29.41, 29.52, 29.55, 29.57, 29.59, 29.87 (C2’) 31.86, 47.41 (CI’) 52.95
(C3) 53.86 (C8) 54.14 (C6) 61.11 (C2) 67.04 (CH,) 126.95 (C1*) 129.13 (C3*; C5*) 130.46 (C4*) 133.31 (C2%;
C6*); HRMS (Electrospray ionisation (ESI) m/z calcd for C,(H,.N,* = 385.3577, found 385.3572.

3-dodecylamino-1-(3-methylbenzyl)quinuclidinium bromide, QAmMe, Yield: 83%, mp 145.6-146.2 °C.
(Supporting information, $7-8, $22, $30) 'H NMR (600 MHz, CDCl,) d/ppm: 0.88 (t, J=6.9 Hz, 3 H, H12’)
1.16-1.34 (m, 18 H, H3-H11’) 1.37-1.45 (m, 2 H, H2’) 1.72-1.86 (m, 1 H, H5a) 1.89-2.12 (m, 2 H, H7) 2.12-
2.30 (m, 2 H, H4, H5b) 2.31-2.40 (m, 3 H, CH3) 2.40-2.54 (m, 2 H, HY’) 3.09 (dt, J=12.3, 3.1 Hz, 1 H, H2a)
3.16-3.26 (m, 1 H, H3) 3.44-3.57 (m, 1 H, H6a) 3.67-3.84 (m, 2 H, H6b, H8a) 3.92-4.06 (m, 1 H, H8b) 4.15-
429 (m, 1 H, H2b) 4.80-4.98 (m, 2 H, CH,) 7.21-7.32 (m, 2 H, H4*, H6*) 7.36-7.43 (m, 2 H, H2*, H5*); °C
NMR (151 MHz, CDC]S) d/ppm: 14.07 (C12’) 18.40 (C5) 21.27 (CHS) 22.63,22.87 (C7) 24.65 (C4) 27.26, 29.30,
29.43,29.53,29.57, 29.58, 29.61, 30.05 (C2’) 31.86 47.40 (C1’) 52.89 (C3) 53.83 (C6) 54.09 (C8) 61.33 (C2) 67.15
(CH,) 126.78 (C1*) 128.97 (C4*) 130.38 (C6*) 131.22 (C5*) 133.69 (C2*) 139.03 (C3*); HRMS (Electrospray
ionisation (ESI) m/z caled for C,,H, N, Br* = 399.3734, found 399.3732.
3-dodecylamino-1-(4-methylbenzyl)quinuclidinium bromide, QApMe, Yield: 82%, mp 128.6-129.1 °C.
(Supporting information, $9-10, $23, $31) 'H NMR (600 MHz, CDCl,) d/ppm: 0.83-0.95 (m, 3 H, H12")
1.13-1.28 (m, 18 H, H3-H11’) 1.36-1.39 (m, 1 H, H2’) 1.70-1.79 (m, 1 H, H5a) 1.87-2.11 (m, 2 H, H7) 2.12—
2.30 (m, 2 H, H4, H5b) 2.37 (s, 3 H, CH,) 2.40-2.58 (m, 2 H, H1’) 3.01-3.06 (m, 1 H, H2a) 3.15-3.25 (m, 1
H, H3) 3.41-3.50 (m, 1 H, H8a) 3.65-3.82 (m, 2 H, H6a, H8b) 3.89-4.02 (m, 1 H, H8a) 4.11-4.28 (m, 1 H,
H2b) 4.82-4.99 (m, 2 H, CHZ) 7.21 (d, J=7.9 Hz, 2 H, H3*, H5*) 7.50 (d, J=7.9 Hz, 2 H, H2*, H6*); 1>*C NMR
(151 MHz, CDCL,) d/ppm: 14.07 (C12’) 18.38 (C5) 21.25 (CH,) 22.63, 22.87 (C7) 24.70 (C4) 27.25,29.29, 29.43,
29.52,29.56, 29.57, 29.60, 30.05 (C2’) 31.86,47.38 (C1’) 52.87 (C3) 53.71 (C6) 53.93 (C8) 61.20 (C2) 66.83 (CHZ)
123.85 (C1*) 129.75 (C3*, C5%) 133.15 (C2*, C6*) 140.64 (C4*), HRMS (Electrospray ionisation (ESI) m/z caled
for C27H47N2Br+ = 399.3734, found 399.3731.

