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Abstract

The widespread problem of antibiotic resistance in bacteria requires the application of many interdisci-
plinary approaches. An example of that approach is to reduce it to the form of appropriate interactions.
The principal aim of this dissertation became to develop physical and numerical models of biological
membranes that allow the evaluation of the antimicrobial activity of Gemini-structured molecules. In this
thesis, the approaches from physics, as well as chemistry and biology, have been combined in order to
create probabilistic and numerical bacterial membrane models that enable the assessment of the surfac-
tants’ effects on physicochemical and thermodynamic bilayer properties. One of the proposed concepts
assumes the description of the activity of the compound on the cell membrane through dipole-dipole
interactions in a non-conservative field due to the viscosity of the medium. An employed strategy that
reduces the problem to physical interactions aims toward providing a broader perspective and knowledge
in the uneven fight against antibiotic-resistant bacteria.

The widespread antimicrobial resistance in bacteria was identified in 2015 as one of the top 10 global
threats to human health by the World Health Organization. Unless new drugs are discovered by 2050,
millions of people will become victims to drug-resistant bacteria every year. Especially overwhelming
is the constant expansion of so-called superbugs, such as Klebsiella pneumoniae, which cause a wide
spectrum of infections and exhibit ongoing acquisition of drug resistance even to antibiotics of last
resort. There are many factors why microorganisms become resistant, including constant mutations, i.e.
modification of genetic material, acquisition of resistance genes from other organisms (lateral transfer).
The human factor also has a strong influence on bacterial resistance by frequent overuse of antibiotics,
insufficient doses, or too short antibiotic therapy duration. Over the years, bacteria are escaping from
the lethal activity of antibiotics by developing their own adaptive mechanisms. A promising approach to
solve that issue is to focus on antiseptics that do not have a well-defined molecular target in bacterial cells,
unlike current antibiotics, but target bacteria structures, in general. It has been reported that some of these
agents selectively attack cell membranes inducing their destruction by emulsification. Several commonly
used antimicrobial agents from the cationic surfactants (Gemini surfactants) family are commercially
available. The most well-known are octenidine (OCT) and chlorhexidine (CHX), which are effective
against both Gram-positive and Gram-negative bacteria. In addition, new compounds within the Gemini
structures are synthesized each year and present potential antimicrobial activity. The comparison of the
antibacterial efficacy of given compounds becomes problematic due to various protocols used by research
groups. Therefore the selection of potential precursors that can substitute currently used antibiotics
becomes challenging.

The first work in the thesis (Paper 1 - Section[6]) was focused on delivering insights into the molecular
interactions of OCT and CHX on negatively charged (i.e bacterial) and zwitterionic (i.e. eukaryotes)
membranes. The use of numerical and experimental methods allowed to determine the preferential
location of these compounds, their formation of aggregates, their destructive effect on membranes, and
to describe the changes in membrane mechanical parameters under the analyzed molecules’ activity.
The in-depth analysis allowed to propose a novel mechanism of the selective antibacterial compounds’
action, especially for OCT - based on differences between emerging mechanical properties of bacterial
and eukaryotic membranes, respectively.

In the further research stage (Paper 2 - Section[7)), other Gemini-structured compounds with strong
antibacterial activity were investigated. Since different protocols and bacterial strains are used in experi-
mental studies, comparison of the antimicrobial efficiency remained unfeasible. Therefore we decided to

provide a systematic theoretical approach, hence we collected a database of over 250 Gemini molecules



with potential antibacterial activity. The performed quantum calculations allowed to optimize the force
fields of all the collected molecules. Employing a standardized protocol based on molecular dynamics
simulations, 25 molecules with estimated potential antibacterial activity were tested on three-component
model of bacterial membrane. The analysis of membrane parameters allowed to define a pre-emulgation
stage, and to select the 8 most promising precursors with possible strongest antimicrobial activity.

Computational studies often address questions regarding the accuracy and reliability of presented
models to real biological structures. The models may differ significantly from real or experimental analogs,
thus resulting in inaccurate conclusions. Therefore, in the following research (Paper 3 - Section [g)), a
comprehensive numerical model, reflecting the detailed (multicomponent) lipid structure of Escherichia
coli bacteria was proposed. It was also determined whether the complexity may significantly affect the
conclusions drawn from numerical analyses of simplified models. An in-depth analysis of structural, dy-
namic, and mechanical properties revealed that the complexity and composition of the bacterial membrane
model are crucial. The potential lack of complexity in current numerical bacterial membrane models
undoubtedly affects the fundamental origins of interactions, so that some biological phenomena may
remain elusive or suppressed.

The awareness of the limitations in experimental and well-established numerical methods has in-
spired me to the development of a dedicated methodology and original simulation software for the rapid
evaluation of antibacterial potential in Gemini surfactants (Paper 4 - Section [9). Molecular dynamics
simulations allow to assess the compound behavior on membranes with the potential structure interac-
tions. The free energy calculation methods enable to precisely determine the behavior of antibacterial
molecules in contact with the membrane, indicating the location of energy barriers or preferential agent
location. Construction of an accurate energy profile for Gemini-type molecule acting on the membrane is
computationally demanding and time-consuming process. Simplification of the interaction scheme and
limitation of redundant parameters allowed to develop a unique software called Diptool, a tool for rapid
screening the membrane-agent interactions and for potential antimicrobial candidate selection. Diptool is
primarily based on the dipole interactions of lipids and antimicrobial compounds, whereas a modified
Verlet algorithm is responsible for the integrating equations of motion. Using an experimental set of
Gemini surfactants we provided quantitative structure-activity relationship (QSAR) studies, which in
the end allowed to select the most significant parameters that influence the agent antimicrobial activity.
Implementation of those identified parameters within the Diprool allowed to assess whether the molecule
penetrates the membrane and what the free energy distribution looks like. This, in the end, allows for a
direct estimation of the agent’s antibacterial potential. The tool was validated with the Adaptive Biasing
Force approach, well-known from molecular dynamics. The greatest advantage of the Diptool software is
its speed, since can provide results comparable to full-atom MD simulations but in a matter of minutes.

To summarize, in this dissertation a selective activity molecular mechanism of widely used antibacte-
rial compounds OCT and CHX was proposed. Subsequently, a Gemini molecule database was developed
and a unified numerical protocol to study antimicrobial compounds was proposed. Further, an improved
and comprehensive numerical model of E. coli bacteria was delivered. Finally, an original methodol-
ogy and software for the analysis of the antibacterial potential of Gemini-structured molecules were
developed. The core of the dissertation consists of four scientific publications (Paper 1-4), in which the
above achievements were described, covering methodology, implementation stage, and verification of

assumptions.
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Chapter 1

Introduction and description of dissertation

1.1 Antibiotic resistance — a crucial problem of the mankind

Antibiotics are undoubtedly one of the finest inventions of modern medicine. Their usage resulted in the
effective elimination of pathogens and a great reduction in mortality. Previously abundant in everyday life
and during most surgeries microbes are currently manageable. Primary insights into the ’antibiotic era’
are usually associated with the inhibition of cells proliferation by Paul Ehrlich and penicillin discovery by
Alexander Fleming in the 20" century [1-3]]. From that time, the mode of action of various antimicrobial
compounds has been revealed. There are several mechanisms and targets for antimicrobial agents, each

one focuses on various vulnerabilities leading to cell death:

* inhibition of cell wall synthesis - bacteria cell walls are composed of peptidoglycan. Several
antibiotics such as penicillins and cephalosporins destroy the cell wall integrity inhibiting the

peptidoglycans synthesis. Since human host cells lack cellular walls they remain unaffected [4]],

* inhibition of metabolism - reaction rates catalyzed by bacterial enzymes are affected. Drugs may
influence the synthesis of metabolic complexes competitively. Thus, structural analogs (medica-
ments) of enzyme activators substitute the biological ones in metabolic reactions. Sulfonamides are

an example of the molecules acting in that manner [5}6],

* interactions with plasma membranes — cellular membranes are selective barriers that contribute
to the transport of micro and macromolecules in and out of the cell. Some of the antimicrobial
agents are able to damage the selective permeability, leading to the cell death. Cationic peptides
like valinomycin, polymyxin B, or gramicidin disrupt the membrane in that manner however, lack

of selectivity presents high toxicity toward host cells [7,[3]],

* interruption of protein synthesis — protein synthesis employs numerous biological organelles like
ribosomes, nucleic acids, and enzymes. The antibacterial agents disturb the ribosomal activity
restricting the synthesis process, which at the final stage results in the cell death. Drugs like
rifamycin, chloramphenicol or tetracyclines represent that mechanism by inhibiting the transcription

or translation process [OH11]].

Over time the bacteria mutated forming several mechanisms to avoid the lethal activity of antibiotics.
It was possible due to the classical bullet-target concept of antibiotic activity, which appeared not as

straightforward as stated [3]]. The ‘golden era’ of delivering antibiotics slowed down since researchers
1
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were incapable of providing a sufficient amount of agents to face novel emerging resistant microbes [[12]].
The growth in the number of antibiotics was also accompanied by a growth of new immune pathogens.
Initially, those antibiotics saved hundreds of thousands lives but taking into account the current bacteria
mutation rate a return to the pre-antibiotic age is a real concern [13]]. Different organisms developed
their own defensive system to escape from fatal antimicrobial action by preventing drug access and
distribution, mutations of the target site, or antibiotic degradation by new enzymes. In the literature,
intrinsic and acquired resistance are mostly highlighted types of bacterial defense mechanisms [[14}/15]].
Intrinsic resistance is associated with the presence of antibacterial resistance genes or efflux pump genes.
A good example are Pseudomonas - Gram-positive bacteria (further explained), which suppressed a
susceptible target site, therefore, they become resistant to triclosan activity, which is usually effective
against Gram-positives [[16]]. Acquired resistance is accompanied by horizontal gene transfer or mutations
in the chromosomal genes, which results in the development of new resistance genes. Plasmids of E. coli
bacteria with acquired resistance were discovered in poultry farms, dogs and humans [[17,(18].

The World Health Organization recognized multidrug-resistant (MDR) pathogens as a critical problem
of the current times [[19]. In their reports, it has been classified in the top ten global health threats,
which affect millions of people and absorb billions of dollars annually [[13[20]. The worst-case scenario
presented by Research and Development Corporation assumes that in the near future the whole of mankind
may lack any effective antibacterial compounds. If that horrific forecast makes happen, the worldwide
financial burden might reach even 3 trillion dollars annually, which is close to the total health care budget
in the USA, and by 2050 almost 440 million people succumb to pathogens [21}22]]. Additionally, the
global overuse and misuse of drugs significantly affect the resistance evolution making the treatment much
more difficult. According to published reports in the USA, in 30-50% of the cases the antibiotic therapies
were inappropriately conducted [23]24]], while in Pakistan or Ghana strike up to 85% of improper usage
events [25//26]]. The WHO experts clearly state that unless the way that drugs are used now will not
change, every novel antibiotic finally becomes ineffective like many currently used. Insufficient hygienic
prophylaxis and lack of clean water combined with human travels and migration additionally boost the
distribution of pathogens. In the global priority list of antibiotic-resistant bacteria published by WHO, three
importance classes (with critical, high and medium tags) were assigned to several bacteria species, where
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae (i.e. Klebsiella pneumoniae,
Escherichia coli) were flagged with critical priority [27,28]]. Moreover, listed microbes are resistant
to 3" generation cephalosporins or carbapenems and so-called last-resort antibiotics. K. pneumoniae
exists globally and may induce lethal bloodstream infections, pneumonia, meningitis, or liver abscess.
Similarly, E. coli occurs all over the world and may cause respiratory problems or diarrhea. Currently, the
only effective antibiotic against Enterobacteriaceae is colistin however, recent papers [29,[30] report the
presence of colistin-resistant microbes, thus mankind may become vulnerable to diseases related to them.

Worth emphasizing that the clinical pipeline of promising antimicrobials is limited. In 2019 from
32 developed antibiotics addressed to fight against pathogens listed by WHO only 6 were recognized as
innovative, but only two showed activity spectrum against MDR pathogens classified with the critical
flag [|31]]. Novel antimicrobial compounds are instantly required to face carbapenem-resistant, vancomycin-
resistant, fluoroquinolone-resistant bacteria flagged with critical priority [27}28},32].

Since MDR is a multisectoral issue, only complex and well-coordinated activities may limit the
distribution of that phenomenon. Hence Global Antimicrobial Resistance and Use Surveillance System
(GLASS) was set up by WHO that collect the data from all over the world and deliver a consistent
strategy and improve global awareness [33]]. As stated, well-performed diagnostics may significantly

reduce imprudent antibiotics usage, especially in developing countries, since outdated microbiological
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instruments are often used for bacteria identification. Employing novel and adequate molecular diagnosis
only the selected patients undergo antibiotic therapy within the personalized medicine approach. GLASS
delivers a normalized procedure for data analysis, classification, and distribution by countries and
supervises domestic surveillance systems, with special attention to the quality of gathered information
[19,33]]. Countries that progressively implement national programs with controlled antibiotic prescriptions,
developed health care systems, regulated disease control setups succeed in limiting MDR [34]]. Those
strategies remain consistent with the ’One Health’ program concentrating on public health, food production,
and agriculture sectors to cooperate during the preparation and realization of policies, procedures and
research to achieve the best possible healthcare outcomes. Every known and possible branch should be
activated to find a comprehensive solution focused on the MDR problem. Novel and innovative research
methods in drug discovery, vaccines, or alternative antimicrobial agents should be launched to fight
especially against resistant Gram-negative pathogens. Massive fund injection is provided by various
organizations and funds i.e. Antimicrobial Resistance Multi Partner Trust Fund or the Global Antibiotic
Research & Development Partnership to bridge the financial gap while searching for lasting scenarios in

the resistant microbes battle.

1.2 Surfactants as alternative compounds struggling against bacteria

Faced with the emerging need to deliver innovative approaches to the antibiotic resistance problem, re-
searchers from various fields have proposed several means addressed to that issue. Despite the publications
that propose and raise the prevention and control strategies, ones are focused on the ways of combining
well-known drug therapies to maximize the effort [35]] and others are focused on the development of small
antimicrobial peptides and amphiphiles [36-38]] or novel antibiotics discovering [39,40]. Regardless
which pathway is represented by the authors of the given paper, the further need for knowledge exploration
is emphasized to effectively overcome the MDR problem.

One of the most promising activities is presented by compounds with the ability to selectively bind to
fundamental bacterial structures. Such agents often exhibit a broad spectrum of activity and are targeted on
slowly evolving elements such as cell walls or lipid membranes. That kind of activity exposes nonspecific
interactions thus the development of resistance mechanisms is much more complex and difficult. Those
properties are frequently observed in novel classes of compounds such as cationic antimicrobial peptides
(CAMPs) and cationic Gemini surfactants (GS).

The former are or are based on, naturally existing compounds in various organisms, playing a crucial
role in the innate immune system functions [41]]. They present a broad spectrum of activity against Gram-
positive and negative bacteria, fungi, and viruses. Taking into account CAMPS structure, they may be
divided into several groups such as o-helices, B-sheets, cyclics, and with prolonged conformation [42,43]].
Despite structural and sequence differences between the groups, CAMPs have an extensive hydrophobic
core, the positive charge and pose amphiphilic nature. Additionally, it is supposed that due to positive
charge they can anchor to the negatively charged bacterial membranes and expose hydrophobic residues
to penetrate the bilayer. Overall, the structure, amino acid arrangement, net charge or oligomerization
influence peptides activity. The general model of action remains elusive however, several approaches
have been proposed. The most common are barrel stave, toroidal and carpet models and are presented
in Figure The latter assumes the extensive distribution of CAMPs on bilayer surface increasing
the surface tension resulting in membrane disorder. If the critical peptide concentration is exceeded,
cell death occurs. The peptide hydrophilic residues disturb the polar lipid headgroup integrity causing

the micellization [44-46]. The barrel-stave model assumes interactions of CAMPs hydrophobic region
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Barrel-stave model

Carpet model

Figure 1.1: Three means of pore-formation by antimicrobial molecules on membranes, inducing leakage
of the cell interior.

with cell bilayer leading to conformational changes in membrane composition and transmembrane pore
formation. This results in leakage from the cell interior and finally its death [45/47]]. The toroidal model
is related to a barrel-stave since the pore formation also occurs. The CAMPs anchored to the membrane
intercalate with bilayer lipids creating a torus pore. The bend of the lipid monolayer results in pore
formation hence the lipid headgroups and CAMPs face the core of the pore [45,47].

GS similarly to CAMPs also present strong antimicrobial properties, especially against both Gram-
positive and negative bacteria as well as fungi and algae. In the previous three years, GS have been
heavily explored, because 921 articles were published whereas 427 discussed antimicrobial properties of
agents. Gemini compounds are composed of two monomeric surfactants linked by a spacer in various

configurations (see Figure [[.2). The monomers are amphiphiles, thus hydrophobic and hydrophilic
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moieties may be noticed [48]. The hydrophilic core is in general a polar or ionic headgroup, while a

hydrophobic tail is usually a hydrocarbon chain with 6-18 carbons length [49].

Spacer
(hydrocarbon,
disulfide, etc.)

{_L_\

Hydrophilic
Head .

(polar/ionic) -

Hydrophobic
Tail
(hydrocarbon chain)

—

Monomeric surfactant Gemini (dimeric)

surfactant

Figure 1.2: The overall structure of mono and dimeric surfactants [48].

GS are also characterized by various types of spacers, more rigid or flexible, longer or shorter,
however, usually are represented by several methylene groups, sometimes accompanied by oxygen or
nitrogen atoms. Concerning surfactant structures, they may be divided into cationic, anionic, non-ionic
and amphoteric groups, while the former ones are most often identified with antistatic and antimicro-
bial properties [49]. Quaternary ammonium salts (QAS) are commonly used cationic surfactants with
proven antimicrobial activity [49-52]]. Dimerization of monomeric cationic surfactants has become very
beneficial and fruitful since their antimicrobial properties increased significantly. It has been proven
that Gemini analogs may indicate even 70 times smaller minimal inhibitory concentration (MIC) value
— which quantifies the antimicrobial activity — compared to the monomers [51,/53)]. The exact mode
of action is still unclear [51]] however, the proposed ones assume similarities to CAMPs and biocidal
action, i.e. GS adsorbs on the membrane surface and penetrate the monolayer using long alkyl chains.
This results in the outer cell barrier damage and leakage of cytoplasm, cellular components and ions
leading to pathogen death. GS have several unique properties that distinguish them from other groups,
present great antimicrobial properties, are less toxic than monomers, especially QAS, and are mostly
effective against antibiotic-resistant bacteria. Several approaches to relate the compound structure with
antimicrobial activity have been proposed. It is suggested that the type of headgroup and the positive
charge of the molecule [51f], the length and type of spacer [[54}55] or the length of the alkyl chain may
affect the antibacterial effectiveness. The latter case is most often reported in the literature and the
strongest antimicrobial activity against bacteria is assigned to the presence of 10-14 carbon atoms in the
alkyl chain [491/56},57]. It is suspected that the shorter substituents fail to disturb the hydrophobic core
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order or cannot efficiently penetrate the membrane, while the longer ones tend to coil, and anchoring to
the membrane remain unfeasible [49].