3-dodecylamino-1-(3-chlorobenzyl)quinuclidinium bromide, QAmCl, Yield: 66%, mp 129.2-130.1 °C.
(Supporting information, S11-12, §24, $32) 'H NMR (600 MHz, CDCls) d/ppm: 0.88 (t, J=6.9 Hz, 3 H,
H12’) 1.24-1.31 (m, 18 H, H3-H11’) 1.39-1.41 (m, 2 H, H2) 1.75-1.84 (m, 1 H, H5b) 1.91-2.00 (m, 1 H, H7a)
2.03-2.11 (m, 1 H, H7b) 2.15-2.20 (m, 1 H, H4) 2.21-2.27 (m, 1 H, H5a) 2.39-2.53 (m, 2 H, HI’) 3.08-3.12 (m,
1 H, H2b) 3.17-3.24 (m, 1 H, H3) 3.48-3.56 (m, 1 H, H6b) 3.74-3.84 (m, 2 H, H8b, H6a) 3.94-4.02 (m, 1 H,
H8b) 4.21 (ddd, J=12.1,9.2,2.2 Hz, 1 H, H2a) 5.04 (d, J=12.5 Hz, 1 H, CH,2) 5.10 (d, J=13.2 Hz, 1 H, Clejb)
7.36 (t, J=7.7 Hz, 1 H, H6*) 7.41 (d, J=8.1 Hz, 1 H, H4*) 7.60 (s, 1 H, H2*) 7.66 (d, J=7.3 Hz, 1 H, H5*); °C
NMR (151 MHz, CDCL,) d/ppm: 14.05 (C12) 18.37 (C5) 22.63, 22.86 (C7) 24.59 (C4) 27.25,29.28, 29.43, 29.52,
29.57,29.60, 30.03 (C2’) 31.86,47.39 (C1°) 52.86 (C3) 54.01 (C6) 54.15 (C8) 61.28 (C2) 65.72 (CHZ) 129.03 (C1*)
130.45 (C4*) 130.68 (C6*) 131.79 (C2*) 132.81 (C5*) 134.95 (C3*); HRMS (Electrospray ionisation (ESI) m/z

calcd for C26H44N2C1+ =419.3188, found 419.3184.
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3-dodecylamino-1-(4-chlorobenzyl)quinuclidinium bromide, QApCl, Yield: 97%, mp 154.2-155.2 °C.
(Supporting information, S13-14, $25,$33) 'H NMR (600 MHz, CDCl,) d/ppm: 0.88 (t, J=6.9 Hz, 3 H, H12")
1.21-1.33 (m, 18 H, H3-H11’) 1.37-1.42 (m, 2 H, H2’) 1.72-1.81 (m, 1 H, H5b) 1.90-1.98 (m, 1 H, H7a) 2.01-
2.08 (m, 1 H, H7b) 2.15-2.17 (m, 1 H, H4) 2.20-2.24 (m, 1 H, H5a) 2.38-2.51 (m, 2 H, HI’) 3.06 (dt, J=12.5,
2.9 Hz, 1 H, H2a) 3.16-3.21 (m, 1 H, H3) 3.43-3.51 (m, 1 H, H6b) 3.70-3.80 (m, 2 H, H8b, H6a) 3.90-4.00 (m,
1 H, H8a) 4.12-4.23 (m, 1 H, H2b) 5.03 (d, J=13.2 Hz, 1 H, CH,a) 5.11 (d, J=12.5 Hz, 1 H, CH,b) 7.37 (4,
J=8.1 Hz, 2 H, H2*, H6*) 7.63 (d, ]=8.8 Hz, 2 H, H3*, H5*); >°C NMR (151 MHz, CDCL,) d/ppm: 14.06 (C12")
18.38 (C5) 22.64, 22.85 (C7) 24.67, 27.25, 29.30, 29.44, 29.53, 29.57, 29.59, 29.61, 30.02 (C2’) 31.86, 47.40 (CI’)
52.84 (C3) 53.89 (C6) 54.02 (C8) 61.22 (C2) 65.65 (CH,) 125.52 (C1*) 129.37 (C3*, C5*) 134.68 (C2*, C6*)
136.95 (C4*); HRMS (Electrospray ionisation (ESI) m/z calcd for C, .H,,N,CI* = 419.3188, found 419.3186.
3-dodecylamino-1-(3-bromobenzyl)quinuclidinium bromide, QAmBr, Yield: 69%, mp 142.8-143.4 °C.
(Supporting information, S15-16, $26, S34) 'H NMR (600 MHz, CDCl,) d/ppm: 0.88 (t, J=6.9 Hz, 3 H, H12")
1.14-1.34 (m, 18 H, H3’-H11’) 1.37-1.42 (m, 2 H, H2’) 1.74-1.86 (m, 1 H, H5b) 1.86-2.14 (m, 2 H, H7) 2.15-
2.32 (m, 2 H, H4, H5a) 2.38-2.57 (m, 2 H, HI’) 3.07-3.13 (m, 1 H, H2a) 3.17-3.26 (m, 1 H, H3) 3.45-3.59 (m, 1
H, H6b) 3.70-3.88 (m, 2 H, H6a, H8b) 3.95-4.08 (m, 1 H, H8a) 4.17-4.32 (m, 1 H, H2b) 5.00-5.17 (m, 2 H, CH,)
7.28-7.32 (m, 1 H, H6*) 7.56-7.59 (m, 1 H, H5*) 7.70-7.79 (m, 2 H, H2*, H4*); *C NMR (151 MHz, CDCIS) d/
ppm: 14.07 (C12) 18.36 (C5) 22.63, 22.85 (C7) 24.56, 27.25, 29.29, 29.43, 29.52, 29.57, 29.60, 30.02 (C2’) 31.86,
47.39 (CI’) 52.84 (C3) 53.97 (C6) 54.10 (C8) 61.24 (C2) 65.63 (CH,) 122.97 (C3*) 129.28 (C1*) 130.70 (C6*)
132.28 (C4*) 133.62 (C5¥) 135.60 (C2*); HRMS (Electrospray ionisation (ESI) m/z caled for C,;H,,N,Br* =
463.2682, found 463.2680.

3-dodecylamino-1-(4-bromobenzyl)quinuclidinium bromide, QApBr, Yield: 82%, mp 133.8-134.7 °C.
(Supporting information, $17-18, $27, $35) 'H NMR (600 MHz, CDCL,) d/ppm: 0.88 (t, J=6.9 Hz, 3 H,
H12’) 1.14-1.34 (m, 18 H, H3-H11’) 1.39-1.43 (m, 2 H, H2’) 1.72-1.82 (m, 1 H, H5b) 1.87-1.97 (m, 1 H, H7a)
1.99-2.08 (m, 1 H, H7b) 2.13-2.31 (m, 2 H, H4, H5a) 2.38-2.56 (m, 2 H, H1’) 3.07 (dt, J=12.5, 3.0 Hz, 1 H,
H2b) 3.15-3.22 (m, 1 H, H3) 3.43-3.53 (m, 1 H, H6b) 3.68-3.81 (m, 2 H, Héa; H8b) 3.86-4.00 (m, 1 H, H8a)
416 (ddd, J=12.2, 8.9, 2.6 Hz, 1 H, H2b) 4.98-5.14 (m, 2 H, CH,) 7.50-7.54 (m, 2 H, H2*; H6*) 7.54-7.58 (m,
2 H, H3*; H5*); 3C NMR (101 MHz, CDClL,) d/ppm: 14.07 (C127) 18.35 (C5) 22.64, 22.83 (C7) 24.62 (C4) 27.24,
29.29, 29.43, 29.53, 29.57, 29.58, 29.61, 30.00 (C2’) 31.86, 47.38 (C1’) 52.82 (C3) 53.89 (C6) 53.98 (C8) 61.14
(C2) 65.62 (CH,) 125.24 (C4*) 125.99 (C1*) 132.32 (C2*; C6*) 134.90 (C3*; C5*); HRMS (Electrospray ionisa-
tion (ESI) m/z calcd for C,(H,,N,Br" = 463.2682, found 463.2684.