Some of the commonly used and commercially available cationic surfactants are octenidine and
chlorhexidine applied in Octanisept® and Eludril®, respectively.

Octenidine dihydrochloride (OCT) is a cationic agent from the bispyridine group and presents a broad
antiseptic activity against fungi, Gram-positive and negative bacteria. It is remarkably effective even in
lower concentrations compared with other antiseptics and exhibits long-lasting activity [58]]. In contrast to
well-known QAS, it presents reduced toxicity, since a lack of amide and ester components are present,
so 4-nitroaniline metabolite will not be formed. The common OCT usage and published experimental
data state that pathogens are susceptible to antimicrobial OCT action. Additionally, the scientific data
collected during the COVID-19 pandemic indicate that the compound is effective not only against bacteria
but also against SARS-CoV-2 [59,60]. Several approaches to unravel selective OCT mechanism have
been proposed, wherein the most recent published by Rzycki et al. [61] delivered molecular insights into
OCT interaction with neutral and negatively charged membranes. They also emphasized that the mode of
action is far more sophisticated than straightforward electrostatic interactions as stated in the literature
and lies in the differences in mechanical membranes properties. They suggested that further disordering
of mechanical features results in mechanical damage and loss of bilayer integrity [61]].

Another commonly used and broadly studied cationic agent is chlorhexidine. Chlorhexidine diglu-
conate is bioactive biguanidine extensively applied in infection prevention usually against Gram-positive
and negative bacteria however, the activity against the latter is reduced. Additionally, several groups
described limited susceptibility to CHX [62-64], especially Copin et al. [64] reported limited CHX
activity due to resistance genes acquisition. Chlorhexidine activity results in destabilizing the membrane
by calcium and magnesium cations displacement, resulting in potassium ions and protons leakage and
finally integrity disorder and cell death [65]].

Many more Gemini-structured compounds are reported as effective against resistant bacteria strains
and give hope for success in the resistance battle however, the effectiveness comparison of compounds
is often unfeasible. Antimicrobial activity is evaluated using several protocols of diffusion and dilution
methods, time-kill tests or cytofluorometric methods [66]. Additionally, the bacteria strain selection for
antimicrobials testing often varies significantly. This results in the limited outcome of the research in
the antimicrobial aspect since novel synthesized agents usually cannot be compared with others or the

well-known ones [67]], especially delivered by other research groups.

1.3 Bacterial cell envelope - is this fortification unbreakable?

One of the most fundamental units in all living organisms is the cell. The cell border is called the lipid
membrane, which apart from the protective role, controls the transport of nutrients toward the cell core and
removes toxins outside. Membrane permeability is limited especially for ions, thus different distribution
on both sides may be maintained, which is an essential regulatory property [[68]]. Overall, membranes
are composed of proteins and self-assembling lipids maintained by electrostatics and hydrophobic effect.
Bacteria, unlike other higher organisms, created their own cell envelope consisting of membranes, proteins
and sugars that act as protection against invasive and unpredictable environmental conditions. The bacte-
rial cell envelope may differ significantly between the species. Christian Gram in 1884 discovered that in
general bacteria may be divided into two distinct classes, one which absorbs Gram stain and another which

does not [[69]. That experiment allowed to distinguish Gram-positive and negative bacteria, respectively,
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and reveal the structural distinction in the bacterial cell envelope. The organization of Gram-positive and
negative bacteria is presented in Figure[T.3]

In Gram-negative bacteria three fundamental layers may be highlighted, the outer membrane (OM),

A Gram-positive B Gram-negative

Teichoic acid —l

Outer
membrane

Peptidoglycan

| Periplasmic

space —— 2

| Cytoplasmic
) membrane
Lipoteichoic I I Membrane
acid protein

Figure 1.3: The general structure of Gram-positive (A) and Gram-negative (B) bacterial membranes.

peptidoglycan cell wall and inner membrane (IM). The most external part is the outer membrane, which is
present only in Gram-negatives. OM composition may vary significantly between other bilayers since
the phospholipid layer appears only in the inner leaflet, close to the peptidoglycan layer, while the outer
one is formed by lipopolysaccharides (LPS) [70]. LPS acts as a major protective barrier in OM and
Gram-negatives in general, selectively limiting the membrane permeability. It is initially made of lipid
A, a polysaccharide core and the O-antigen region at the end [[71]]. If the human immune system detects
the LPS presence it may result in endotoxic shock or may even end with necrosis of the tissues [68,[72].
Several types of proteins are suspended in OM film, the most commonly occurring are lipoproteins and
outer membrane proteins (OMPs) like porins. Lipoproteins are unique structures embedded in the inner
leaflet of OM. Two fractions may be highlighted in their composition, the lipid and protein one, linked
together by cysteine in N-terminus. Their functions are still discussed however, maintaining the stability
and durability of the bacterial cell envelope is the most feasible [73}[74]]. The second most abundant
group of proteins anchored in the OM are OMPs. These cylindrical biopolymers have a 3-barrel structure
and create pores that control the passive diffusion of small nutrients and signaling compounds, toxins
or antibiotics through the OM [[75]. OmpA, OmpC and OmpF functions and their disorder are broadly
studied in the literature since they are involved in antibiotic resistance and bacterial virulence in bacteria.
Choi et al. reported in their studies that OmpA supports membrane integrity, while OmpF is responsible
for antimicrobial agent transport and bilayer permeability [76]]. Association OmpF functionality with the
transport of the antibiotics i.a. B-lactam drugs toward bacteria core has become a goal of many scientists
to unravel the bacteria resistance mechanism [76H78]].

Another layer closer to the bacterial core is peptidoglycan. It appears in both Gram-positive and Gram-
negative bacteria but its structure between the species may vary significantly. Peptidoglycan is a mesh-like
framework composed of glycan chains cross-linked by peptide side chains [79]. In Gram-negative, it
forms thin (up to 10nm thick) and rigid monolayer, which affects the overall bacterial cell shape [80].
Additionally, peptidoglycan interacts with placed above OM by lipoproteins, substantially strengthening



8 CHAPTER 1. INTRODUCTION AND DESCRIPTION OF DISSERTATION

the mechanical properties of the cell envelope [74]. The lack of protective OM in Gram-positive bacteria
induced a need to surround the cell core with a much thicker coating. Similar to Gram-negative the
positive ones also occupy severe surroundings, thus peptidoglycan layer is almost 100nm thick [72].
Cell wall polymers like teichoic acids are embedded in glycan strands and play important role in cation
homeostasis. These are long anionic moieties that often stick out above the peptidoglycan surface and
constitute even 60% of the total cell wall mass. Two types of that acids may be found: lipoteichoic and
wall teichoic which are embedded in membrane and peptidoglycan, respectively. Their presence combined
with a slight shift in the location allows to preserve a constant spectrum of negative charge starting from
IM toward peptidoglycan and further beyond. The absence of any of them may result in cell growth
disorders or cell division issues [[72].

In Gram-negative bacteria a cellular structure called periplasm space may be found between inner and
outer membrane. It contains a peptidoglycan layer and a fluid segment where binding, transport proteins
occur as well as several types of enzymes [81]].

The innermost barrier in bacteria that separate the periplasm and cell wall from the cytoplasm is
the IM. It is responsible for the selective transport of small molecules, detection of external signals,
and energy management [82}|83]]. Bacterial bilayers, in general, may be found as structural analogs to
eukaryotic ones, since both are composed of phospholipids and proteins. Nevertheless, plenty of functions
accomplished by intracellular organelles in eukaryotes is carried out in the bacterial IM. Since bacteria lack
mitochondria, endoplasmic reticulum, or complex transport framework; the energy generation, protein
manufacture or folding, and toxins removal functionality are performed by appropriate proteins embedded
in IM [[72,84]. Several differences may be highlighted in bilayer composition between both bacteria
species, due to the presence of teichoic and lipoteichoic acids anchored to the membrane in the latter
ones. The proteins anchored in IM are usually typical secondary structures i.a. with ¢¢-helical segments.
Depending on their functions may be localized on the peripheral surface or cross the membrane and
act as transmembrane channels. ABC transporters are well-known sugars, ions and peptides importers
related to lipoproteins [85]]. Another large multiprotein is SecYEG which is major translocation machinery
that assists and transfers proteins over the monolayer [[86]]. Tat is another protein-conducting machinery
providing similar facilities to Sec however, it focuses on folded proteins passage [87]].

As already mentioned lipids are the fundamental constituent forming the membranes. These am-
phiphilic structures are equipped with a polar head and hydrophobic tails and compose IM and an inner
leaflet of OM in bacteria. Phospholipids may vary between the groups i.e. in the type of headgroup and
distribution of the charge, as well as length and number of the hydrophobic tails [88]]. The most abundant
glycerophospholipids in bacteria are phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and
cardiolipin (CL), whereas phosphatidylserine (PS), phosphatidic acid (PA) appear in minority. Depending
on the bacterial strains zwitterionic PE constitutes around 80%, negatively charged PG and CL 15% and
5%, respectively [|891/90]. Unlike eukaryotic cells, bacteria, in general, lack zwitterionic phosphatidyl-
choline (PC) and cholesterol, which affect the membrane fluidity and permeability [[88]]. The major role of
phospholipids is to maintain the structural integrity of the membrane and cell envelope at all. In addition
proteins’ presence or microdomain formation affect the membrane curvature resulting in monolayer
asymmetry, thus the distribution of the lipids is not equal on both bilayer sides. That membrane properties
influence bacteria’s selectivity to toxic molecules like drugs, contributing to antibiotic resistance [91]].
Due to the synthesis of almost every bacterial component in the cytoplasmic space or at the inner leaflet of
IM, disordering that membrane often becomes a target for antimicrobial compounds. The whole bacterial
cell envelope is a complex facility equipped with sophisticated molecular machinery composed of lipid,

proteins, and saccharides derivatives. Therefore investigation of membrane properties and protein impact
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on bacteria well-being remains problematic on a large scale.

1.4 Numerical approaches in antimicrobial assessment

The American physicist and Nobel laureate Richard Feynman stated that one of the most powerful
assumptions in life understanding involves conceiving reality as a set of atoms, thus processes in living
structures reflect the sway and movement of those atoms. A vast of biophysical society has devoted
the last 50 years for understanding the nature of atoms’ movement. The proper awareness of molecular
motions is absolutely crucial in drug discovery or investigating biological processes [92]. Taking into
account the complexity of the physical, biological, or chemical phenomena, computer science and the
development of computational methods have become essential to constantly progress in given fields. The
consistent technological improvement resulted in the development of dedicated and accurate numerical
approaches such as computer modeling or simulations in a large timescale. Numerical studies have
become widespread and are a great linker of pure theory and experiments. That gives a great opportunity
to combine both techniques provide less drastic approximations, improve existing models and finally
deliver a better and more accurate nature representation.

Molecular dynamics become one of the pioneering numerical methods applied to biological systems
[93.94]]. Nowadays, this method turned into a gold standard during drug discovery or biological machinery
studies [[95[]. MD is most often used during antimicrobial agents studies in various approaches. It allows
studying the interaction and motions of atoms based on solving Newtonian physics. Additionally, an
appropriate force field is applied to calculate the forces among interacting molecules as well as evaluate the
total energy in the system. Integration of Newton’s equation through further MD steps delivers new atoms’
positions and their velocities, resulting in a novel system arrangement in simulation time. Collecting the
subsequent particle positions forms the system trajectory, from which further calculations or analyses can
be performed. One of the fundamental concepts in MD or general numerical simulations is to investigate
the time-dependent activity of a set of i-th particles constituting the system. Solving the Newtons eq.

d2 it
Fi(t) = miai(t) = m; d’tg )

(1.1)

Where F;(¢) is the force acting on i-th atom with given mass m at time ¢, and r;(t) = (x;(¢),yi(¢),zi(t))
represent atoms position vector at time ¢ in Cartesian space. The atoms may be easily replaced by particles
or their dipole moments etc. though adopting appropriate interaction law terms. The issue of reflecting a
realistic potential lead to huge computational simplifications. In computer studies molecular mechanics
statements are often used, to deliver the approximations of nuclei electrons’ motion. To address this issue
the empirical potential functions were introduced and atomic force field models were proposed. Many
various force fields were proposed so far [96-105]] however, mainly the overall formula remains consistent
and includes bonded, non-bonded energy terms (see eq[I.2)) sometimes supported with additional specific

force field conditions.
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The eq. may be divided into two parts according to type of interactions, the first three summation
terms refers to covalent energy variations in bond length, angles, and dihedrals, while the last two refer to
non-covalent, van der Waals and electrostatic interactions. The changes in bond length (/;) and angle (o)
are characterized by harmonic potentials with the equilibrium values (/;p) and (@), and force constant
K}, and Ky respectively. The last covalent term — torsions, denote the bond rotations described by periodic
energy where Ky is energy barrier, ¢;,% is the phase angle, and n is periodicity. The last two terms
represent nonbonded and distanced atoms (r;;), where the first denote repulsion and attraction from the
Lennard-Jones 12-6 potential and o;; describe the depth of energy well. In the last electrostatic energy
term the Coulombic potential is applied with g; and g; atom partial charges and € relate to permittivity.
The usage of defined force fields allowed to accelerate the computation efficiency in contrast to quantum
mechanics (QM). QM on the other hand is a very sophisticated method based on solving the Schrédinger
equation. The complexity of the calculations usually limits the application horizon to extended systems.
QM is extensively used in the molecule parametrization process, delivering appropriate calculations for
further force field formation [91]].

System evolution is described by velocity and position vectors, hence trajectories are generated by
solvation of the equation of motion using numerical integrators. Integration to discrete and small-time
intervals named time steps is necessary to preserve reliable forces over the simulation time. Verlet
algorithm is a common and widely used integrator MD as well as in other numerical approaches, that
allow the calculation of the following positions (¢ + 8¢) based on the current position, velocity and
acceleration (see eq. [[.3).

ri(t +8t) = r,-—i—vi(t)&—f—%a(t)&z (1.3)

Taking into account relation in eq. between force F; and potential energy U gradient:

U JU 8U>

o dyi 9z (1.4)

E:—VriU:—<

Additionally, taking into account combination of the forces definition from eq. [I.T]and[T.4] accelerations
may be calculated, hence (see eq. [I.5):

ai(t) +ai(t+ 51‘)
2

vi(t+6t) = vi(t) + ot (1.5)

To reconstruct the accurate trajectories infinitesimal integration step should be applied. On the other
hand in practical approaches, longer ones are expected. To ensure appropriate time steps the light atom
vibrations are taken into account, hence femtosecond scale (1-2 fs) preserves reliable integration. Some
protocols were proposed to increase the timestep and result in simulation acceleration i.a hydrogen mass
repartitioning (4 fs) [106].

In numerical studies, appropriate timescale and technique selection are crucial in observing modeled
phenomena. Mentioned QM methods, are accurate and computationally demanding calculations however,
the quantum character of electrons is taken into account. Density functional theory (DFT) calculations
have been extensively applied to study the biomolecules at surfaces [[107,|108]]. Such accuracy allows
for calculating the electronic structure of atoms and molecules, thus bond formation and chemical
reactions may be observed. QM methods are broadly employed in antimicrobial agent force field

determination [[109,110]]. Further up to the microsecond scale, molecular mechanics including all-atom
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MD, and coarse grain MD are used to reflect biological phenomena. This branch is the mainstream
since allows for modeling and observing the protein conformational changes, complex interactions, agent
binding, membrane dynamics and self-assembly. In all-atom systems, atom representation of bilayers,
proteins and ligands are employed and simulated over hundreds of nanoseconds. If modeled membrane
interactions or protein binding occur in a higher order of time magnitude i.e. microseconds the coarse-
grain modeling (CG) is applied. The CG concept assumes a different structure representation since groups
of atoms are described by beads (pseudoatoms), which limits the degrees of freedom and number of
particles and accelerates the computation time. CG modeling is often used to observe large-scale events
such as lipid microdomains or rafts formation or protein structure predictions [[111]]. Unless atomistic
detail scope is not required and large-time scales are expected, CG models act as a sensible alternative
to AA ones. Hybrid models such as united-atoms (UA) are still worth noting. In UA carbon atoms are
grouped with their hydrogens and form pseudoatoms. They are often called hybrids, providing better
performance than AA and also a deeper level of description compared to CG. It remains a reasonable
approximation if intermolecular interactions are more crucial the intramolecular ones [[112f]. Over the
years, several force fields have been proposed and improved [96-105]] however, the imperfection issue
and bias in the interpretation of numerical results due to various simplifications should be still taken into
account.

From MD simulations several various parameters i.a. energy may be extracted. The total system
energy state may be in general described by Hamiltonian H (x, p), containing the potential and kinetic
energy K based on molecules’ coordinates and momenta (see eq. [1.6).

H(x,p) =U(x)+K(p) (1.6)

In antimicrobial assays, the thermodynamic aspect were proven to be particularly important [113]]. One
of the crucial thermodynamic element in drug discovery and membrane interactions is free energy. It is
expressed by Helmholtz (A) function under NVT ensemble (constant Number, Volume, and Temperature)
and by Gibbs (G) function under NPT ensemble (constant Number, Pressure, and Temperature). Helmholtz

potential can be defined from fundamental thermodynamic relation (see eq. [I.7),
A=U-TS (1.7)

or linked with partition function (eq. [I.8).

H(x,p)
A= —k,TInQ = —kaln<e kT > (1.8)

where S denote the entropy, T - temperature, k; - Boltzmann constant and Q is a partition function. Under
NPT ensemble free energy is determined according to Gibbs potential (eq. [L.9).

G=H-TS (1.9)

where H denote the system enthalpy. Free energy determination is particularly important in proteins
studies and bridges the numerical and experimental approaches. Determining the free energy of two
stable or meta-stable thermodynamic states of the protein allows for describing the system behavior.
Especially convenient is the use of simplified approach and determine the difference between the states
(AG) according to transition state theory [114,/115].

However, due to the inherent Boltzmann sampling limitations, several theoretical approaches called

enhanced sampling methods have been proposed for the appropriate states distribution. Some of them are
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based on the introduction of a biasing force into the system to accelerate the calculations. On the other
hand, the unbiased ones present smooth system evolution however, may take much longer even up to
hundreds of microseconds if interactions are weak.

One of the well-known theories is a free energy perturbation (FEP), where free energy is considered as
a state function, thus free energy is based on differences between initial state A and target state B, instead
of the actual system pathway. That approach usually employs Monte Carlo or MD sampling and is also
called alchemical transformation and delivers differences in the binding affinities of smoothly mutating
molecule A to its analog B (e.g. ethane to methanol) [[116-118]].

Another well-established method is umbrella sampling (US) with in contrast to FEP is based on the
system pathways. In US method sampling procedure is passed along an established reaction coordinate or
collective variables (CV) through conducting a set of simulations with additional bias potential, which is
in the form of a harmonic interaction (umbrella). Consequently, the sampling through high-energy regions
may be proceeded thoroughly and the potential of mean force (PMF) is calculated afterward using the
weighted histogram analysis method [118}/119]. Providing the overlapping simulations windows is crucial
in the sampling aspect as well as the determination of appropriate force constants [119].

Steered MD is a further method, to assess the free energy change. In this approach, an external
potential is applied to the ligand to pull it along a pathway in conformation space, so that performed work
is calculated. This method is mainly applied to drug design studies, where the ligand is undocked from
the target protein [[120]. This technique is comparable to experimental atomic force microscopy studies,
where also external forces occur [[118]].

Another group of enhanced sampling methods is metadynamics. In this method, a rapid inspection
of the free energy surface occurs and can exceed two dimensions, which is the biggest difference from
other techniques. The reaction coordinate is reflected by a variety of order parameters. In the literature
metadynamics main idea is often compared to covering up explored energy wells with the sand moving
toward energy barriers and then to the further energy wells, covering them up with sand again, and further
on [121]]. This method is often called a history-dependent, since biasing Gaussian-shaped potential (sand)
is added to the actual CV location to prevent repeated exploration of the same area. When the potential is
high enough to cross the energy barrier it may move to another local minimum, build up the potential and
move another barrier, and so on [[121H123]]. In the end, PMF can be easily estimated from the created
biasing potential by reversing the sign [118]]. Metadynamics evolved over the years as well as been
combined with other methods i.e. machine learning [[124].

On the other hand, unbiased MD simulations are still in the research scope since several accelerations
were introduced. One of the most successful is the Replica Exchange, where simultaneously several
copies of the system are simulated in various temperature conditions (T-REMD) [[118},/125]]. Afterward, in
the given replica pair the exchange of the temperature occurs periodically. Hence the random walk in
temperature space promote crossing the energy barriers and allow to sample a broad conformational space
of the tested compound [125}/126]]. However, to effectively use this technique large replica collections are
needed.

The last commonly used method is Adaptive biasing force (ABF). The main purpose of this technique
is to improve the MD simulations performance, in which the presence of free energy barriers leads to
insufficient potential energy surface sampling. The mean force applied along the reaction coordinate &
follow the relation from eq. [I.10|[127,[128]:

—= = —(F)¢ (1.10)
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Taking into account Jacobian (J) correction delivered by Carter et al. [127,/129] (see eq. [1.11]) which

regard to geometric transformation from Cartesian to generalized coordinate:

U azn|J|>
— = +kT =(F 1.11

Where U represents the energy potential &, is Boltzmann constant T is temperature. The major idea
behind ABF is to calculate the mean force along the reaction coordinate, which is afterward balanced by
an equivalent and opposite biasing force. This approach allows to cross the energy barriers and prevents
settling in a local minimum of the free energy surface. During the simulation time, the & is discretized
into small d& bins. Samples of the applied force F are computed in appropriate d & bins. Afterward, the
opposite biasing force act on the system, which results in a consistent sampling process by the whole
& [127.|130]. Taking into account the relation of biasing force and free energy from eq and the
integration of the biasing force determines free energy evolution along . The ABF method comprises
accurate and reliable calculations in a sufficient timescale, its approach is intuitive and postprocessing
like in US is not necessary [118]]. Additionally, it is well suited to membrane applications and is user-
friendly [130H132].

Free energy calculations are extensively used in assessing membrane barriers. Sharma et al. [[133]]
applied the US method to provide free energy graphs for thymol, penetrating both OM and IM bacterial
membrane models of E. coli. Similarly, Bonhenry et al. [[130] performed both alchemical transformations
and applied the ABF method in transferring small cationic peptide across the bilayer model.

Discussed simulation methods are extensively applied in antimicrobial agent evaluation. The mem-
brane rupture often is not noticeable in simulations however, such parameters as lateral diffusion, order pa-
rameter, system energy, area per lipid, membrane thickness and surface tensions are affected [61}]134-137]].
Apart from Gemini structured agents plenty of other antibiotics, antiviral and antifungal agents are tested
in similar manner i.a. kanamycin A [[138]], cholic acid-derived amphiphile [139], daunorubicin [[140],
amantadine [[141-143]]. In the review paper, Rog et al. [[121]] collected hundreds of most recent articles,
where molecular dynamics studies were employed to evaluate the membrane-drug interactions. The
collection of almost 1100 references, mostly discussing the inducing of bilayer disorders clearly indicates
that the numerical approach represents an essential branch in antimicrobial assays [[121]].
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Chapter 2

Hypotheses

The major aim of the dissertation assumes the development of biophysical and numerical approaches to
fast evaluate the antimicrobial activity in prominent Gemini-structured agents, supporting an alternative
branch in antimicrobial-resistant bacteria battle. With respect to the objectives, the following theses were

proposed:

1. The antimicrobial activity of amphiphilic particles is possible to evaluate using physical and

numerical approaches.

2. The origin of the cationic agents’ mode of action is more sophisticated than pure and straightforward

electrostatic interactions.

3. The composition and complexity of bacteria membrane numerical model play significant role in

accurate reflection of biological and biophysical phenomena.

4. Employing structural, molecular parameters of Gemini agents it is possible to assess their behavior
and activity on physical models of membranes.

15






Chapter 3

Summary of results

3.1 Core information

The thesis consists of 4 papers published in international peer-reviewed journals indexed in Scopus. In
this chapter, essential results are outlined in the following four sections. In the first paper two commonly
used antibacterial agents OCT and CHX were studied referring to the molecules’ mode of action and
antimicrobial properties [61]]. In the second paper, a slightly different perspective on Gemini-structured
agents was provided. An extensive and standardized database of 250 Gemini surfactants was created and
the antimicrobial activity of selected compounds was further assessed [[135]]. In the third paper novel and
complex numerical model of E. coli bacteria was proposed, indicating how the structure of the model
may affect the outcome, biasing the biological conclusions [144]. In the last article, a problem with
assessing the antimicrobial activity of Gemini surfactants was addressed. To solve that issue numerical
approach was proposed in an original software called Diptool. The origins, methodology, and procedure
of the tool were included in that article [113]]. In the collection of presented papers, agents’ antimicrobial
activity was assessed based on the evolution of membrane parameters as well as variation of system
energy. Mainly numerical and computational methods were employed, nevertheless in the first article
experimental verification of in silico results was also included. The calculations were performed: on a
local computational node hosted by the Department of Biomedical Engineering at Wroctaw University of
Science and Technology; at the Centre of Informatics Tricity Academic Supercomputer and Network;
and on a computational node hosted by Laboratoire de Physique et Chimie Théoriques at University of

Lorraine.

3.2 Unraveling the mechanism of octenidine and chlorhexidine on mem-

branes: Does electrostatic matter?

The antimicrobial resistance issue has been raised and discussed several times so far (see Section [I.T)).
One of the approaches in the fight against MDR assumes the selective attack on slowly evolving bacterial
membranes leading to its disruption and cell death [[145]]. Commonly used cationic agents, OCT and
CHX are effective against Gram-positive and Gram-negative bacteria however, their selective mech-
anism was unclear, thus often attributed to electrostatic interactions [58},/146,(147]]. Since eukaryotic
membranes are in general made of zwitterionic PC lipids, and the bacterial are enriched in negatively

charged PG and CL, it was suggested that the mechanism is based on charge attraction. In this paper, we
17
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decided to verify that proposal and describe a molecular model of disintegration using highly negative
membranes (NegM) neutral ones (NLM) and bacteria mimicking (BacM — only computationally). To
deliver a comprehensive point of view we combined a series of experiments with MD studies. To achieve
defined objectives zeta potential measurements in the function of agent concentration, fluorescence studies
with trimethylammonium-diphenylhexatriene (TMA-DPH) and DPH probes, carboxyfluorescein leakage
(CXF) test and bending rigidity measurements were conducted. In the MD studies two aspects were tested,
the effect of the highly ionized solvent versus neutral one on agent interaction with the membranes, and
higher and lower agent to lipid ratio in the systems.

Firstly we delivered data on OCT and CHX location in the membrane using TMA-DPH probes and
molecular dynamics simulations. The numerical approach allowed to find out major differences in OCT
behavior in low and high concentrations. Single OCT molecule bind to all types of membrane in a staple
shape, penetrating it by the alkyl chains, while in higher concentrations OCT tends to form aggregate and
anchor to bilayer afterward. Depending on the system, the exact shape of aggregate varied starting from
a typical balloon where only one OCT chain was embedded in the membrane leaving the rest of OCTs
‘bubble’ above NLM, to a more spread ‘spider’ form, where OCTs penetrated heavily BacM surface. Inter-
estingly, limited OCT and NLM interactions were observed in a neutral solvent. That may suggest slight
prevention in agent self-aggregation and result in stronger affinity to bilayers. Regarding CHX behavior
no differences were observed in interaction with various membranes and concentrations. CHX constantly
anchored in staple shape to all membranes, which remains consistent with other reports [[136,|148]]. Minor
reduction in CHX and NLM contact was observed in the neutral solvent since six of seven chains were
incorporated into the bilayer. Further, the fluorescence assay with TMA-DPH probes allowed to confirm
that both OCT and CHX locate at the edge of a carbonyl-glycerol region which stays in line with MD
studies [136].

Subsequently, zeta-potential studies allowed to evaluate the behavior of charge close to membrane
surface in agent concentration function. Taking into account the results, in our opinion, OCT is prone to
form aggregates on the bilayer face than penetrate and anchor, thus slower kinetics may be observed in
NegM.

Disordering properties of studied agents were noticed during the membrane self-assembly approach.
Unless detergents were present the phospholipids suspended in solvent tend to form a model bilayer.
Nevertheless, OCT or CHX presence effectively disrupted that process, resulting in an abnormal doughnut
structure. On the other hand, the destructive activity of molecules was confirmed during CXF leakage
tests. Leakage experiments revealed that at lower OCT concentrations, more damage is observed in NLM
than NegM, implying a lack of selectivity through pure electrostatic interactions. CHX results were not so
clear, since CXF release was barely visible and almost constant however, based on obtained results it is
not certain that the CHX mode of action involves bilayer fluidity disorder.

In the end, the mechanical properties of NegM and NLM were tested using bending rigidity measure-
ments. The results indicated that pure NegM is several times more rigid than NLM and OCT activity
distinctly affects the membrane mechanics, especially in lower concentrations. Taking into account the
collection of results, the OCT mechanism was proposed. We postulated that the OCT mode of action is
selective based on mechanical membrane properties, OCT primary induces structural changes, ripping
the membrane at a sufficiently large concentration afterward. This remains consistent with the finding
that NegMs are stiffer than NLMs [149]. Furthermore, in other studies, E. coli enhanced the membrane
stiffness against external forces i.e. stress-induced by ZnO nanorods [[150]], which may indicate the
bacteria’s potential defensive mechanism. Delivered data and literature review allowed to suggest that

CHX antibacterial activity corresponds with membrane stiffness variation, which can lead to disorders in
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microdomains organization or loss in proteins homeostasis [[151]].
Results and conclusions included in Rzycki er al. article [|61] allowed to confirm the t and d
hypothesis as well as expand the knowledge of the antibacterial activity of commonly used compounds.

Publication details: M. Rzycki, D. Drabik, K. Szostak-Paluch, B. Hanus-Lorenz, S. Kraszewski, Un-
raveling the mechanism of octenidine and chlorhexidine on membranes: does electrostatics matter?,
Biophysical Journal, vol. 120 (16), s. 3392-3408 (2021)

Contribution: conceptualization of numerical approach, providing the MD calculations, conducting the
experiments, literature review, results analysis, data visualization, conclusions formation, manuscript

writing and editing.

3.3 A Systematic Approach: Molecular Dynamics Study and Parametrisa-
tion of Gemini Type Cationic Surfactants

Over the recent years, Gemini surfactants (see Section[I.2)) have gained the attraction of scientists from all
over the world. Within the last 5 years, many articles have been released, where the synthesis process,
potential application, or antimicrobial properties were introduced and discussed. Despite the increasing
number of novel synthesized compounds, the general knowledge and outcome are limited. The antibacte-
rial effectiveness essays are usually restricted to MIC determination, which results are sensitive toward
the protocol applied [67,(152,[153]]. More comprehensive analysis with several types of various agents
targeted for disordering and destruction of bacterial barriers is rather exceptional.

In this work, we decided to provide a systematic and universal theoretical approach over a large set
of Gemini molecules. To this end, we reviewed the literature and collected a database of 250 Gemini
molecules, which were divided into appropriate subgroups based on their structure. To maintain the
systematic comparison of agents’ antimicrobial activity on membranes, each molecule has been optimized
and parametrized to deliver a valid force field for MD studies. From classified subgroups, 25 representants
were selected and placed over the surface of the bacterial inner membrane model. Based on the 10 most
informative membrane parameters used to evaluate the antimicrobial activity we selected the four most
affected and significant ones, which may reflect the agent impact. The detergents significantly influenced
the mechanical and dynamic membrane parameters such as compressibility, bending rigidity, lateral
diffusion, and surface tension. Eight most prominent and vital candidates which severely affected at least
two membrane parameters were collected and discussed. The obtained results correspond well with the
general mode of Gemini’s action [154]] and also relate to the mechanical mode of action revealed during
OCT studies [|61]]. In our opinion, besides the theoretical outcome, experimental verification plays a key
role to confirm provided predictions.

The problem with the comparison of experimental data is common and often affects many branches.
Conducting complex and systematic studies remain challenging and costly. In this study, the theoretical
approach to ensure a unified protocol in antimicrobial activity evaluation was proposed. Additionally, the
outcome of the research allowed to confirm the[l}" hypothesis. Apart from that, provided classification
with relevant structure characteristics and force fields may inspire other experimental or theoretical groups

to extend studies on Gemini molecules.



20 CHAPTER 3. SUMMARY OF RESULTS

Publication details: M. Rzycki, A. Kaczorowska, S. Kraszewski, D. Drabik, A Systematic Approach:
Molecular Dynamics Study and Parametrisation of Gemini Type Cationic Surfactants, Int. J. Mol. Sci.,
vol. 22 (20), 10939 (2021)

Contribution: design and conceptualization of the research, numerical modeling, providing the MD
calculations, literature review, results analysis, data visualization, conclusions formation, manuscript
writing and editing.

3.4 Towards Mimetic Membrane Systems in Molecular Dynamics: Char-
acteristics of E. Coli Membrane System

In computational studies the questions concerning the accuracy and reliability of presented models often
appear. Is the presented model good enough? Whether the biological phenomena will be correctly re-
flected? That issues often bothered and inspired me simultaneously to verify the complexity of commonly
used bacterial models. The biological structure has been presented in detail in Section [1.3} nonetheless,
three fundamental layers may be highlighted in Gram-negative bacteria: the outer membrane (OM), inner
membrane (IM), and periplasm. In general, the planar membrane models are commonly used mimicking
bacterial OM or IM [155H158]]. That usually may reflect and correspond well with Giant Unilamellar
Vesicles or Large Unilamellar Vesicles known from experiments [[159]. However, presented models may
in fact vary significantly from the real ones or from experimental analogs, which sometimes result in
inaccurate conclusions.

In that work, we wanted to emphasize that issue and present a complex E. coli membrane model
that reflects the biological structure and assess the impact of structural complexity on the mainstream
membrane parameters. For that purpose double membrane system (IM+OM) features were compared
with the same features of pure IM and OM. In addition, the presence of the O-antigen region in the OM
was evaluated and discussed.

The presence of the O-antigen region in pure OM models significantly affected in membrane thickness,
mobility as well as mechanics. Most visible changes are noticed between the lateral pressure profiles
since the presence of the additional saccharide region impact greatly on pressure reduction. Our studies
reflected significant changes among complex and separate membrane systems, especially in the reduction
of mobility, significant mechanical changes and even various pressure distributions between leaflets.

In that paper, we delivered a comprehensive means to highlight, that membrane complexity and com-
position matter. Simultaneously it allowed to confirm d hypothesis. The variation of studied parameters
changed progressively with the systems complexity. Due to the essential origins of interactions and poten-

tial lack of complexity in numerical models some biological phenomena may remain elusive or suppressed.

Publication details: M. Rzycki, S. Kraszewski, D. Drabik, Towards Mimetic Membrane Systems in Molec-
ular Dynamics: Characteristics of E. Coli Membrane System, ICCS 2021, LNCS 12743, pp.551-563, 2021

Contribution: design and conceptualization of the research, numerical modeling, providing MD calcula-
tions, literature review, results analysis, data visualization, conclusions formation, manuscript writing and

editing.
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3.5 Diptool — a novel numerical tool for membrane interactions analysis,

applying to antimicrobial detergents and drug delivery aids

Limited efficiency benchmarks concerning different protocols and distinct bacterial strains applied in
MIC experimental studies have been already mentioned in Section[3.3] Considering the experimental
shortcomings and the universality of the MD approach led to the development of own methodology and
software called Diptool.

The beauty of numerical simulations especially MD, lies in the universality of the tool however, on
the other hand is also its victim. As proven in previous sections and published papers, the MD approach
provides a wide range of means in antimicrobial activity assessment, starting from the agent attraction
or repulsion toward membrane up to complex interaction analysis. Performing free energy calculations,
allow precisely to determine agent sweet-spot in the membrane and visualize the high energy barriers
from lipid headgroups or hydrophobic core region. Delivering well-sampled free energy profiles is quite
time-consuming and computationally demanding.

Limitation of redundant parameters in the universality of MD or providing alternative and targeted
solutions may influence the calculation time scales without a drastic reduction of outcome significance.
That was the major idea behind the design of Dipfool — a software for rapid screening the membrane-agent
interactions and potential antimicrobial candidate selection. Using an experimental set of Gemini surfac-
tants we provided quantitative structure-activity relationship (QSAR) studies, which in the end allowed to
select the most significant and overlapping parameters such as dipole moment, partition coefficient (logP),
and length/width (agent size). In that approach, the Diprool acts as a specific probabilistic membrane
modeler, based on the Gaussian distribution of lipid dipole moments.