Broth microdilution assay

The minimum inhibitory concentration (MIC) of the newly synthesized quaternary 3-aminoquinuclidine
compounds and the precursor of quaternization was tested on a panel of Gram-positive (Staphylococcus aureus
ATCC25923, Staphylococcus aureus MRSA (clinical isolate), Staphylococcus aureus ATCC33591, Bacillus
cereus ATCC14579, Listeria monocytogenes ATCC7644, Enterococcus faecalis ATCC29212) and Gram-negative
(Escherichia coli ATCC25922, Salmonella enterica (food isolate), Pseudomonas aeruginosa ATCC27853) bacteria.
The bacterial strains used for this study were obtained from BioGnost. The method for determining the MIC
was performed according to the standardized protocol of the Clinical and Laboratory Standard Institute ref. The
selected bacteria were grown overnight in Mueller-Hinton broth (MHB) at the desired optimal temperature
for the tested strain. The next day, the culture was inoculated into fresh MHB and propagated further until the
exponential growth phase was reached. The culture was then diluted again in MHB to a final concentration of
5% 10° CFU/mL. An aliquot of 50 uL of the prepared bacterial cell culture was added to the wells of the 96-well
plate containing twofold dilutions of the tested compounds in MHB (250 uM to 0.25 uM). After overnight
incubation of the cells, the MIC values were visually determined as the lowest concentration that inhibited
bacterial growth. Visual inspection of the MIC was verified with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
phenyltetrazolium chloride reagent (INT) (6 mg/mL), which turns purple in the presence of viable bacterial
cells.

Biofilm inhibition assay

The efficacy of the selected QAC candidates in inhibiting bacterial biofilm formation was investigated using
the representative Gram-positive bacterium Staphylococcus aureus ATCC25923. The overnight culture of the
selected strain was diluted 10 times and further propagated in MHB. Once the culture reached the exponential
growth phase, it was diluted to a final concentration of 5x 10° CFU/mL and added to the wells of the previously
prepared duplicates of 2-fold serial dilutions of the tested compounds (100 pg/mL to 3.25 ug/mL) in the wells
of the 96-well plate. The minimum biofilm inhibitory concentrations (MBICs) were determined the following
day using the crystal violet staining method. Briefly, MHB supernatant was aspirated from each analysed well
and plates were dried in an incubator at 60 °C for 1 h. After the formed biofilm was immobilized, it was further
incubated with 100 pL of 1% crystal violet (CV) solution at room temperature. After the stain was removed,
wells were rinsed twice with sterile Milli-Q water. Residues of CV-stained biofilms were treated with 100 uL
of 70% ethanol for 1 h at room temperature. If necessary, the contents of the wells were resuspended using the
multichannel pipette prior to absorbance measurement. The absorbance of samples was measured using the
ELx808 optical plate reader (Bio-Tek) at 595 nm. The results were expressed as a percentage of biofilm inhibition
formation compared to the formed biofilm of the untreated control.
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Time-resolved growth analysis

The effect of treatment with MIC and sub-MIC concentrations of the QAC candidates on the growth curve of
the Escherichia coli ATCC25922 cell population was evaluated by in-time absorbance measurements for 24 h.
Exponentially grown E. coli ATCC25922 population was diluted in MHB to the final concentration of 5x 10*
CFU/mL, upon which a 50 uL aliquot of prepared culture was added to the wells of the 96-well plate containing
% MIC and MIC concentrations of the candidate compounds. Plates were incubated at 37 °C with constant
shaking in the ELx808 optical reader (Bio-Tek). Optical density of tested samples was measured at intervals
of 10 min for 24 h. Obtained growth curves of the cells in treatment were compared to the growth curve of
untreated cells and represent the mean values of two independent experiments performed in triplicates.

Potential of bacterial resistance development

The potential of QAC candidates to activate bacterial resistance mechanisms was investigated by determining
the MIC of selected compounds in the presence of carbonyl cyanide-3-chlorophenylhydrazone (CCCP) (Sigma
Aldrich). CCCP acts as an inhibitor of ATP synthesis pathways and prevents the elimination of toxic compounds
from the cell mediated by the efflux pump. The bacterial strain used for this purpose was Staphylococcus aureus
ATCC33591 (MRSA), which contains genes coding for the expression of efflux pumps. The optimal CCCP
concentration used in this experiment was determined based on the previously determined MIC of CCCP
against the selected bacteria. An exponentially grown culture of S. aureus ATCC33591 was diluted in MHB to a
final concentration of 5 10° CFU/mL and added to the wells of the 96-well plate containing two-fold dilutions
of the tested compounds (250 uM to 0.25 pM) and a final concentration of CCCP of 10 uM. The MICs of the
candidate compounds in the presence of CCCP were recorded visually after overnight incubation and confirmed
with the INT reagent.