The greatest difference between other computational methods is that Dipfool is based on dipole
interactions, thus each structure in the system such as lipid or Gemini molecule is identified as dipoles.
In the calculation core of Diptool the provided parameters, as well as Gibbs energy conditions, have
been employed. For Newton’s equation integration a modified Verlet algorithm has been applied with
an additional description of the medium suppression. Thus the Diprool has become a powerful tool for
physical modeling of given biological phenomena. The software outcome was verified with the results
from the ABF approach from MD as well as our previous study [61]]. The trajectories obtained from
Diptool for both tested agents (OCT and CHX), despite the different core of motion, corresponded with the
others acquired by the MD approach. The energy profiles from Diptool and ABF were further compared
and the presented results on PC and PG membranes were a bit underestimated but fairly reflected. In the
end, the performance tests have been provided, where million-fold times acceleration of Diptool has been
highlighted.

In this paper, we presented Diptool, a novel software for rapid evaluation of the antimicrobial Gemini
agents on various types of lipid membranes. Despite various calculation theories behind the software and
MD, substantial similarities were found in the trajectories as well as in the free energy profiles. To be
clear Diptool is an effective screening tool enabling the high-throughput for antimicrobials studies and
may also find application in drug-delivery aids. Taking into account the total outcome from this work, the
first t) and the last h) hypothesis - that the use of structural parameters of Gemini agents enables the

evaluation of their behavior and activity on membranes, was confirmed.

Publication details: M. Rzycki, S. Kraszewski, M. Gladysiewicz-Kudrawiec, Diptool — a novel numerical
tool for membrane interactions analysis, applying to antimicrobial detergents and drug delivery aids,
Materials 2021, 14, 6455.
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Contribution: design and conceptualization of the research and methodology, software development and
implementation, numerical modeling, providing the MD calculations, literature review, results analysis,

data visualization, conclusions formation, manuscript writing and editing.



Chapter 4

Summary and conclusions

The major aim of the dissertation was focused on the development of biophysical and numerical ap-
proaches to evaluate the antimicrobial activity in prominent Gemini-structured agents. To this end,
various methods were employed to look at the antimicrobial resistance problem from different angles
and to propose adequate and fast solution. Therefore four hypotheses were addressed related to the main
dissertation objective.

The presented introduction clearly indicates that antimicrobial resistance issue can be considered on
various levels. In this work, one of the most promising branches i.e. analysis of potent antimicrobial
agents, which attack the slowly evolving bacterial membranes was followed. Selected agents belong to
the amphiphilic Gemini family however, their main advantage lies in limited bacterial immunity to their
activity. In addition, some of them present a selective mode of action, thus are lethal for pathogens and
harmless for humans.

In my first study, referred in Section[6] the antimicrobial effectiveness of OCT and CHX were tested.
In this work, one of the most important conclusions has been proposed, that the fundaments of selective ac-
tivity mechanism also lay in the mechanical properties of bacterial membranes. It is a prominent outcome
since most of the previous studies debated only electrostatic interactions. In this study, molecular insights
into agents’ activity were repeatedly reported as well as resulting membrane disorders. Considering the
results from this research, the first hypothesis - The antimicrobial activity of amphiphilic particles is
possible to evaluate using physical and numerical approaches, and the second hypothesis - The origin
of the cationic agents’ mode of action is more sophisticated than pure and straightforward electrostatic
interactions, were confirmed.

In my second research, referred in Section [/ the problem with the comparison of antimicrobial
effectiveness of Gemini agents was addressed. Unless the relative activity of agents remains unknown,
how one may conclude about enhanced antibacterial properties? The major benefit of this study is a
systematic protocol for the evaluation of several antimicrobial agents and a unified database of 250
Gemini agents. Classified agents according to their structure with appropriate force fields, may be used by
anyone in computational studies about testing antimicrobial properties, adsorption on surfaces, or even in
general in material sciences. Finally, 8 Gemini surfactants that activity significantly affected membrane
parameters were selected and labeled as promising ones and recommended for further experimental
confirmation. Taking into account the results from that work, the first hypothesis, The antimicrobial
activity of amphiphilic particles is possible to evaluate using physical and numerical approaches, was

re-confirmed.
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In the further study, referred in Section|[§] the complexity of bacterial numerical models was examined.
The main message from that work assumed that great emphasis should be placed on the correct reflection
of experimental or real models since it matters significantly. In theoretical modeling simplifications often
occurs however, it has to be highlighted that it may result in suppressed or elusive biological phenomena.
Considering delivered findings from that work, the third hypothesis, The composition and complexity of
the bacteria membrane numerical model play a significant role in the accurate reflection of biological
and biophysical phenomena, was confirmed.

In the last work, referred in Section[9] the assessment of antimicrobial effectiveness issue was raised.
The most important outcome from that work is Diptool release, a novel and original software for rapid
evaluation of the antimicrobial Gemini agents on lipid membranes and potential candidate selection.
Implementation of significant structural parameters of Gemini agents resulted in software convergence
with MD, since substantial similarities in trajectories, as well as free energy profiles, were found. The
greatest advantage of the software is its speed, which can provide results comparable to all-atom MD
simulations in a matter of minutes. It is well suited for screening large databases in search of prominent
molecules (manuscript in preparation: data not yet published, neither included in dissertation). Taking
into account the results from that work, the first, The antimicrobial activity of amphiphilic particles is
possible to evaluate using physical and numerical approaches, and the fourth hypothesis, Employing
structural molecular parameters of Gemini agents it is possible to assess their behavior and activity on
physical models of membranes, were confirmed.

To sum up, all provided hypotheses were confirmed in the course of achieving the main aim. The
numerical simulations and computational approaches play an important role in antimicrobial-resistance
assays. They can deliver a molecular insight into the interaction types or induced disorders. Moreover,
they often set the paths for experiments to follow by delivering atomistic evidence, and this dissertation

proves that.



Chapter 5

Streszczenie w j.polskim

Szerzacy sig problem antybiotykooporno$ci bakterii wymusza zastosowanie wielu podejs¢ interdyscy-
plinarnych. Przyktadem takiego podejscia moze by¢ sprowadzenie go do postaci odpowiednich oddzi-
alywan. Gtéwnym celem tej rozprawy stalo si¢ opracowanie fizycznych i numerycznych modeli bton
biologicznych, aby umozliwi¢ oceng¢ aktywnosci przeciwdrobnoustrojowej czasteczek o strukturze Gemini.
W niniejszej pracy polaczono podejscia w gtéwnej mierze z fizyki oraz chemii i biologii celem stworzenia
probabilistycznych oraz numerycznych modeli bton bakteryjnych pozwalajacych na oceng wptywu
zwiazkéw powierzchniowo czynnych na fizykochemiczne i termodynamiczne parametry blon. Jedna z
proponowanych koncepcji zaktada opis interakcji zwiazku z blong komérkowa poprzez oddziatywania
dipol-dipol w polu nie bedacym polem zachowawczym ze wzgledu na lepkos$¢ osrodka. Zastosowana
strategia sprowadzajaca problem do oddziatywan fizycznych ma na celu dostarczenie szerszej perspektywy
oraz wiedzy w nieréwnej walce z bakteriami opornymi na antybiotyki.

Szeroki wzrost opornoSci bakterii na Srodki przeciwdrobnoustrojowe zostat uznany w 2015r. przez
Swiatowa Organizacje Zdrowia za jeden z 10 najwiekszych globalnych zagrozefi dla zdrowia ludzkosci.
Jezeli do 2050 roku nie zostana odkryte nowe leki, miliony os6b beda ofiarami bakterii lekoopornych
kazdego roku. Szczegdlnie przyttaczajaca jest ciagta ekspansja tak zwanych superbakterii, takich jak Kleb-
siella pneumoniae, powodujaca szerokie spektrum infekcji i wykazujaca ciagte nabywanie opornosci na
leki nawet na te nazywane antybiotykami ostatniej szansy. Przyczyn uodparniania si¢ mikroorganizméow
jest wiele, m.in. ciagle mutacje, czyli modyfikacje materiatu genetycznego, nabywanie genéw odpornosci
od innych organizméw (transfer lateralny) czy nawet nieprawidlowo prowadzone antybiotykoterapie.
Czynnik ludzki réwniez silnie wyplywa na uodparnianie si¢ bakterii poprzez czg¢ste naduzywanie antybio-
tykow, przyjmowanie zbyt matych dawek Iub zbyt krétki czas trwania antybiotykoterapii. Z biegiem czasu
bakterie uciekaja przed zabdjczym dzialaniem antybiotykéw, wyksztatcajac swdj wlasny mechanizm
adaptacyjny. Obiecujacym podejsciem do rozwigzania tego problemu jest skupienie si¢ na substancjach
antyseptycznych, ktére nie maja dobrze zdefiniowanego celu molekularnego w komérkach bakteryjnych.
Doniesiono, ze niektére z nich sa Srodkami selektywnie atakujacymi btony komérkowe poprzez oddziaty-
wanie wywotujace jej destrukcje na drodze emulsyfikacji. Na rynku dostepnych jest kilka powszechnie
stosowanych §rodkéw przeciwdrobnoustrojowych z rodziny kationowych §rodkéw powierzchniowo czyn-
nych (surfaktantéw Gemini). Jednymi z najbardziej znanych sg oktenidyna (OCT) oraz chlorheksydyna
(CHX), ktoére skutecznie zwalczaja bakterie Gram-dodatnie oraz Gram-ujemne. Dodatkowo kazdego roku
syntezowane sa nowe zwiazki o podwdjnej (lustrzanej) strukturze Gemini, ktére wykazuja potencjalne

dziatanie antybakteryjne. Ze wzgledu na rézne protokoly stosowane przez grupy badawcze przy ocenie
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skutecznosci antybakteryjnej danych zwiazkéw, problematyczne staje si¢ poréwnanie wprost ich efek-
tywnosci, czy wybranie potencjalnych prekursor6w mogacych w przysztosci zastapi¢ obecnie uzywane
antybiotyki.

W ramach pracy dostarczono wglad w molekularne oddziatywania OCT oraz CHX na btony ujemnie
natadowane (np. bakteryjne) oraz neutralne (np. eukariontéw). Wykorzystanie modeli biofizycznych
wspartych metodami numerycznymi oraz eksperymentami pozwolito na okreslenie preferencyjnego
miejsca lokowania si¢ zwiazkéw, tworzonych przez nich agregatéw, destrukcyjnego dziatania na btony,
czy oceng zmian parametréw mechanicznych blon pod wpltywem dziatania analizowanych czasteczek.
Przeprowadzona analiza pozwolita zaproponowa¢ nowatorski mechanizm selektywnego oddziatywania
zwiazkéw antybakteryjnych - zwlaszcza OCT, oparty o réznice emergentnych wlasnosci mechanicznych
bton bakteryjnych i zwierzgcych.

W dalszym etapie badan poszukiwano innych zwiazkéw o budowie Gemini, ktére wykazuja silne
dziatanie antybakteryjne. Poprzez stosowanie réznych protokotéw oraz szczepédw bakteryjnych przy
okreslaniu aktywnosci biobdjczej surfaktantéw, niemozliwym stato si¢ poréwnanie ich efektywnosci. W
zwiazku z tym utworzono bazg ponad 250 czasteczek Gemini o potencjalnym dziataniu bakteriobdjczym,
w ktérej czasteczki zaklasyfikowano do odpowiednich grup uwzgledniajac ich strukturg. Wykonane
obliczenia kwantowe pozwolily na zoptymalizowanie pdl sitowych (ang. force fields) wszystkich ze-
branych molekut. Stosujac ujednolicony protokét oraz symulacje dynamiki molekularnej przetestowano
wplyw 25 zwiazkéw o potencjalnym dziataniu bakteriobdjczym na tréjkomponentowych modelach bton
bakteryjnych. Analiza parametréw biofizycznych i mechanicznych bton pozwolita na wybranie 8 najlepie;j
rokujacych prekursoréw o mozliwym najsilniejszym dziataniu przeciwbakteryjnym.

W podejsciach teoretycznych i badaniach obliczeniowych czgsto pojawiaja si¢ pytania dotyczace
doktadnosci i rzetelnoSci prezentowanych modeli struktur biologicznych. Modele moga znacznie odbiegac
od rzeczywistych lub od eksperymentalnych analogéw, co moze skutkowa¢ nieprecyzyjnymi wnioskami.
W zwigzku z tym ramach kolejnych prac badawczych zaproponowano kompleksowy model numeryczny
odzwierciedlajacy szczegblowa (wielokomponentowa) strukture lipidowa bakterii Escherichia coli oraz
oceniono czy jego ztozono$¢ moze istotnie wptywaé na wnioski ptynace z analiz numerycznych takiego
modelu. Doglebna analiza parametréw strukturalnych, dynamicznych oraz wlasno$ci mechanicznych
wykazata, ze ztozono$¢ i sktad modelu btony bakteryjnej ma kluczowe znaczenie i nie moze by¢ przy-
blizane przez dowolne, ujemnie naladowane lipidy. Potencjalny brak ztozonosci obecnych modeli
numerycznych bton bakteryjnych bez watpienia wptywa na zasadnicze Zrédta interakcji, przez co niektdre
zjawiska biologiczne moga pozosta¢ nieuchwytne lub sttumione.

Swiadomos¢ ograniczen metod eksperymentalnych oraz ugruntowanych metod numerycznych stata
si¢ inspiracja do stworzenia dedykowanej metodologii oraz autorskiego narzg¢dzia symulacyjnego do
szybkiej oceny potencjatu antybakteryjnego surfaktantéw Gemini. Symulacje dynamiki molekularnej
pozwalaja na ocen¢ zachowania zwiazku wzgledem btony oraz potencjalnego oddziatywania struktur.
Metody szacowania energii swobodnej uktadu w precyzyjny sposéb pozwalaja na okreslenie zachowania
czasteczek antybakteryjnych w kontakcie z btona, w tym zlokalizowanie barier energetycznych czy oceng
preferowanej lokacji molekuly w btonie. Stworzenie doktadnego profilu energetycznego czasteczki typu
Gemini w kontakcie z membrang jest procesem do§¢ wymagajacym obliczeniowo oraz czasochtonnym.
Uproszczenie schematu oddziatywar i ograniczenie redundantnych parametréw pozwolito na stworzenie
autorskiego narzgdzia Diptool do szybkiej analizy czasteczek o potencjalnym dziataniu antybakteryjnym.
Diptool zostat oparty w gtéwnej mierze na oddziatywaniach dipolowych lipidéw oraz zwiazkéw anty-
bakteryjnych, a za catkowanie réwnan ruchu odpowiada zmodyfikowany algorytm Verleta. Korzystajac

z zalezno$ci struktura-funkcja (ang. quantitive structure-activity relationship) stworzono wzorzec is-
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totnych statystycznie parametréw czasteczek Gemini wptywajacych na ich aktywnos¢ czyli skuteczne
dziatanie przeciwbakteryjne. Stworzenie probabilistycznego modelu bton biologicznych oraz implemen-
tacja wybranych parametréw w narzedziu Diptool pozwolita w szybki sposéb uzyskaé¢ odpowiedz na
wystarczajaco doktadnym poziomie czy czasteczka penetruje blong oraz jak wyglada rozklad energii
swobodnej w procesie translokacji czasteczki w poprzek btony. W efekcie koficowym pozwala to wprost
oszacowac jej potencjal antybakteryjny. Narzedzie zostato zwalidowane z uzyciem metody Adaptive
Biasing Force znanej z dynamiki molekularnej. Najwigksza zaleta narzgdzia jest jego szybkos¢ dziatania,
ktéra pozwala w ciagu kilku minut otrzymac¢ wyniki poréwnywalne z petno-atomowymi symulacjami
dynamiki molekularne;j.

Podsumowujac, w ramach pracy doktorskiej zaproponowano mechanizm selektywnego dziatania
zwiazk6éw antybakteryjnych - OCT oraz CHX stosowanych na szeroka skalg. Nastgpnie stworzono baze
czasteczek Gemini i zaproponowano ujednolicony numeryczny protokét badania zwiazkéw o charakterze
bakteriobdjczym. Dalej, zaproponowano ulepszony i kompleksowy model bakterii E. coli do zastosowan
numerycznych. Na koniec stworzono autorskie narzgdzie bazujace na zjawiskach fizycznych w uktadach
biologicznych do analizy potencjatu antybakteryjnego czasteczek o strukturze Gemini. Rdzeniem pracy
doktorskiej sa cztery publikacje naukowe, w ktérych powyzsze osiagnigcia zostaly opisane, uwzgledniajac

metodyke, etap wdrazania oraz weryfikacje zatozen.
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ABSTRACT The increasing problem of antibiotic resistance in bacteria requires the development of new antimicrobial candi-
dates. There are several well-known substances with commercial use, but their molecular mode of action is not fully understood.
In this work, we focus on two commonly used antimicrobial agents from the detergent family—octenidine dichloride (OCT) and
chlorhexidine digluconate (CHX). Both of them are reported to be agents selectively attacking the cell membrane through inter-
action inducing membrane disruption by emulsification. They are believed to present electrostatic selectivity toward charged
lipids. In this study, we tested this hypothesis and revised previously proposed molecular mechanisms of action. Employing
a variety of techniques such as molecular dynamics, ¢ potential with dynamic light scattering, vesicle fluctuation spectroscopy,
carboxyfluorescein leakage measurement, and fluorescence trimethylammonium-diphenylhexatriene- and diphenylhexatriene-
based studies for determination of OCT and CHX membrane location, we performed experimental studies using two model
membrane systems—zwitterionic PC and negatively charged PG (18:1/18:1):PC (16:0/18:1) 3.7, respectively. These studies
were extended by molecular dynamics simulations performed on a three-component bacterial membrane model system to
further test interactions with another negatively charged lipid, cardiolipin. In summary, our study demonstrated that detergent
selectivity is far more complicated than supposed simple electrostatic interactions. Although OCT does disrupt the membrane,
our results suggest that its primary selectivity was more linked to mechanical properties of the membrane. On the other hand,
CHX did not disrupt membranes as a primary activity, nor did it show any sign of electrostatic selectivity toward negatively
charged membranes at any stage of interactions, which suggests membrane disruption by influencing more discrete membrane
properties.

SIGNIFICANCE The common abuse of antibiotics caused bacteria to develop effective drug resistance over the years.
The World Health Organization states that it is one of the biggest threats nowadays. An approach to address this problem is
to focus on antiseptic substances that do not have a well-defined molecular target in bacterial cells. As a result, the
development of resistance is reduced or even prevented. However, although the substances are commonly used, the
knowledge of their mechanism and behavior is limited. Hence, there is a need for more study of these compounds to enable
further development. In this work, we employed advanced experimental and computational methods to study the
mechanism and selectivity of two commonly used antiseptics, octenidine and chlorhexidine.

INTRODUCTION otics, through genetic adaptation bacteria have developed
effective drug resistance (1), and the forecast is not opti-
mistic. The World Health Organization states that it is one
of the biggest threats to global health, food security, and
development nowadays (2). Millions more people will start
dying every year unless new antimicrobial substances are

The rapidly spreading antibiotic resistance of bacteria has
been recognized as a potentially catastrophic threat over
the next few years. Because of the common abuse of antibi-
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antibiotic therapies, and overuse of antibiotics in animal
production (3). As a result, substances previously known
to save lives will not fulfill their function. A well-known
example is the story of penicillin and $-lactam antibiotic
resistance (4). One approach to address this problem is to
focus on antiseptic substances with a broad spectrum of ac-
tivity. Such substances do not have a well-defined molecular
target in bacterial cells. Interaction with different cellular
structures simultaneously makes it harder to develop resis-
tance based on suitable mutations in genetic material. A
further advantage is the potential for local application
with higher concentration, directly on the skin, mucous
membranes, or wounds (5). Another approach is the use of
agents with understood and designed molecular selectivity
toward the most slowly evolving bacterial structures such
as their lipid membrane. Numerous widely used antiseptics
belong to the cationic surfactants class. Two of them—
chlorhexidine digluconate (CHX) and octenidine dihydro-
chloride (OCT)—are known for their broad-spectrum activ-
ity with a not completely understood molecular mode of
action. They are commonly used in various antimicrobial
products available on the market, such as Octenisept
(Schiilke & Mayr, Germany) or Eludril (Pierre Fabre,
French), for skin and oral applications (6).

Octenidine dihydrochloride is an antiseptic agent origi-
nally described in the 1980s. It is a cationic surfactant that
belongs to the bispyridine class (7). Its structure consists
of two noninteracting cationic rings separated by a hydro-
carbon chain. It exhibits activity against both Gram-positive
and Gram-negative bacteria (7,8). A concentration of octe-
nidine less than 1.5 uM (0.94 ug/mL) was reported to
decrease the population of tested organisms by more than
99% within 15 min of application (9). It differs from other
well-known compounds such as quaternary ammonium
compounds because of the lack of an amide and ester
component within the structure. As a result, OCT toxicity
is lower, and a common quaternary ammonium compound
toxic metabolite known as 4-nitroaniline cannot be formed
during structural changes (7). OCT is stable over the whole
pH range 1.6-12.2, which is particularly important consid-
ering varying conditions of healing wounds (10). The
wide use of OCT as an antiseptic agent and a number of
research articles indicate the incapability of microorganisms
to adapt to the presence of this molecule (11). However, the
exact mechanism of octenidine action is not well under-
stood. Kodevova et al. noted that OCT creates nontoxic
complexes at the site of action (12) It was also indicated
that there is strong binding to the negatively charged ele-
ments of the yeast cell membrane, leading to disintegration
of the cell membrane. When the negatively charged mem-
brane was used as a model and incubated with 3 uM OCT
solution, a significant part of it was destroyed after 3 min
(12). Selectivity of action was also reported. Recently, a
different mode of action was proposed (13). Specifically,
because of electrostatic interactions, OCT immediately at-

Unraveling OCT and CHX mode of action

taches to the outer membrane, leading to neutralization of
the bacterial surface charge. This is followed by OCT hy-
drocarbon interfering with fatty acyl chains in the outer
membrane and inducing strong disorder, disturbing integ-
rity, and causing depolarization and loss of packing order.
The literature does not indicate any negative impact of
this agent on human epithelial cells or the healing process.
Both Brill et al. and Hubner et al. suggested strong adhesion
of OCT to bacterial cell membrane components (e.g., cardi-
olipin) (14,15). It may suggest a selective mechanism of ac-
tion, as no toxic effect was observed in human epithelial
cells. Assadian suggested that the mechanism of OCT is
based on interactions with glycerol phosphates present in
the microorganism membrane and the enzymatic system,
which results in cytoplasmic leakage and cell death (7).
Based on available literature, the presumed mode of action
is not associated with a specific metabolic pathway or target
protein but acts more comprehensively. Most of the
currently suggested mechanisms of action involve attack
on cell or lipid membrane with electric charge dependency.
Also, some works mention the possible occurrence of resis-
tance to OCT (16-18). A significant change in shape, and
possible change in membrane composition, was observed
to counter the antimicrobial effect of OCT, which may
be considered as the first steps in the development of
an OCT resistance mechanism. Dopcea et al. reported
that OCT exposure resulted in an increased minimal inhibi-
tory concentration (MIC) in Staphylococcus aureus and
S. epidermidis strains (17). In the same study, they reported
that the minimal bactericidal concentration, which is the
lowest concentration of an antibacterial agent required to
kill a bacterium, had increased significantly in a clinical
isolate of S. aureus (17). In another approach, Shepherd
et al. exposed Pseudomonas aeruginosa strains to increased
concentrations of OCT (18). Their results demonstrate that
P. aeruginosa can resist great doses of in-use OCT formula-
tions, and furthermore, it can adapt to OCT in a clinical
setup, leading to increased OCT tolerance.

The second substance, chlorhexidine, is an antiseptic
agent originally described in the 1950s. It is a divalent,
cationic biguanidine that exists in three forms: gluconate,
acetate, and hydrochloride salt (19). Its net charge is zero,
but in solution it dissociates and becomes positively
charged. It is most commonly used in concentrations of
0.5-4.0% in the form of gluconate. This compound has a
wide spectrum of action against Gram-positive bacteria,
but worse (20 times lower MIC value) results are
achieved with Gram-negative bacteria (20-22) such as
P. aeruginosa and Providencia stuartii. Some groups report
solving this issue by using chelators. The antimicrobial
properties of chlorhexidine have remained strong over the
years, which suggests limited resistance development by
bacteria (23,24). Any observed changes of MIC in the pre-
vious century were believed to be caused by composition
modification of used model membranes but not increasing
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bacteria resistance (23,25). However, Horner et al. draw
attention to the increasing number of reports on the reduc-
tion in microbial susceptibility to CHX (19). Recently, Co-
pin et al. reported that the spread of community-associated
methicillin-resistant S. aureus was caused by the acquisition
of resistance genes to chlorhexidine agents (26). Also note-
worthy are reports collected by Cieplik et al. indicating the
presence of CHX resistance at the genetic level in P. stutzeri
and in different staphylococci (27). The authors also empha-
size the need to standardize the concept of resistance in the
context of CHX because the research was conducted mainly
on Gram-negative bacteria (19). Nevertheless, a few studies
investigating the effect of chlorhexidine on Gram-positive
bacteria have been conducted. For instance, Cheung et al.
concluded that Bacillus subtilis is more susceptible to
CHX action because more proteins were lost from those
cells compared with Escherichia coli cells (28). The mech-
anism of action remains unclear, despite several studies be-
ing carried out. Chawner et al. suggested that the
mechanism of antimicrobial action of CHX is related to bi-
guanidine structure. In detail, the biguanide group exhibits a
strong association with exposed anionic centers on the
membrane and negatively charged extracellular matrix’s
acid phospholipid groups and proteins (29,30). Binding of
biguanides to these structures may cause displacement of
bivalent Mg®"™ and Ca®" cations, bound to the cell bilayer,
which leads to leakage of potassium cations and protons
through the membrane. Therefore, CHX disrupts the os-
motic balance of the cell (31). Additionally, CHX hydropho-
bic regions are not dissolved in the membrane core. As a
result, a six-carbon chain linking (coupling) the rings in
CHX cannot be incorporated sufficiently in the bilayer.
Hence, CHX forms bridges between adjacent phosphate
groups of phospholipids and displaces the associated diva-
lent cation from the system (Mg>" and Ca®"). At lower con-
centrations, CHX causes membrane fluidity reduction and
dysfunction both in osmoregulation and in metabolic effi-
ciency of the membrane enzymes, causing leakage of potas-
sium ions and protons from the microbial cell, inhibition of
respiratory activity, and transport of dissolved substances
(27,32-35). At high concentrations, membrane transition
to the liquid crystal phase occurs, which is accompanied
by integrity loss and rapid, massive leakage from the cell
(29,30,36,37). Another suggestion was proposed by Bane-
rjee et al. in 2013 (38). They examined CHX adsorption
on the surface. It was determined that surface charge is
one of the most important factors in CHX antimicrobial
mechanism of action (38). These findings are consistent
with the work by Freitas et al., in which electrostatic effects
were emphasized and CHX had a reducing effect on the
interfacial tension (39). Costalonga et al. (40) observed
noticeable CHX activity in various dental surface models,
showing that intrinsic interactions of the drug with the hy-
drophobic part of the lipid membrane led to disruption of
the lipid organization at the interphase. Additionally, the
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secondary structure of the polypeptide model was changed
as a result of CHX action. Moreover, the described interac-
tions between lipid and protein moieties are believed to be
present in membranes and may have a specific implication
for understanding how antiseptics act on the bacterial mem-
brane (40). Based on the available literature, it can be
assumed that the effect of CHX is comprehensive. It not
only affects potassium ions, by disrupting osmotic balance,
but also interacts with lipid membranes by creating bridges
between lipid head molecules.

Despite numerous attempts to unravel the exact molecular
mechanism of action for both CHX and OCT, it remains too
comprehensive, unspecified, and elusive. However, as
mentioned in the Introduction, most of the literature data
partially suggest interactions with the membrane by electro-
static selectivity. Based on available knowledge, we have
focused on those two aspects. By combining experimental
and simulation methods, we attempt to verify the proposed
molecular mechanism of action and establish the model ac-
tion of membrane disintegration based on electrostatic inter-
actions. To enable us to test the electrostatic selectivity
hypothesis, we decided to mimic E. coli Gram-negative bac-
teria membrane rich in CL and PG lipids. Specifically, mem-
brane composition was selected based on the negative
charge of the outer surface of bacterial cells. Gram-negative
bacteria have a negative surface charge because of the pres-
ence of phospholipids and lipopolysaccharides (rich in
phosphate groups) in the outer membrane (41). We decided
to use a model membrane with a highly negative mean ¢ po-
tential (—60 mV), which consists of PG (18:1/18:1; DOPG)
and PC (16:0/18:1; POPC) in the 3:7 ratio, respectively. As a
model of a neutral membrane (with mean surface charge
equal to 0 mV), we used pure PC (16:0/18:1; POPC) mem-
brane. In our research, we combined molecular dynamics
simulations with various experimental approaches. The
experimental models of the membrane were additionally
enhanced with numerical simulations on bacteria
mimicking membrane (8:1.5:0.5 ratio PE (16:0/16:1 PY-
PE):PG (16:0/16:1 PYPG):CL (16:0.18:1/16:0.18:1
PVCL2), respectively) (42,43). We studied membrane struc-
ture and stability as a function of OCT and CHX concentra-
tion by determination of the { potential and dynamic
light scattering. The localization of the antimicrobial
compounds in the lipid membrane was investigated by fluo-
rescence studies with trimethylammonium-diphenylhexa-
triene (TMA-DPH) and DPH probes. These probes react
to changes occurring in the inner part of the bilayer at the
level of hydrophobic tails and hydrophilic heads. This
allowed us to determine the preferential location of accumu-
lation of the compounds in the lipid membrane. Mechanical
changes, specifically bending rigidity, as a function of OCT
and CHX concentration were measured using flicker-noise
spectroscopy. Finally, we investigated the leakage of car-
boxyfluorescein (CXF) encapsulated in the liposomes to
identify the potency of membrane-disrupting antibacterial



activity and selectivity of compounds. All these various as-
pects were verified using molecular dynamics simulations,
which allowed the analysis of the system at the atomic level,
as well as enabling us to overcome the limitations of the ex-
periments. The main aim of our research was to verify the
prevailing opinion that the interaction and antiseptic effect
of OCT and CHX result from the electrostatic interactions
of the molecules with negatively charged elements on the
outer surface of bacterial cells. In our study, we managed
to experimentally test the hypothesis of the electrostatic
selectivity of two investigated agents, OCT and CHX.
Through the use of molecular dynamics simulations, we
were able to independently verify this hypothesis and to pro-
pose alternative mode of action.

MATERIALS AND METHODS
Materials

POPC and DOPG lipid powders were purchased from Avanti Polar Lipids
(Alabaster, AL). Fluorescent dye Atto 488 DOPE was purchased from
ATTO-TECH (Siegen, Germany), and both TMA-DPH and DPH were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). Octenidine dihydro-
chloride was purchased from Ferak (Berlin, Germany). Digluconian
chlorhexidine was purchased from MP Biomedicals (Eschwege, Germany).
CXF was purchased from Merck (Kenilworth, NJ).

Large unilamellar vesicle preparation procedure

The large unilamellar vesicles were formed using the extrusion method.
Lipids were dissolved in chloroform and dried under a stream of argon, fol-
lowed by 12-h vacuum treatment to ensure complete organic solvent
removal. The resulting dry lipid film was hydrated with an aqueous solution
and vortexed to obtain a milky suspension. The obtained mixture was
extruded through polycarbonate filters with 100-nm pores (Whatman, Das-
sel, Germany). The quality of the liposomes was tested using the dynamic
light scattering technique (Zetasizer Nano ZS; Malvern, Malvern, UK).

Giant unilamellar vesicles preparation procedure:
electroformation

The modified method of model membrane formation for giant unilamellar
vesicles (GUVs) was used. Briefly, 10 uL of 1 mM POPC and fluorescent
probe mixture (1 m%) in chloroform was distributed equally along the plat-
inum electrodes and dried under reduced pressure for 1 h. The electrodes
were then submerged in aqueous nonconductive solution, and a square 1-
Hz AC electric field was applied for 2 h with increasing voltage up to
4 V in a custom polytetrafluoroethylene electroformation chamber (44).

Vesicle fluctuation spectroscopy

Thermally induced shape fluctuations of GUVs can be used to determine the
mechanical properties (bending rigidity). The series of images of GUVs were
recorded using fluorescence confocal microscopy. A Stellaris confocal mi-
croscope (Leica, Wetzlar, Germany) was equipped with an HC PL APO
86x/1.20 water immersion objective (Leica). 256 x 256 pixel images
were recorded with a hybrid (HyD; Leica) detector with pixel size ranging
from 0.088 to 0.136 um with video integration time ranging from 130 ms
up to 190 ms depending on the zoom magnitude. Samples were illuminated
with white laser set at 488 nm; emitted light was recorded from 500 up to
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600 nm. The series usually consisted of 1200 images. The two-dimensional
liposome images are transformed to the three-dimensional Helfrich model
using both the average-based and statistical approaches. Then, the radial po-
sition of the bilayer, extracted from images, is used to construct angular auto-
correlation curves. In the average-based approach, autocorrelation curves are
decomposed into Legendre polynomial series and are plotted as a function of
fluctuation mode so the bending rigidity coefficient can be determined. In the
statistical approach, autocorrelation curves are decomposed into Fourier se-
ries, and a frequency histogram of amplitudes for each mode of fluctuation is
calculated. The histogram is then used for determination of the bending rigid-
ity coefficient as described in detail elsewhere (45). The radii of investigated
vesicles ranged from 3.3 up to 12.8 um. Selected videos of vesicles treated
with investigated agents are presented in the Supporting material (Videos
S1 and S2, POPC and POPC/DOPG vesicles; Videos S3 and S4, POPC
and POPC/DOPG vesicles treated with 0.1 OCT/LIP.; Videos S5 and S6,
POPC and POPC/DOPG vesicles with 0.1 CHX/LIP.).

¢-potential determination and dynamic light
scattering

{-potential and dynamic light scattering measurements were performed on
1 mM liposomes. Measurements were performed in 10 mM NaCl solution.
Liposomes were titrated with 1.5 mM octenidine solution in the same
buffer. Measurements were performed using Zetasizer Nano ZS (Malvern).
Each sample was left for 15 min after adding a solution of octenidine to
obtain equilibrium in the sample. {-potential measurements were used for
partitioning coefficient determination using the established approach (46).
However, this approach can only be applied if a net charge of the particle
and the proportion and effective charge of the ionic phospholipids in the
vesicles are known and are not equal to 0. All performed experiments
were repeated three times unless specified differently in the particular
Materials and methods section.

CXF leakage measurement and sample
preparation

Encapsulation of CXF

60 mM pure POPC or a 3:7 ratio of DOPG/POPC liposomes, respectively,
with 50 mM CXF in buffer (100 mM KCl, 10 mM Tris, 10 mM MES (2-(N-
morpholino)ethanesulfonic acid) (pH 7.0)) were prepared. Solutions were
extruded by 100-nm filters (Whatman, Dassel, Germany). The polydisper-
sity of the population was checked and did not exceed 10%. Liposomes
were purified by the dialysis method, based on Micro Float-A-Lyzer dial-
ysis membranes (Sigma-Aldrich) with the threshold ~50 kDa. Lipid con-
centration was determined using ammonium ferrothiocyanate
colorimetric method to assess the loss after ultrafiltration. The final lipid
concentration was equal to 20 mM. Kinetics of release of CXF was
measured with a Horiba Fluoromax 4 spectrofluorometer (A.x 492 nm,
slit, 1 nm; Ae, 517 nm, slit, 1 nm; Horiba, Piscataway, NJ) for ~700 s
with a time step of 1 s. 4 uL of liposome solution was added to 3 mL buffer
in measuring cuvette. This corresponds to 27 uM final lipid concentration
during the measurement.

Kinetics of CXF leakage

Kinetics lasted for 700 s with a time step of 1 s. For each measurement, the
intensity of the reference detector was recorded to include light source fluc-
tuation corrections. This correction has already been applied in the results
below. The solution was injected with a Hamilton syringe to the bottom. A
magnetic stirrer was present in the measuring cuvette to enable equal dis-
tribution of agents. After ~100 s of signal recording, octenidine or chlor-
hexidine solution was added to obtain the appropriate ratio of tested
particles and lipids. After 500 s of signal recording, 15 uL of 5% solution

Biophysical Journal 120, 3392-3408, August 17, 2021 3395



Rzycki et al.

of Triton-X100 was added (as a positive control), leading to complete mi-
cellization of the membrane and release of all CXF into the solution.

Localization study using TMA-DPH and DPH
fluorescent probes

To investigate the incorporation of agents into membranes, the DPH and
TMA-DPH fluorescence probes were selected. Liposomes were prepared
with a probe concentration of 0.5 mol%. The concentration of all investi-
gated lipid vesicles was equal to 1 mM in 10 mM NaCl solution. Either
OCT or CHX was added to the liposomes and followed with incubation
for 1 h to obtain equilibration. The measurement was made using the Spec-
troFluoromax 4 spectrofluorometer (Horiba). The excitation wave Aex was
equal to 350 nm, and emission was in the range of Aem 360-520 nm. Both
slits were 2 nm wide.