Time-kill kinetics assay

Two independent exponentially grown Staphylococcus aureus ATCC25923 cultures were centrifuged at 4500 g
for a total of 10 min at room temperature. The supernatant of MHB was discarded and the cell pellet from one
tube was resuspended in sterile staining buffer (phosphate buffer, pH=7.4, 1 mM EDTA, 0.1% Tween-20). The
cell pellet from another tube was treated with absolute ethanol for ten minutes and centrifuged again under the
same conditions. The absolute ethanol was discarded, and the cells were resuspended in staining buffer. Both
cell suspensions, viable and dead cells, were further diluted in staining buffer to a final concentration of 1x 10°
CFU/mL and served together with unstained cells as single-stained compensation controls. The tested QAC
candidates were diluted in the staining buffer to the final concentration of 2xXMIC and MIC. Treated bacteria
were labelled according to the manufacturer’s instructions with a mixture of two fluorescent dyes, thiazole
orange (TO) and propidium iodide (PI), both of which are components of the commercially available BD™ Cell
Viability Kit (BD Biosciences, Promega). The viability of the cells during the treatment with the QAC candidates
was measured using the NovoCyte Advanteon flow cytometer (Agilent Technologies) and compared with the
untreated cells labelled in the same way.

Atomic force microscopy and optical fluorescence microscopy measurements
Adhesive Petri dishes (WPI, Sarasota, FL, USA) coated with Cell-Tak were prepared as previously described®.
An overnight culture of Escherichia coli DH5a cells was diluted in fresh Mueller-Hinton broth and propagated
for one hour. An aliquot of exponentially grown E. coli DH5a cells was incubated in the coated Petri dish for
ten minutes. Unbound cells were thoroughly rinsed with culture medium, making sure that the sample did not
desiccate. The remaining immobilized cells were incubated for one hour in culture medium at 37 °C. Once the
viability (cell division) of the immobilized cells was confirmed, the dish contents were rinsed again with culture
medium and the untreated control cells were immediately measured or treated with a 4XxMIC concentration of
the candidate compounds for three hours. All atomic force microscopy measurements were performed using
the Nano-wizard IV system (Bruker, Billerica, MA, USA) operating in quantitative imaging (QI) mode utilizing
the MLCT-BIO-DC (E) probe (Bruker, Billerica, MA, USA). All data was acquired at a 500 pN setpoint with
the extend/retract speed up to 150 um/s while the Z length was up to 3000 nm at 128 X 128 pixels resolution.
The collected AFM data were plane and line fitted and low-pass filtered using the JPK data processing software.
To obtain images of fluorescently stained cells after treatment, the culture medium was replaced with sterile
physiological saline solution. Treated cells were stained in the dark with the nucleic fluorophores from the
LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Thermofischer Scientific) according to the manufacturer’s
instructions. Fluorescence images were taken half an hour after staining using the IX73 inverted fluorescence
optical microscope (Olympus, Tokyo, Japan).

Scanning electron microscopy measurements

Each side of a microscopy coverglass was subjected to ultraviolet (UV) radiation for 30 min in a laminar flow
hood. The sterile coverglass was then coated with a Cell-Tak solution in 0.1 M NaHCO3, rinsed with deionized
water (mQ water), and air-dried within the sterile environment of the laminar flow hood. An overnight culture
of Escherichia coli DH5a was diluted 1:10 in fresh Mueller-Hinton broth (MHB) and incubated for an additional
hour at 37 °C with shaking at 170 revolutions per minute (rpm) in an orbital shaker incubator.

Aliquots (1 mL) of the propagated cell culture were transferred into sterile microtubes for the following
treatments: untreated control, treatment with 16x minimum inhibitory concentration (MIC) of quaternary
ammonium compound QApCl, and treatment with 8x MIC of QApBr. Both untreated and treated cells were
incubated at 37 °C with shaking at 600 rpm for one hour.