Quantum mechanics

Quantum level calculations were performed using the Gaussian 2016 soft-
ware package (47). The equilibrium geometry of OCT and CHX molecules
was calculated at the HF/6-311+-g level of theory. The solvent effect was
taken into consideration using the integral equation formalism of the polar-
izable continuum model IEFPCM. Supplementary analysis based on the
construction of the Hessian matrix (the matrix of second derivatives of
the energy with respect to geometry) was also performed for further use
in the force field parameterization for further molecular dynamics (MD)
study. The specific geometric and electronic data such as bond lengths, an-
gles, dihedrals, and charge distribution were extracted from a Hessian ma-
trix. Those parameters are crucial for the construction of the force field used
in MD simulations, as described below. The charge distribution was deter-
mined from the RESP charge calculations as being the most adapted to
reproduce the molecular behavior with the subsequently used CHARMM
force field. For logP determination, the octanol/water partitioning coeffi-
cient was calculated using SCIGRESS software (SCIGRESS, Molecular
modeling software, FQS Poland, ver. FJ-3.3.3).

MD simulations

Several MD systems were constructed for studying the antiseptic agent and
lipid membrane interactions and behavior. Three types of membrane sys-
tems were assembled in CHARMM-GUI (48) and investigated afterward:
neutral (NLM), pure PC (16:0/18:1; POPC); negatively charged (NegM),
3:7 PG (18:1/18:1; DOPG):PC (16:0/18:1; POPC) lipid ratio, respectively;
and bacteria mimicking (BacM), 8:1.5:0.5 PE (16:0/16:1; PYPE):PG (16:0/
16:1; PYPG):CL (16:0.18:1/16:0.18:1; PVCL2) lipid ratio, respectively.
Two different concentrations of antiseptic agents (OCT and CHX) were
investigated: lower 1:80 agent/lipid (80 lipid system) and higher 1:26
agent/lipid (182 lipid system). A snapshot of the system’s initial state is pre-
sented in Figs. S1 and S2. The lipid bilayers were solvated with 400 mM
NaCl solution including 100 water molecules per lipid. Such a high ion con-
centration was selected given the fact that both substances, OCT and CHX,
are antimicrobial agents and are often used on open wounds (blood) or in
the mouth (saliva). Both blood and saliva are known for their buffering
properties. Salt is present in much higher concentrations in the blood
than in our simulations, and yet an antimicrobial effect is still present. Addi-
tionally, we performed simulations without additional ions to evaluate their
impact on agent behavior. The TIP3P water model was employed. Finally,
self-assembly of lipid systems was investigated. Systems with pure PC
(16:0/18:1 POPC) lipid molecules (180 lipid particles) randomly distributed
in space with or without the presence of an additional agent (240 OCT or
CHX particles) were created. After brief minimization, they were hydrated
as previously described.
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MD simulations were performed using the GROMACS (version 2018.3)
package with the CHARMM36 force field. Every system was first mini-
mized using the steepest descent algorithm for energy minimization. Calcu-
lations were carried out in the NPT ensemble (constant number of particles,
pressure and temperature) using a Berendsen thermostat and barostat
including semi-isotropic coupling at T = 303.15 K and p = 1 bar. The initial
part of the NPT calculations was performed using the leap-frog integrator
with a 1-fs time step. Subsequently, for the further NPT ensemble at T =
303.15 K and p = 1 bar, a Nosé-Hoover thermostat and Parrinello-Rahman
barostat were applied. The second part of long-run production was carried
out for at least 400 ns using the leap-frog integrator. Chemical bonds be-
tween hydrogen and heavy atoms were constrained to their equilibrium
values using the LINCS algorithm, and long-range electrostatic forces
were evaluated using the particle mesh Ewald method, which allowed us
to employ an integration time step of 2 fs. Based on simulated pure mem-
branes, the action of antiseptic agents was investigated. Molecules were
placed on average 2 nm above the membrane leaflet. The same procedure
was employed for constructed lipid/agent systems. For visualization and
analysis purpose we used GROMACS tools, Visual Molecular Dynamics
(49), and Diffusion Coefficient Tool (50). Selected videos of numerical bi-
layers treated with investigated agents are presented in the Supporting ma-
terial (Videos S7 and S8, NLM and BacM with OCT; Videos S9 and S10,
NLM and NegM with CHX).

Statistics and data representation

To test for the significant difference between the parameters, the one-way
analysis of variance test was used with the significance level at 0.05. The
Tukey test was used as a post hoc test. All statistical analysis was performed
using the OriginPro 2015 (OriginLabs) software. Average values are pre-
sented with standard deviation.

RESULTS AND DISCUSSION
OCT
Location and behavior

The general behavior of the OCT-membrane interaction was
first assessed using MD. In control NLM, the OCT particle
(Fig. 1 A) reached the surface and anchored after 140 ns. In
BacM membrane (mimicking the bacterial one), the OCT
particle reached the surface faster, which was followed by
anchoring after 45 ns. The entire particle incorporation to
the negative membrane (NegM) lasted the longest—
220 ns. However, one acyl chain anchored after 120 ns, leav-
ing the second one and the spacer above, and it took almost
100 ns more for the second one to attach. After incorpora-
tion in the membrane, OCT took the shape of a staple, pene-
trating the monolayer with two acyl chain ends (as shown in
Fig. 1 B).

Clearly, the OCT interaction was strongest with the
BacM, as both reaching the surface and anchoring were
faster. Movement of incorporated particles in the lateral
plane of the membrane was observed after incorporation
in both membranes. Furthermore, in all simulated model
membranes, OCT particle penetrated the membrane deeply
inside, anchoring at the carbonyl-glycerol region. It is note-
worthy that on the BacM, the hydrogen atoms from the
agent’s acyl chain statistically penetrated the deepest,
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reaching 8.7 = 2.9 A level from bilayer center. In the case
of the NLM and NegM, the OCT reached the 9.8 + 2.9 and
9.9 + 2.8 A levels, respectively, from the bilayer center.
Only the NLM and NegM pair was not statistically distinct.
The detailed location of system components such as lipid
fragments or agent molecules has been presented in the par-
tial density charts in Figs. S3 and S4. The OCT particle
directed its acyl chains toward the membrane, leaving the
spacer above (as shown in Fig. 1 B). It could possibly be
due to the distribution of the OCT positive charges on
acyl chains. Almost all types of lipid membranes exposed
to OCT action showed slight differences in thickness and
area per lipid (APL) (see Table S1). A noticeable decrease
after OCT incorporation was observed in the majority of
cases. Only in the case of the PG lipid and the NegM system
was an increase observed. Furthermore, the incorporation
process did not differ between the NegM and NLM; hence,
interaction between the positive chains and negatively
charged heads of lipids could not be considered as a factor

influencing incorporation into the membrane when a single
OCT molecule was simulated in the system. Similar OCT
behavior was observed in systems without NaCl ions.
OCT is anchored to the bilayer in a staple shape in all sys-
tems. Interestingly, the staple shape was more extensive
compared to 400 mM NaCl systems and the process of
incorporation was much faster—35, 20, and 120 ns in the
NLM, BacM, and NegM, respectively. This was also fol-
lowed by a significant increase of OCT’s APL values
compared with systems with ions (see Table S2). Similar
incorporation was observed by Kholina et al. in PE-PG
membranes (51).

Afterward, the simulations with an increased number of
OCT particles were investigated to study aggregation
behavior. A stable aggregate was formed at the initial phase
of each of the systems. After several nanoseconds, it inter-
acted with the membrane. Snapshots are presented in
Fig. 1, C-E. In all of the investigated membrane systems,
OCT interaction with the lipid headgroups could be
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observed over ~300 ns. On the NLM, the aggregate
anchored inside the membrane purely by one tail, forming
a balloon shape that does not interact with lipids. OCTs
on the BacM behave differently; the aggregate settled
down and spread on the membrane surface, penetrating it
heavily with acyl tails. A hybrid model appeared in the
NegM system, in which at the initial state OCT particles
gathered together, forming a balloon-shaped aggregate
similar to that in the NLM system. It settled down on the
membrane surface and anchored inside the bilayer by two
tails afterward. The NegM exhibits comparable behavior
to the NLM, although the first molecule interaction with
membrane was clearly faster. To this end, we focused on
the incorporation of OCT into membrane systems. The pro-
vided phenomenon can be seen by comparing the thickness
parameter, which illustrates the growth of lipid surface area
in the BacM with greater agent concentration because of
higher surfactant penetration (see Table S1). It is noteworthy
that it is directly related to the change in the value of the area
per molecule (APM) because of the incorporation of OCT
aggregate. This indicates the level of interaction between
the OCT aggregate and the lipid bilayer. The occupied
OCT area in the BacM is equal to 50.1 = 3.2 A? and is
almost twice as large as in the NLM, where it is 27.5 *
6.1 A2, Additionally, the changes of APL, APM, and thick-
ness for all model systems are presented in Table S1.
Slightly different OCT dynamics were observed in the
0 mM NaCl NLM system. In this case, the agent formed a
balloon-shaped aggregate; however, it did not incorporate
into the bilayer. It stayed in the water phase, slipping on
the membrane surface (see Fig. S7). The OCT aggregate
completely ignored the membrane. Interestingly, when a
system with one anchored OCT in the membrane was em-
ployed, the rest of the OCT particles partially followed
that manner and incorporated into the membrane (see
Fig. S8). This suggests that high salt concentration in sol-
vent prevents OCT from self-aggregation and significantly
increases the affinity toward membranes. On both the
BacM and NegM, we did not observe substantial permuta-
tions such as in the NLM. OCT particles gathered and
settled down on the membrane surface, penetrating it with
a couple of acyl chains. Similar to before, on the BacM
OCT aggregate was more spread and flattened, whereas on
the NegM it was more soaring, in the shape of a balloon
with a couple of chains anchored. Here, we also noticed a
reduction trend in APM, especially in the NegM and
BacM systems (see Table S2). Additionally, the lateral diffu-
sion was calculated to check the possibility of OCT prefer-
ential interaction with a lipid type, as presented by Kholina
et al. (51). In this hypothesis, the radial distribution and
diffusion coefficient were used to estimate the level of the
propensity for interaction with antiseptics. Our results did
not show any strong affinity toward any type of lipid
molecule (see Table S3). Our results revealed also that
the presence of the agent directly affects the diffusion of
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all lipids in the system. This is similar to Kholina et al.’s
conclusions (51).

We used DPH and TMA-DPH fluorescence probes to
experimentally confirm the location of OCT molecules
in membranes obtained from MD studies. The location
of OCTs in the membrane after incorporation is in the hy-
drophobic core, close to the heads of hydrophilic lipid
membranes. Both of the selected probes are known to be
strongly affected by the influence of environment polarity
on fluorescent intensity. Therefore, the intensity of their
quantum fluorescence in water is significantly lower
compared to after localizing in the hydrophobic part of
the membrane (52,53). Both probes are also sensitive to
the spatial ordering of lipids. Specifically, the DPH
probe’s fluorescence is known to be a function of the
acyl-chain region of the lipid membrane (54), whereas
its modification, TMA-DPH, allows for determination of
the carbonyl-glycerol region (54-56). Fig. 1 F illustrates
fluorescence intensity changes at peak value for both
probes as a function of the OCT/Lipid ratio for both the
NLM and NegM. In both membranes, significant changes
were observed for the TMA-DPH probe, whereas no major
changes were observed in the case of the DPH probe.
Detailed fluorograms for both probes are presented in
Fig. S13. Such results suggest an accumulation of the
OCT molecules in carbonyl-glycerol, which corresponds
perfectly with our results from MD, in which preferential
surfactant localization took place in the upper layers of the
membrane. Such results could initially suggest a lack of
disturbances in the alkyl-chain region. Poojari et al. (57)
showed that DPH may not directly reflect information
about acyl-chain region packing when additional mole-
cules other than lipids are present. This is especially
crucial when the molecule is large and amphipathic (like
OCT). Furthermore, as suggested by Nazari et al. (58),
the detergent molecules mix poorly with the lipid ones, re-
sulting in segregation into detergent-rich clusters that
disrupt the membrane locally, whereas the rest of the
membrane with the majority of DPH is only a little
affected. Malanovic et al. (13) showed by x-ray scattering
on model membranes with PE that disruption in the hydro-
phobic region was observed. It is possible that OCT parti-
cles localized in the carbonyl-glycerol region are inducing
acyl-chain packing changes that do not influence the DPH
probe behavior. To this end, we performed analysis of or-
der parameter on MD systems (see Fig. S11) containing
PC and PE. We showed that differences in order parameter
after OCT incorporation into the membrane were observed
for PE lipids, but not for PC lipids, in the model mem-
brane systems investigated here. Therefore, we may
conclude that there is a high possibility of no direct inter-
action at the hydrophobic core level of the bilayer and
preferential accumulation occurs in the membrane surface
area in NegM and NLM membrane systems. In the case of
the BacM system, an indirect influence of OCT on the



acyl-chain region was observed that is supported by the
experimental results of Malanovic et al. (13).

{-potential measurements and partition coefficient

Subsequently, we decided to study membrane structure and
stability in function of OCT concentration by determination
of the { potential and dynamic light scattering and to eval-
uate the influence of membrane charge on interaction
strength as well. The results presented in Fig. 1 G indicate
a different, less rapid nature of the interaction between
OCT and the NegM compared with the NLM. Specifically,
the slope of the {-potential change was highest for the
neutral membrane (16 mV/m%) and slowly decreased
with an increase of DOPG in the membrane (7.5, 6.2, and
6.0 mV/m%, respectively). The average size of vesicles
determined using dynamic light scattering remained un-
changed (see Fig. S15). The {-potential changes are not
correlated with pH, which remains steady in various agent
concentrations (see Fig. S17).

The lipid/water partition coefficient determined from -
potential measurement (Fig. S18) was equal to 2.3 * 0.2
in charged membrane (1, 2, and 3% DOPG) systems (46).
Interestingly, this value is significantly smaller than the ob-
tained logP value using the SCIGRESS calculation tool,
where it was equal to 9.25. Such a difference highlights
the complicated nature of interaction between the OCT
and the membrane. Because membranes are much more
complex structures than the octanol used in logP determina-
tion, the difference between the partition coefficients is not
surprising. The magnitude of the difference can lead to the
conclusion that interactions between OCT molecules are
stronger than between OCT and membrane. This is also in
agreement with MD simulations and literature data (59),
as it has been reported that OCT tends to form aggregates
in water. Nonetheless, OCT directly affects the liposome
surface charge, leading to its continuous growth, suggesting
that more OCT is located in the membrane than in water.
However, that does not necessarily need to be the correct
conclusion, because the { potential is located above the
membrane and OCT particles tend to form aggregates above
the membrane surface. The initial electrostatic effect could
push OCT particles in the vicinity of the membrane,
although particles tend to form aggregates on the membrane
surface rather than incorporate into the membrane. This
view is additionally supported when the evolution of { po-
tential is taken into account in low concentrations of the
antimicrobial agent. In the case of the NLM, the difference
between 0 and 0.03 of OCT/LIP equals 63 mV, but with
increasing DOPG content it decreases to 19, 8, and 6 mV,
respectively. The initial conclusion suggests that the more
negatively charged the membrane is, the lower the ability
of OCT to incorporate into the membrane. However, it is
also possible that aggregation is stronger on the negatively
charged surface of the membrane, which increases its grain-
iness. As a result, vesicle topology is changed by incorpo-
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rated anchors, increasing its roughness and friction and
hence influencing the outcome of { measurement. More-
over, we assume that OCT forms aggregates preferentially
to minimize the entropy of the system. Because the { poten-
tial is located above the membrane interphase, it is possible
that, as stated previously, the less rapid character of {-poten-
tial change means equal or more OCT on the membrane (but
not necessarily in the membrane). It also could suggest a
very sophisticated antiseptic mechanism of selectivity that
is based on how the particle is incorporated into the mem-
brane. This could be related to interaction with negatively
charged lipid headgroups but also to membrane curvature
and/or other macroscopic properties. Interestingly, results
from TMA-DPH and DPH suggest that more rapid increase
of { potential in the NLMs is not due to OCT incorporation,
as for both the NegM and NLM, the incorporation in
carbonyl-glycerol is not significantly different. This
strengthens the conclusion that an increase in { potential
for membranes, especially the NegM, is related to the for-
mation of balloon aggregates rather than the rapid incorpo-
ration into the membrane of OCT in the first place—
especially because, regardless of the charge and the amount
of delivered OCT, we observe continuous linear changes in
the probe’s environment, which results in a decrease in fluo-
rescence intensity.

Destructive effect of agent and selectivity

Finally, we examined the effect of OCT on membranes in
terms of disruption of self-assembly. The idea of this simu-
lation is to investigate inverse emulsification of the lipid
molecules suspended randomly in water (see Fig. S12).
We performed membrane self-assembly studies in the pres-
ence of OCT particles. Provided that OCT is not interacting
with the membrane, the lipids should self-assemble without
any problems. In the case of randomly distributed PC lipids
without OCT, formation of a bilayer was observed after
60 ns with a 580 kcal/mol increase in van der Waal
(VdW) energy from the initial system to the self-assembled
one. Unlike the potential energy, VAW component does not
decrease over time when aggregation of components that
constitute a significant volume of the simulated particles
system occurs. It is expected that aggregation will induce
local crowding of particles. In the case of crowding, the
VdW energy component will increase to a certain value,
higher than the initial one. One can conclude that the elec-
trostatic energy component, being much more negative
than at the beginning of the simulation and lowering impor-
tantly over time, is the driving force of observed aggregation
phenomenon. The entropic changes in MD systems are
taken into account indirectly, which could be concluded as
the electrostatic driving force. However, in reality, it may
have its origins in hydrophobic forces driving the self-as-
sembly of molecules even at the cost of a higher VAW en-
ergy component. During the simulation, because of the
hydrophobic effect, lipids formed a bilayer, which is
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associated with the displacement of a significant amount of
water molecules from the core interior. However, in the case
of the system with OCT molecules, formation of a bilayer
did not occur. Evolution of the system is presented in
Fig. 2 A. Instead, a doughnut-like structure covered with
OCT was formed, which is presented in Fig. 2 B. The
VdW energy increase equaled 435 kcal/mol. This suggests
that OCT, as an agent influencing the self-assembly process
of the membrane, has a significant impact on its structure
and/or fluidity.

Furthermore, the destructive effect of the membrane was
investigated experimentally by observing the leakage of
CXF loaded inside the liposomes. CXF is a probe that has
a self-quenching effect in high concentration; therefore,
its fluorescence decreases with increasing concentration
(60,61). This makes it commonly used as a tracer agent.
Both the NLM and NegM systems were measured. The
change in relative fluorescence is presented in Fig. 2, C
and D. Increased volumes of OCT were added to the succes-
sive measurements, maintaining the same concentration of
liposomes to study the effect of higher surfactant dose on
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liposome damage. Based on the obtained results, there
was a noticeable tendency: the higher the dose of the
OCT, the higher the quantity of CXF released from the lipo-
somes. Doubling the initial dose 0.13 OCT/LIP resulted in a
doubling of acceleration of the leakage. The quickest
leakage observed for the 0.31 OCT/LIP ratio occurred after
~180 s. In the case of the NegM, the results are more var-
ied. As before, raising the dose resulted in a faster reaction,
but here the original 0.13 OCT/LIP dose caused a small
leakage of CXF. Doubling the dose allowed us to observe
much stronger fluorescence and lipid damage within
~200 s from the start of the test to micellization. The high-
est leakage is observed at the highest OCT quantity. The
presented results proved that the leakage on NLM was,
quantitatively, greater. Because the incorporation of OCT
in the membrane is a fast process, as shown with MD sim-
ulations, the initial process of CXF release should be related
to the disruption of the membrane by OCT incorporation.
Interestingly, the slopes were similar for both the NLM
and NegM lipid vesicles, which agrees with results from
simulations where the incorporation time was similar.



Statistical analysis of leakage data showed that the results
are significantly different. The post hoc test showed that
all are significantly different apart from both the NLM
and NegM liposomes treated with 0.31 OCT/LIP and 0.25
OCT/LIP and NegM liposomes treated with either 0.25
OCT/LIP or 0.19 OCT/LIP. These results suggest that the
disruptive effect is similar in both the NLM and NegM in
higher concentrations of OCT. Surprisingly, the release of
CXF, especially in lower concentrations of OCT, is quanti-
tatively greater in neutral membranes. This strongly sug-
gests that the disrupting effect of the OCT is not based on
electrostatic interactions purely, hence undermining the
possibility that the selectivity is based on electrical phe-
nomena. The results are apparently contradictory to leakage
experiments reported by Malanovic et al. (13), when PE/
PG, PE/PG/CL, and E. coli lipid extracts were used as
model membranes. For 0.13 OCT/LIP, both PE/PG and
PC/PG systems are in agreement (around 10% leakage).
Surprisingly, both E. coli total lipid extract and pure
POPC systems showed 80 and 70% leakage, respectively.
The difference occurs at higher (0.31) OCT/LIP, as in the
PE/PG system, only 20% leakage is observed but almost
90% leakage in PC/PG systems. However, PE is signifi-
cantly different lipid then PC when it comes to order param-
eter, resulting membrane curvature, and ability to assemble
into vesicular structures. Moreover, it was reported that the
mixing behavior of PC/PG and PE/PG differs. This could be
partially caused by different molecular shapes of PE and PC
as well as the hydrogen-bonding capacity of PE (62). Such a
contrast could result in various lipid packing, different over-
all physicochemical properties, and different interactions
with active molecules such as OCT. These changes could
explain the observed differences in leakage induced by
OCT between the PC/PG and PE/PG membrane model
systems.

To this end, we decided to investigate whether the effect is
based on mechanical disruption and selectivity. Firstly, we
determined whether the OCT molecule has an effect on me-
chanical properties of membranes in general. We established
bending rigidity changes of OCT incorporation in both the
NLM and NegM. Bending rigidity in the NLM system
increased after a small (up to 0.1 OCT/LIP) OCT addition.
However, it decreased when OCT concentration was around
0.3 OCT/LIP. This was likely caused by membrane integrity
loss. There was no statistical significance between 0.3 and
0.5 OCT/LIP. Such an effect was not observed in the case
of NegM vesicles, for which the decrease of bending rigidity
was observed even in the case of 0.1 OCT/LIP. However,
there was no statistical difference between 0.1 and 0.3
OCT/LIP concentration in the NegM, which could corre-
spond to the period of OCT incorporation when negative
charges are neutralized by OCT. Only in higher concentra-
tions (0.5 OCT/LIP) was the statistically significant decrease
of bending rigidity observed, in much higher concentrations
than in the NLM. Given results from leakage and { experi-
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ments, this could suggest that loss of integrity was observed
in higher concentrations in the NegM than in the NLM sys-
tem. Substantial error bars for bending rigidity measure-
ments could be due to inhomogeneous incorporation to
individual GUVs, as well as aggregation in the membrane.
The latter is confirmed by simulations. This is particularly
visible in the case of 0.1 OCT/LIP. Such a situation would
mean that bending rigidity value is a superposition between
the vesicles with and without OCT. Bending rigidity change
is presented in Fig. 2 E. It should be noted that OCT is
inducing defects on GUV membranes. It was recently shown
(63) that such defects may contribute to slight difference be-
tween determined and real membrane bending rigidity. As a
result, we considered an alternative mechanism of action of
OCT—specifically, that OCT initially influences membrane
reorganization (an increase of bending), which is followed
by mechanical disruption of the membrane if the OCT con-
centration is high enough (decrease of bending because of
membrane leakage). The lesser leakage observed in the
NegM corresponds well with the later decrease of bending
compared with the NLM system. This phenomenon could
be explained in two ways. Either more OCT concentration
is required to neutralize the negative charge of the membrane
before the OCT starts disruption or the NegM is much stiffer,
hence such an effect. As was shown by Faizi et al., mem-
branes with negatively charged lipids (such as PG) are stiffer
(64). Dependence of the { potential on the negative surface
charge was also investigated, which explains the somewhat
paradoxical results obtained from {-potential measurements.
The increased stiffness of the membrane makes it more resis-
tant to external forces, as similarly seen in the case of stiff-
ening by cholesterol (65). This supports our claim, as it
would suggest that negatively charged membranes are
much stiffer than neutral ones. Such results could also sug-
gest that a negative charge on the membrane slows down
the disruptive effect of OCT. Hence, our observation denies
previous literature data explaining the origin of OCT interac-
tions with lipids as a simple electrostatics phenomenon.
Additionally, a nondirect premise can be presented, which
strengthens this message. E. coli cells were reported to
change their membrane phenotype to be stiffer to survive
the effect of nanomechanical stress caused by ZnO nanorods
(66). This suggests that increasing stiffness could be a cell’s
survival mechanism against mechanical membrane attack. A
similar observation is, in a way, presented in our work, in
which leakage of the stiffer NegM membrane is inferior to
leakage observed in the NLM. To present it in order, the
initial effect of OCT, when incorporated into a membrane,
induces reorganization that changes its stiffness. For the
NLM, if OCT concentration reaches high enough threshold,
OCT nparticles or aggregates start to interact with each,
causing a progressive decrease of stiffness, which results
in much greater disruption of the membrane and resulted
in CXF leakage in our experiment. This is slightly different
in the NegM membrane because its native stiffness is higher.
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OCT incorporation decreases the stiffness initially, which is
followed by a longer period of stability before the disruption
of membranes occurs. As shown by the { results, aggregation
of OCT on the NegM surface is greater; the change is not
strong enough to cause the magnitude of the membrane
disruption that is observed in the NLM. As a result, quanti-
tatively more OCT particles are required to disrupt the mem-
brane, as additional decrease of the stiffness up to the point
of neutral membrane needs to occur and/or negative charge
on the membrane requires being balanced. This was
observed in the case of 0.25 OCT/LIP and 0.31 OCT/LIP,
when the stiffening effect of OCT was similar in both mem-
brane systems (as observed by the fluorescent ratio). On the
other hand, a leakage was observed in the OCT concentra-
tion region that corresponds to membrane neutralization.
Although this can be partially explained by inhomogeneous
incorporation of OCT, it also suggests that membrane’s me-
chanical property change is more prevalent than the {-poten-
tial change.

Summary

In the Introduction, we postulated that the OCT mechanism
of action may be based on strong adhesion to charged bac-
terial components of cell membranes and may be a basis for
their selectivity over epithelial cells. Such a mode of action
would result in cytoplasm leakage and ultimately cell death.
The presented research clearly demonstrates that OCT
selectivity nor mechanism is not based on the presence of
charged component. Both, leakage was weaker, and incor-
poration occurred later in the case of charged but stiffer
(NegM) membranes. Our results showed that the mecha-
nism of action and likely selectivity of OCT is based on
the mechanical property of the membrane, a high-level
emerging property appearing after membrane formation
and not existing for a single lipid. Even if cell biomechanics
in bacteria is poorly investigated, strong differences be-
tween mammalian and cells were shown (67). Recently, it
was reported that contrary to common conviction, the outer
membrane can be stiffer than the cell wall and that mechan-
ical loads are often balanced between these structures (68),
which shows that bacteria may be in greater mechanical bal-
ance than initially thought. These results are also in agree-
ment with Malanovic et al., who observed that leakage in
E. coli polar extract was greater than in PE/PG/CL model
membrane vesicles (13). It should be noted that those two
models differ mostly by acyl-chain length and double
bond presence, which strongly modify membrane mechani-
cal properties. Furthermore, mammalian cells are usually
stiffer than their lipid membrane models because of the
presence of extracellular matrix, which is considered an
important mechanical effector (69). The leakage experiment
showed that the negatively charged membranes, which are
stiffer, are less disruptive in the vicinity of OCT. MD studies
showed that depending on membrane composition (and
hence mechanics), different aggregate conformations are
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induced and changes in membrane packing are observed.
Combining results from MD and experiments, it could be
postulated that the OCT mechanism of action is based on
membrane disruption of the membrane.

CHX
Location and behavior

The same procedures as in the case of OCT section were fol-
lowed in the case of the CHX molecule. Three MD systems
were created with a low and high concentrations of CHX for
studying the antiseptic agent and lipid membrane interac-
tions and behavior. Snapshots of the initial configuration
of systems are presented in Fig. S2.

In the control NLM system, the CHX particle (see Fig. 3
A) reached the surface and anchored after 300 ns. In the
BacM, the CHX particle reached the surface and anchored
much faster, after 167 ns. In the NegM, the CHX particle
reached the surface and anchored after 175 ns. In all types
of membrane, after incorporation CHX took the shape of a
staple, penetrating the monolayer with two acyl chain
ends (as shown in Fig. 3 B), which is in strong agreement
with results presented by Komljenovi¢ et al. and van Oosten
et al. (70,71). Clearly, the CHX interaction with the mem-
brane was stronger with the BacM, as both reaching the sur-
face and anchoring were faster. However, on the NLM the
chlorine atoms from the agent’s acyl chain penetrated signif-
icantly deepest, reaching the level of 9.1 = 2.5 A from the
bilayer center. In the case of the BacM and NegM, the CHX
reached the levels of 10.3 = 2.7 and 9.4 = 3.3 :A, respec-
tively, from the bilayer center. The detailed location of sys-
tem components such as lipid fragments or agent molecules
is presented in the partial density chart in Figs. S5 and S6.
There was no significant difference in CHX behavior in
0 mM NaCl BacM and NegM systems besides much faster
incorporation to membrane: 35 and 80 ns in the BacM and
NegM, respectively. CHX anchored to the membrane and
settled down on the edge region of the interphase close to
the acyl chains. Interestingly, in the NLM we observed
reduced membrane-agent interactions (see Fig. S9). CHX
particles diffused above the membrane; the incorporation
did not occur. This phenomenon was induced by decreased
ion concentration. This suggests that mild ion shielding is
required for CHX incorporation to occur when the mem-
brane system is neutral.

In the case of aggregation studies, CHX molecules did not
form solid aggregates that would preferentially interact with
each other. Particles spread on both leaflets, penetrating
them individually and directing their charged chains toward
both membranes, leaving the spacer above as presented in
Fig. 3 C. The entire CHX molecule anchors below the phos-
phorus hydrophilic groups, on the edge of membrane inter-
phase and a hydrophobic region. Furthermore, CHX
behavior was observed approximately for 1 us, and
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molecules incorporated firmly into the membranes, gently
moving around without significantly modifying their posi-
tions. We did not see any significant changes in the mem-
brane composition or a destructive effect after CHX action
according to MD simulations, which is supported by previ-
ous studies (71,72). Furthermore, we did not observe sub-
stantial differences in CHX behavior in the 0 mM NaCl
BacM and NegM systems. Similarly, CHX did not form ag-
gregates but incorporated separately in a staple form. In the
NLM, despite almost 1 us simulation time, only partial
limited CHX-membrane interaction was observed. From
seven particles that were present in the system, only six
incorporated into the membrane (see Fig. S10). Concerning
the lower concentration of CHX in ion membranes, the
thickness parameter is greater only in the BacM compared
with the pure one, but all types of membranes exposed to
CHX showed increased APL (see Table S1), which is in
line with van Qosten et al.’s reports, accompanied by little
to no change in thickness (71). When analyzing particular
lipids, only slight fluctuations of APM are noticed. In no-
salt systems, similar behavior is observed. Changes in
lateral diffusion were observed after CHX incorporation.
Incorporation of a single CHX molecule in general de-

creases lateral diffusion. Surprisingly, the incorporation of
several CHX molecules resulted in an increased lateral
diffusion (even when compared to pure systems). More
detailed results are presented in Table S3. We cannot
conclude with any specific behavior toward either charged
and uncharged membranes or specific lipid type. Based on
the APL obtained from MD simulation with higher concen-
trations, it can be directly noted that the parameter increased
after CHX incorporation in almost all cases. The APM
change reached even 5.3 A? in the case of the BacM. Mar-
ginal fluctuations are followed in systems with counterions.
The evolution of both parameters is included in Tables S1
and S2.

Additionally, DPH and TMA-DPH fluorescence probes
were used to assess independently the location of CHX mol-
ecules in the membrane. Detailed fluorograms for both
probes are presented in Fig. S14. The fluorescence intensity
for both probes as a function of CHX concentration is pre-
sented in Fig. 3 D. Changes in the local environment of
the TMA-DPH probe were observed, whereas no major
changes were observed in the case of the DPH probe. These
results suggest an accumulation of CHX within the outer
membrane (interphase area) and no disturbances in the
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alkyl-chain area. These results were in agreement with per-
formed MD simulations. CHX did not localize at the level of
the hydrophobic layer of the membrane; its preferential
accumulation occurred in the edge region of interphase
close to the acyl-chain region. This is in line with the previ-
ous studies in which, using neutron diffraction, the study
CHX hexamethylene was detected near the hydrophobic-hy-
drophilic interface (70). The changes are not significantly
different for NegM liposomes. In both cases, saturation oc-
curs, which may suggest that there is a maximal available
space on the surface of the nanocarrier available for CHX.
These data are in agreement with the results obtained
from the {-potential charge measurements.

{-potential measurements and partition coefficient

In a similar manner as before, we decided to study mem-
brane structure and stability in the function of CHX concen-
tration by determination of the { potential and dynamic light
scattering and to evaluate the influence of membrane charge
on interaction strength as well. The results presented in
Fig. 3 E indicate a rapid nature of the interaction between
CHX and the NegM compared to the NLM. Specifically,
the slope of the {-potential change was highest for 1 and
2% DOPG and slightly decreased with 3% DOPG in the
membrane. The NegM liposomes were characterized
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by rapid saturation after the addition of CHX and the
determination of the equilibrium state at a level of
approximately +60 to +70 mV, which results directly
from the partition coefficient of these substances. LogP of
CHX was estimated as 5.48 using the SCIGRESS calcula-
tion tool. This indicates a high tendency of this substance
to be located in the outer part of the membrane. Because
the CHX net charge equals zero, experimental determina-
tion of water or membrane logP from {-potential measure-
ments was not performed. Electrostatic interactions
between the CHX molecule and the lipid phosphate groups
lead to accumulation of the latter on the surface. The less
rapid {-potential changes we observe in the NLM, as a
peak value of 60 mV was obtained in 0.3 CHX/LIP concen-
tration. The average size of vesicles determined using dy-
namic light scattering was slightly reduced in increasing
CHX concentration (see Fig. S16). We also determined
that the {-potential changes are not correlated with pH,
which remains steady in various agent concentrations (see
Fig. S17).

Destructive effect of agent and selectivity

To strengthen our message, we performed membrane self-
assembly studies in the presence of CHX (see Fig. 4 A).
In the case of randomly distributed PC lipids, formation of
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FIGURE 4 (A) Self-assembly MD simulation presenting interrupted membrane formation by OCT particles and (B) visualization of spherical membrane
after self-assembly accompanied by CHX particles. (C) CXF leakage from NLM after CHX addition at 100 s, (D) CXF leakage from NegM after CHX
addition at 100 s, and (E) bending rigidity analysis introduced by statistical approach; results obtained from vesicle fluctuation spectroscopy. To see this

figure in color, go online.
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the bilayer was observed after 60 ns with a 580 kcal/mol in-
crease in VAW energy. However, in the case of randomly
distributed lipids with CHX molecules (3:7 CHX/LIP), for-
mation of the bilayer did not occur. Spherical lipid struc-
tures covered with CHX were formed instead, which are
presented in Fig. 4 B. The VAW energy increase equaled
230 kcal/mol. This suggests that CHX influenced the self-
assembly process of the membrane. This also indicates
that CHX has an impact on membrane structure and/or
properties.

To this end, the leakage of CXF loaded inside the lipo-
somes induced by CHX was investigated. With the
increasing ratio of CHX/lipid particles, the release of CXF
was quantitively greater. However, the doses of CHX used
during the experiment were significantly higher than in
commercial products or physiological conditions. Interest-
ingly, in the case of the NLM, the leakage of CXF was grad-
ually increasing with time. In the case of the NegM, the
leakage was almost linear and hardly noticeable at all.
Despite significant doses, in both cases leakage was barely
observed. The kinetics for both membranes is presented in
Fig. 4, C and D. Because incorporation of CHX in mem-
brane is a fast process, as we proved in MD simulations,
the initial process of CXF release should be rapid, as it
would be related to the disruption of the membrane by
CHX incorporation. However, because of the quantities
used, it is unlikely that the CHX antimicrobial mechanism
of action is related to disruption of the membrane fluidity
and/or structure. Nevertheless, we assessed the effect of
CHX incorporation in the NLM and NegM on bending ri-
gidity value. CHX induced in lower concentrations (0.1
CHX/LIP) an increase in bending rigidity in POPC systems.
This was followed by a strong decrease for 0.3 CHX/LIP,
making the membrane much more elastic. Successive addi-
tion of CHX did not significantly influence membrane me-
chanical properties. In the case of NegM vesicles, the only
significant results were between 0/0.1 CHX/LIP and 0/0.3
CHX/LIP. Both 0.1/0.3 CHX/LIP and 0/0.5 CHX/LIP re-
sults were not significant. Such results suggest that after
the initial addition of CHX to the NegM system, the addi-
tional doses of CHX did not change the mechanical
behavior of the membrane. The lack of significance between
0/0.5 CHX/LIP can be easily explained by the presence of
membrane defects such as buds that were observed in higher
CHX concentrations. Such effects could contribute to
measuring higher values of bending rigidity (63). The
bending rigidity change is presented in Fig. 4 E. Moreover,
we employed an average-based approach for bending rigid-
ity determination presented in Fig. S19. It should be noted
that CHX induces an ellipsoidal shape on GUV membranes.
It was recently shown (63) that this could contribute to a
slight difference between determined and real membrane
bending rigidity. Interestingly, although the decrease of
bending rigidity was substantial in the case of the NLM, me-
chanical disruption of the membrane did not occur, as

Unraveling OCT and CHX mode of action

clearly seen in leakage experiments. The change of bending
rigidity was much lower in the case of the NegM system,
which corresponds well with the results from leakage exper-
iments, in which stronger leakage was observed in the NLM
system. Nevertheless, the observed leakage and changes in
bending rigidity are not magnitude enough to assume that
CHX is inducing the integrity loss based on mechanical
properties. Neither the results of any experiments nor those
of simulations indicated that there is any kind of electro-
static selectivity.