Subsequently, 50 uL of each prepared cell sample was transferred onto the previously coated sterile coverglasses
and incubated in a closed sterile Petri dish within the laminar flow hood to ensure optimal cell adhesion without
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desiccation. Each coverglass was then rinsed three times with sterile phosphate-buffered saline (PBS) and the
cells were fixed with 1 mL of 2.5% glutaraldehyde solution. After fixation, the coverglasses were rinsed three
times with PBS followed by three additional rinses with mQ water. The coverglasses were then air-dried in
the sterile laminar flow hood and subsequently mounted onto round specimen stubs covered with conductive
carbon adhesive tape. Finally, to improve conductivity of the prepared samples, the samples were coated using the
direct current coater Q150T ES Plus manufactured by Quorum Technologies (Quorum Technologies, UK). All
samples were sputtered with a 3 nm layer of platinum using argon while the sputter current was 15 mA. The SEM
imaging was done using the SM-74190UEC microscope produced by JEOL (Tokyo, Japan). The measurements
were done in Gentle Beam mode with a 2 kV accelerating voltage using the SEI detector. The working distance
was kept between 4 mm and 6 mm.

Detection of reactive oxygen species

Overnight culture of Escherichia coli ATCC25922 cells was diluted in fresh Mueller Hinton Broth and propagated
for one hour. The cell suspension was centrifuged at 4500 g for 10 min at room temperature. The supernatant
was discarded and the remaining cell pellet was resuspended (1:10) in sterile phosphate buffer saline (PBS).
Aliquot of diluted cells was added to the Eppendorf tube containg PBS solution of compound to be tested. 2 uL
of 2,7-dichlorodihydrofluorescein diacetate (DCFH,-DA) stock solution (1 mg/mL) was added to each reaction
mix tube. Samples were incubated for 30 min in the thermal shaker at 37 °C. Fluorescence signal intensity
was measured in 3 min time intervals using Tecan Infinite Pro200 plate reader at the 492 nm excitation and
523 nm emission wavelengths. Hydrogen peroxide was used as positive control. Blank samples were prepared
correspondingly to each concentration of compounds tested with PBS buffer containing no cells.

Cytotoxicity

Healthy human cell lines, namely human embryonic kidney cells (HEK293) and retinal pigment epithelial
cells (RPE1) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Capricorn Scientific) at 37 °C in a
humidified atmosphere with 5% CO,. The culture medium was supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Capricorn Scientific) and a 1% mixture of penicillin and streptomycin (Pen/Strep, Capricorn
Scientific). Prior to the experiment, the fully confluent cells were detached with trypsin-EDTA (0.05%) solution
(Capricorn Scientific) and gently resuspended in DMEM medium. The concentration of cells in the solution
was determined using a cell counter (Scepter, Merck) and the cells were further diluted in DMEM to a final
concentration of 1x 10° cells/ml. Duplicate serial dilutions of the compounds to be tested (250 pM to 0.25 pM)
were prepared in DMEM in 96-well plates. The cells diluted to the desired concentration were added to the
prepared plate containing the compounds and incubated for 48 h at 37 °C in a humidified atmosphere with 5%
CO,. Upon the treatment, 20 pL of the reagent MTS (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, Promega) was added to each well and cells were further incubated with the reagent for additional three
hours. Absorbance was measured at 490 nm in ELx808 optical reader (Bio-Tek). The IC50 values were calculated
using GraFit 6.0 software and are given as the mean of three independent experiments performed in duplicates.

Conclusion

Quaternary ammonium compounds (QACs) represent a potent class of antimicrobial agents with widespread
use and application possibilities. However, fast pace in resistance development demands new QACs design with
elucidation of resistance mechanism(s). Here, a new class of QACs based on rationally designed 3-substituted
quinuclidine have been synthesized and biologically tested revealing potent broad-spectrum bactericidal
candidates with low potential to induce bacterial resistance. Namely, two candidates, QApCl and QApBr were
selected for further investigation of their mode of action mechanism. Our results point out membranolytic
activities accompanied by high levels of reactive oxygen species (ROS) that together with QACs treatment
contribute to potent bactericidal activities. Both candidate compounds can disrupt bacterial membrane in
just 15 min of exposure resulting in almost complete annihilation of bacterial population. Taken together, our
results contribute to QACs field indicating that carful design choices might lead to structures of potent biological
activity and strong membranolytic mode of action accompanied by production of ROS.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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Structure, biological activity and mechanism of action of newly synthesized quaternary ammonium compounds

4. CONCLUSIONS AND FUTURE PERSPECTIVE

This dissertation presents a comprehensive exploration of the antibacterial potential
and mode of action of novel quaternary ammonium compounds (QACs), with the aim of
developing QACs with enhanced antibacterial profiles while minimizing environmental
and toxicity concerns. The antibacterial potential of three distinct series of QAC led to a
progressive strategy in structure optimization derived from findings related to
mechanisms of action and of resistance related to structure.

The first series of QACs was derived from the heterocyclic backbone of pyridinium-
4-aldoxime, yielding analogues of the commercially available cetylpyridinium chloride
(CPC). Unlike CPC, these derivatives contain a polar oxime functional group at the
aromatic backbone, which was further modified with long-chain alkyl and aryl
substituents. Compounds with alkyl chains containing 14 and 16 carbon atoms exhibited
the strongest antimicrobial potential, particularly against Gram-positive bacteria,
including methicillin-resistant Staphylococcus aureus (MRSA). Atomic force microscopy
revealed membranolytic effect against Gram-negative Escherichia coli, while cytotoxicity
studies showed reduced toxicity toward mammalian cells compared to CPC. However,
their overall antibacterial potential was lower than that of CPC, suggesting that the
introduction of the polar functional group at the backbone might hinder initial
electrostatic interactions with the bacterial membrane by introducing a dipole moment.
In addition to reduced ability to interact with the bacterial membrane, the selected
compound displayed high potential to activate bacterial resistance by disrupting the QacR
dimer responsible for regulation of efflux pump expression. These findings underscored
the need for further structural optimization to mitigate the negative impact of increased
backbone polarity on antibacterial efficacy.

To address environmental concerns arising from the high chemical stability of
commerecially available QAC variants, we next focused on synthesizing "soft" QACs with
reduced environmental impact. These derivatives were synthesized from the bicyclic
quinuclidine scaffold, functionalized with a hydrolysable amide group at the third carbon
atom. Building on prior findings, we aimed to reduce the negative effects of increased
polarity by introducing long alkyl chains adjacent to the amide functionality. Additionally,
the nitrogen atom of the quinuclidine core was substituted with short-chained methyl and

allyl groups to minimize steric hindrance. The resulting compounds demonstrated

77



Structure, biological activity and mechanism of action of newly synthesized quaternary ammonium compounds

improved antibacterial activity and potent biofilm inhibition compared to the
pyridinium-4-aldoxime derivatives. However, the most potent candidates exhibited a
bacteriostatic mode of action, maintaining treated bacterial population in a stationary
phase. Membrane integrity was largely preserved, indicating a lower membranolytic
potential. Molecular dynamics simulations suggested reduced interaction with a realistic
Staphylococcus aureus model membrane, likely due to a "hook-like" conformation that
diminished penetration through the lipid bilayer. In vitro studies indicated that these
compounds may act on intracellular targets to inhibit protein synthesis, suggesting a dual
mode of antibacterial action. Additionally, docking studies supported the possibility of
decomposition by serine proteases like trypsin, highlighting the potential of these
derivatives as environmentally safer alternatives with a reduced likelihood of inducing
bacterial resistance. This degradation potential is particularly noteworthy given their
lower in vitro and in vivo toxicity rates compared to the conventional commercial
analogue, CPC. These findings underscore their potential use as safer ingredients of
disinfectant and antiseptic formulations.

Structural optimization in QACs derived from 3-dodecylaminoquinuclidine,
featuring non-polar aromatic substituents at the quaternary center, resulted in the most
potent antibacterial activity toward both Gram-positive and Gram-negative strains. These
compounds exhibited low single-digit micromolar minimum inhibitory concentrations
(MICs) and were more effective than CPC in inhibiting biofilm formation. Moreover,
these QACs demonstrated potent bactericidal activity, eliminating bacterial populations
within fifteen minutes of treatment. Atomic force and scanning electron microscopy
revealed extensive membrane damage following exposure to low micromolar
concentrations of the selected compounds. Mechanistic analyses indicated that the
membranolytic effect was followed by the generation of reactive oxygen species, leading
to rapid bacterial death. This strong membranolytic potential led us to hypothesize that
the protonation state of the amine functionality under physiological conditions mimics
the double-positive charge of bis-QACs, indicating that the amino group is a favorable
addition to monoquaternary derivatives. In addition to their strong antibacterial
properties, these compounds demonstrated reduced toxicity toward healthy human
epidermal cell lines. Moreover, their lower propensity to activate bacterial resistance
mechanisms compared to CPC further underscores their potential for therapeutic use.

In summary, this dissertation highlights the importance of rational design in

developing next-generation QACs. By exploring structure-activity relationships, it
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demonstrates how molecular modifications can enhance antibacterial performance. The
structural optimization process showed that fine-tuning hydrophilic and hydrophobic
ratio is critical for improvement of antibacterial efficacy while minimizing environmental
impact (Figure 5). These findings provide a foundation for the design of structurally

optimized QAC derivatives with broad application.

____________

Structural optimization
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Figure 5. Schematic representation of the structural optimization process to yield QACs as potent
antibacterial agents. Polar groups are highlighted in a dashed rectangle with red color indicating high
electron density and dipole moment. In contrast, increased hydrophobicity is represented by pink
circles/ellipses.

Building on these findings, future research should refine the structure-activity
relationships of QAC derivatives by exploring additional functional groups and
substituents to enhance antibacterial potency while maintaining low toxicity. A deeper
investigation into alternative modes of action, such as intracellular targets, could shed
light on the bacteriostatic effects and other mechanisms underlying the activity of this
class of compounds. Broadening the evaluation of these derivatives to include a wider
range of clinically relevant pathogens, particularly multidrug-resistant strains, and
assessing their antifungal and antiviral potential, offers promising avenues for
application. Environmental safety remains a critical consideration, necessitating long-
term biodegradation studies to ensure the development of sustainable antimicrobial
agents. By addressing these research priorities, the field can advance toward creating
multifunctional, eco-friendly antimicrobials capable of effectively combating bacterial

resistance while ensuring safety for human health and the environment.
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5. APPENDIX

5.1. Supplementary material to chapter 3.2.

A dual antibacterial action of soft quaternary ammonium compounds: bacteriostatic

effects, membrane integrity, and reduced in vitro and in vivo toxicity
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Table S1. Phospholipid constituents of the model Staphylococcus Aureus (left column)
together with their assigned 4-letter codes (right column).!

Lipids Lipid code

PG (al5:0/a15:0) FFPG
PG (i15:0/a15:0) IFPG
PG ( 16:0/a15:0) PFPG
PG (117:0/a15:0) JFPG
PG (al7:0/a15:0) ZFPG
PG (117:0/115:0) JIPG

PG (al17:0/i15:0) ZIPG
PG ( 18:0/a15:0) SFPG

PG (119:0/a15:0) VFPG
PG (a19:0/a15:0) TFPG

PG (a19:0/i15:0) TIPG
PG (20:0/a15:0) XFPG
PG ( 18:1/i15:0) OIPG
PG (18:1/a15:0) OFPG

LPG (117:0/a15:0) JFGK
LPG (al7:0/a15:0) ZFGK
LPG ( 18:0/a15:0) SFGK
LPG (al19:0/a15:0) TFGK
CL (al7:0/a15:0) ZFCL

Table S2. Letter Codes representing Fatty Acyl Tails which are not present in CHARMM-GUI
Membrane Builder module.!

Lipid tail Code Explanation

al5:0 F anteisopentadecanoyl, Fifteen for pentadecane

115:0 I Isopentadecanoyl

al7.0 Z  anteisomargaroyl, Z for g

117:0 J isomargaroyl, J for g

al9:0 T  anTeisononadecanoyl

119:0 'V isononadecanoyl, V is after T and resembles an iso branch
20:0 X  arachidoyl, X for ch
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Figure S1. CPC (left) and QCs-Ally molecules. Atoms used to define the distance dac (distance between the C2
and C16 atoms in the aliphatic chain) are denoted with the blue ellipses.
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Figure S2. A) Concentration-response curves used for the calculation of the Danio rerio mortality after 120 hours
of exposure to: a) QC4~-Me, b) QC4-Ally, ¢) QCis-Me, d) QCy4- Ally and ¢) CPC. B) Dose-inhibition results
obtained after 120 hours of Danio rerio exposure to tested samples.

IF. Joodaki, L. M. Martin, and M. L. Greenfield, Generation and Computational Characterization of a Complex
Staphylococcus aureus Lipid Bilayer, Langmuir 38 (2022), pp. 9481-9499
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2. HRMS spectra
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