Summary

It was suggested by Epand et al. (43) that the possible anti-
microbial mechanism of membrane-targeting agents is
related to the disruption of membrane ability to spontane-
ously form microdomains. For instance, in E. coli, cardioli-
pin domains were observed under the microscope (73). With
a significant change of mechanical properties, lack of
vesicle leakage, and nonspecific changes in APL and lateral
diffusion, we assume that the antimicrobial effect of CHX is
related to changes in stiffness of the membrane, which can
result in disruption of microdomain formation and/or loss
of proteostasis for transmembrane proteins, which are
crucial for microbe survival (74). All investigated systems
were homogeneous (no domains); hence, possible effects
due to heterogeneity could not be observed.

CONCLUSIONS

In this study, we have made an attempt to unravel the mech-
anism and selectivity of antimicrobial candidates, octeni-
dine and chlorhexidine, in various lipid membrane
systems. In molecular dynamics studies, we selected three
types of lipid composition to represent neutral, negatively
charged, and bacterial membranes. Our results indicate
that a single molecule of both OCT and CHX is incorporated
into all membranes in the same staple shape. A difference
was observed with increasing concentration of compounds.
In reference to OCT, an aggregate was formed first, and
interaction with membrane was noted afterward. We also
observed several shapes of aggregates depending on the
lipid composition. The opposite tendency occurred in
CHX behavior. It penetrated the bilayers singly and did
not form aggregates, which is caused by the noticeably
smaller partition coefficient, logP. Moreover, we assume
that OCT forms aggregates preferentially to minimize the
entropy of the system. Observed results of APL, membrane
thickness, and lateral diffusion values indicated that both
compounds firmly interact with all types of membranes.
We determined by TMA-DPH and DPH fluorescent probes
that accumulation of the OCT and CHX molecules is located
in the carbonyl-glycerol region, which is in agreement with
our simulations. To observe preferential accumulation and
the particles’ influence on membrane surface charge, we
performed  {-potential measurements. Interestingly,
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interactions with the NLM were more rapid compared with
the NegM one based on {-potential kinetics. We suppose
that mutual repulsion of these compounds and their partition
coefficients saturate the surface charge and neutralize the
negative membrane charges; hence, the {-potential kinetics
for NegM are slower for OCT and CHX. The ¢ potential
emphasized the differences in interaction between CHX
and OCT with the NegM, despite the comparable localiza-
tion in membrane. To detect the destructive properties of
both molecules, we investigated self-assembly ability in
MD of lipids in the presence of antimicrobial agents and
CXF leakage from liposomes as an effect of agent presence.
In both cases, membrane self-assembly was affected. Spher-
ical structures were formed instead of a pure bilayer. The
damaging properties of molecules are also noticeable during
CXF leakage. However, they were less distinctive in the case
of CHX. The NLM’s exposure to OCT and CHX caused
more intensive leakage compared with the NegM. We also
investigated the effect of the investigated substances on
membrane mechanical properties. The bending coefficient
decreased significantly in both cases, making the membrane
much more elastic. The presented research indicates that
OCT shows a selective effect over membrane mechanical
properties. Bending and stiffness of membrane occurs as
an emerging property that could possibly serve as a means
of selectivity. By further inducing mechanical changes,
OCT would induce mechanical defects and loss of mem-
brane integrity. Such a mode of action would result in cyto-
plasm leakage and ultimately cell death. Taking into account
the change in mechanical properties, the effect of membrane
self-aggregation, and nonspecific changes in both APL and
lateral diffusion, we assume that the antimicrobial effect of
CHX is related to decreased stiffness of the membrane,
which can result in the disruption of microdomain formation
and/or loss of proteostasis. In the case of CHX, mechanical
changes did not induce considerable leakage of CXF from
the liposomes. As a result, we believe that the possible
CHX antimicrobial mechanism of membrane-targeting
agents is based on the impediment of the membrane’s ability
to spontaneously form microdomains.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.06.027.
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Abstract: The spreading of antibiotic-resistant bacteria strains is one of the most serious problem in
medicine to struggle nowadays. This triggered the development of alternative antimicrobial agents
in recent years. One of such group is Gemini surfactants which are massively synthesised in various
structural configurations to obtain the most effective antibacterial properties. Unfortunately, the
comparison of antimicrobial effectiveness among different types of Gemini agents is unfeasible since
various protocols for the determination of Minimum Inhibitory Concentration are used. In this
work, we proposed alternative, computational, approach for such comparison. We designed a
comprehensive database of 250 Gemini surfactants. Description of structure parameters, for instance
spacer type and length, are included in the database. We parametrised modelled molecules to
obtain force fields for the entire Gemini database. This was used to conduct in silico studies using
the molecular dynamics to investigate the incorporation of these agents into model E. coli inner
membrane system. We evaluated the effect of Gemini surfactants on structural, stress and mechanical
parameters of the membrane after the agent incorporation. This enabled us to select four most likely
membrane properties that could correspond to Gemini’s antimicrobial effect. Based on our results
we selected several types of Gemini spacers which could demonstrate a particularly strong effect on
the bacterial membranes.

Keywords: gemini; molecular dynamics; force field; parametrisation; antimicrobial; membranes

1. Introduction

Antimicrobial resistance against available antibiotics has been acknowledged as one
of the most serious problems in medicine nowadays. This resulted in a surge of new
research works related to the synthesis of novel compounds that could serve as a potential
modern-generation groups of antimicrobial particles. One of these groups are Gemini
surfactants (initially referred to as bis-surfactants), which are heavily reported for their
antimicrobial effect [1]. In recent years, Gemini surfactants have been heavily addressed
in the world of science. Over the past five years, more than 130 articles dealing with the
subject of Gemini surfactants have been published, among which researchers determined
the methods of synthesis of new compounds, their physicochemical properties and even
their potential use or application.

Gemini surfactants have unique structural properties. They consist of two amphiphilic
groups connected by a spacer at the head level, which can be both hydrophilic and hy-
drophobic [2,3]. They have at least two hydrophobic chains and two ionic or polar groups.
There is a great variety in their structure e.g., short and long methylene groups can be used
as a linker, stiff (stilbene), polar (polyether) and nonpolar (aliphatic) groups can be used
as a linker [2,3]. The ionic group can be positive (ammonium) or negative (phosphorus,
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sulfur, carboxylase), while the polar non-ionic groups can be polyether or sugar. Most
Gemini surfactants have a symmetrical structure with two identical polar groups and two
identical chains (but there are also Gemini that are asymmetrical or with three polar groups
or chains) [4]. A universal scheme of Gemini is presented in Figure 1.

olar/ionic ioni
polar/ spacer polar/ionic
group group
(CH3), r]v NH—(CH,)s——NH r]l“—(CHs)z
I |
4 (|:H2 H2C|: B\
(|::O T:O
NH hydrophobic NH
| chains |
C12H25 C12H25

Figure 1. General scheme of Gemini structure classification presented on QAS-type spacer Gemini
molecule.

A major part of synthesised Gemini surfactants has performed exquisite antibacterial
properties against both Gram-positive and Gram-negative bacteria [5-7]. The most common
antibacterial particles of this group are based on quaternary ammonium salts (QAS). Such
salts prevent the development of bacteria and fungi; therefore, they are used on a large
scale for cleaning, maintenance and disinfection. There were several attempts to evaluate
the effectiveness of antibacterial activity of Gemini surfactants. However, these are usually
limited to the compound structure—it is directly associated with the type and length of
spacer in the molecule and/or the length of hydrophobic chains [8-10]. Numerous scientists
proved that number of carbon atoms is correlated with the antimicrobial activity [11,12].
It has been established that a greater number of carbons in the molecule’s structure increases
its antibacterial activity, and the presence of 12 carbon atoms cause the greatest antibacterial
response. It was proposed that the shorter chains might not interact with the hydrophobic
region of the bilayer as smoothly and immediately as the longer ones [13]. However, very
long tails might curve and twist disqualifying the interactions with negatively charged
membrane surfaces by covering cationic head groups. Although it is believed that the
major element in the surfactant antimicrobial properties is connected to the hydrophobic
chain. It was confirmed that the head group type and structure are also essential factors of
biological activity as in the case of QAS molecules [14]. Moreover, Moran et al. revealed
that the structure of the hydrophilic core also plays an important role in antimicrobial
effects [15,16].

Nevertheless, as mentioned earlier, all works focus only on the structural differences
of Gemini surfactants. Furthermore, the conclusions are usually limited to one subgroup of
Gemini compounds, hence when analysed more globally, are often mutually contradictory.
The reported antimicrobial activity is based on minimum inhibitory concentration (MIC),
which strongly depends on the protocol used [17]. The studies reporting the interactions
and the effect of Gemini on membranes—with particular emphasis on their properties
and potential rupture—are scarce in the literature. There are only available few studies
on commercially available Gemini surfactants such as octenidine (OCT) [18-20]. This is
quite surprising as membrane destruction was emphasised as one of the potential targets
for antimicrobial effect [21,22]. To this end, in our work we have focused on systematic
theoretical studies of Gemini agents. Specifically, we have reviewed available literature and
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recreated the structure of the synthesised Gemini particle groups. This was followed by
the classification of molecules into subgroups and the parametrisation of the compounds
to create force fields for molecular dynamics studies. As a result, we obtained 250 valid
force fields of Gemini class surfactants. Finally, we have selected valid representatives
of the subgroups and investigated their interaction with lipid membranes. The selection
of representatives was partially determined by the conclusions of structural studies. We
ended with 25 selected particles used in molecular dynamics studies. The model mem-
brane system was based on the inner membrane of E. coli. In this work we report the
theoretical effect of Gemini class surfactants on properties and behaviour of the membrane.
Additionally, the incorporation and behaviour of the molecules were also assessed. Based
on our systematic characterisation of membrane system, we selected four parameters that
were strongly affected by Gemini agents’ incorporation. Those were: area compressibil-
ity, bending rigidity, lateral diffusion coefficient and surface tension. This selection of
impactful parameters allowed us to make a preliminary selection of Gemini molecules
groups that could show strong antimicrobial effect from those analysed. This work could
provide a means for more detailed studies of Gemini class surfactants and their interaction
with lipid membrane models. Such systematic computational analysis provides in silico
method to select, from the group of molecules, the ones that are most likely candidates for
antimicrobial compounds. It can result in decreasing the amount of expensive synthesis
work, which can restrain this type of studies. In a further perspective, it could help in
initial scanning of the molecules and facilitate comparison between different MIC studies
to determine valid candidates for next-generation antimicrobial substances.

2. Results and Discussion
2.1. Parametrisation

Variety of different Gemini type molecules are synthesised and characterised every
year in various literature reports. However, usually their antimicrobial effectiveness is
described by a single MIC experiment using various protocols and bacteria families, af-
ter which they are left forgotten. Perhaps the new antimicrobial agents, more effective
than currently available, have been already synthesised. Due to the shortcomings of the
MIC experiments and the inability of systematic comparison it could be impossible to
use them. Furthermore, these molecules have a specific biophysical effect on membranes,
although are rarely used in molecular dynamic studies due to the missing of an appropri-
ate parametrisation. To this end, we have collected the structures of synthesised Gemini
molecules from a significant number of recent literature reports [1,3,7,10,23-49]. Using
SCIGRESS software, these structures were designed and preliminarily optimised in the
water solvent. It was followed by their equilibration and determination of the Hessian
matrix was carried out using Gaussian software. Finally, data from both geometry and a
Hessian matrix were used for parametrisation of modelled particles and the force fields
creation. This approach was successfully used beforehand to create force fields for various
particles [18,50,51]. In Supporting Materials (SM) we have delivered the detailed base of
modelled 250 particles (see Microsoft Excel datasheet) with optimised force fields (see
included zip file). Force fields are ready-to-use in NAMD software however, a detailed
description on how to prepare them for GROMACS users was also included. Molecules
were divided into groups based on the origin of the spacer. Each molecule is characterised
by the molecular scheme, segment name, spacer formula, length of the spacer, length and
formula of chain components and the presence of organic salt. Additionally, based on
the modelled molecule structure, partition coefficient (logP) and critical micelle concen-
tration (CMC) were determined. Several molecules were presented as a preview in Table
1 while the total selection is included in Table S1. The theoretical value of logP could be
useful for molecule selection as it can indicate whether the molecule incorporates into the
membrane in the first place. On the other hand, CMC value may suggest the aggregation
behaviour of investigated agents. However, it should be noted that the algorithm is based
on phenomenological values hence CMC should be only considered as an approximation.
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Table 1. Representation of selected modelled molecules from detailed base included in Supporting Materials.
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2.2. Membrane Characterisation

As previously stated, Gemini molecules are well-known for their antimicrobial ac-
tivity. It was considered by Epand et al. [21] as well as shown in the OCT studies, that
this effect is related to membrane disruption [18]. The effect of those Gemini molecules
on the membrane properties was assessed to determine the properties that most likely
correspond to the antimicrobial effect. A number of molecules were selected to investigate
the effect of Gemini particles on membrane’s behaviour. Specifically, at least one molecule
from each group was selected. Since in several works [52-56] it was reported that strongest
antimicrobial effect was observed for Gemini agents with chain length equal to 12 carbon
atoms, such condition was adapted during molecule selection from the group. All of the
investigated molecules, except diGalactose (dGl), were incorporated into the membrane
during the simulation time. The dGI molecule fluctuated over the bilayer surface, maintain-
ing a 30 & 4 A distance from phosphorous atoms in lipid heads. The explanation of a lack
of incorporation for dGl most likely lies in the negative logP of the molecule. A detailed
location of system components such as lipid fragments or Gemini molecules has been
presented in the partial density chart in Figure S1-S5 in SM. Selected screenshots of the
systems with anchored molecules are presented in Figure 2. The membrane composition
was selected in such a way to most accurately reflect the inner membrane of E. coli [21,57].

Figure 2. Selected screenshots of the systems with incorporated molecules, (A) Ole, (B) tQS, (C) hQS.

Membrane with incorporated Gemini molecules was thoroughly analysed to deter-
mine its properties such as area per lipid, membrane thickness, interdigitation, penetration
depth, lateral diffusion, bending and tilt rigidities, area compressibility and surface tension.
From such set of parameters four most likely candidates were chosen that could corre-
spond to the antimicrobial effect. Those are membrane compressibility, bending rigidity;,
lateral diffusion and surface tension. The detailed characterisation of Gemini effect on the
membrane, including all of the investigated parameters, is presented in SM Table S2. In this
work, we additionally simulated the OCT molecule and we used it as a positive control.
We assume that the effect on the membrane of these commercially available molecules
could serve as a guidepost regarding desirable changes in selected properties. Since other
molecules might indicate a much different mode of action therefore in our selection, we
took into account the possible different mechanisms. Such a mechanism could induce a
different magnitude of parameter change. As a result, we were also considering, in our
selections, the extremum parameter changes, not only guided by the tendencies given by
the effect of OCT. Concerning our analysis, we selected the four most changeable bilayer
parameters reflecting membrane-agent interaction and potential antimicrobial activity. We
deliver a total set of parameters in SM Table S2. The rest of the determined parameters
were not selected due to insignificant differences between the analysed systems. Mem-
brane thickness was, in general, determined to be between 39 and 41 A. The difference
of 2 A between extreme particles with uncertainty equal to 1 A was enough to exclude
this parameter as an influential one. Similarly, tilt bending ranged from 9.9 up to 10.9 fold
KpT with an uncertainty of 0.3 fold K}, T. For APL, when the leaflet in which the Gemini
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agent incorporated is analysed, the values range between 58 and 62 A2, Only two cases are
extreme, which are 67.0 = 3.3 A2 for aryl bispiridine (Ary) and 64.8 + 2.7 A2 for glucose
(Glu). Interestingly, both of those spacers were highlighted as possible antimicrobial based
on analysis of other significant parameters.

The area compressibility is one of the most robust parameters in our dataset, hence
we predict that it may be an adequate property reflecting antimicrobial effect on the
membrane. This mechanical parameter quantifies the energetic cost associated with the
membrane’s area stretching and/or compressing. For high values of area compressibility,
the membrane is resistant to external pressure. For low values the membrane loses its
resistivity. Both cases can result in inability of proper cell function. The determined values
of area compressibility of bilayers with incorporated Gemini molecules are presented
in Figure 3. The area compressibility of positive control—membrane with incorporated
OCT—is almost seven times higher than in the case of the model membrane. Interestingly,
membrane area compressibility with incorporated Adamantane (Adm) is higher than in
the case of positive control. Four other molecules from the ester (Est), higher quaternary
ammonium salt (hQAS), oligomeric QAS (0-QAS) and pyridine (Pyr) group also induced
significant growth in the area compressibility. Furthermore, two Gemini molecules had
a decreasing effect on the area compressibility of the membrane. Specifically, those from
Saccharide (Sch) and Alkyl Bispyridinamine (Alk) group.
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Figure 3. Determined values of compressibility (K4 ) for membrane system with incorporated Gemini molecules.

In our previous work we highlighted that mechanical parameter such as bending
rigidity play an important role in OCT mode of action [18]. To this end we selected this
parameter as a likely and promising candidate that correspond to antimicrobial activity.
Briefly, bending rigidity quantifies the energetic cost associated with the membrane bending.
The determined values of bending rigidity of membranes with incorporated Gemini agents
are presented in Figure 4. First, the difference between pure membrane and the positive
control is not statistically significant. To our knowledge, the OCT effect on bending rigidity
is closely related to the aggregation properties rather than the effect of a single molecule
action [18]. Nevertheless, several Gemini molecules significantly affected the bending
behaviour of membranes. Considering OCT as a positive control we found the activity of
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several agents such as ionic (Ion), alginine (Alg), Pyr, butene (But) and glucose (Glu) as not
statistically significant, hence similar to OCT. If, however, the strongest difference between
pure membrane is considered, aryl bispiridine (Ary), imino (Imo), 0QAS, gluconamid (Glc)
were the most active candidates.
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Figure 4. Calculated values of bending rigidity for membrane systems with incorporated Gemini molecules.

Lateral diffusion is a property that defines the mobility of lipid molecules in the mem-
brane plane. Changes in lateral diffusion of the lipids could result in changes of movement
of proteins, which can affect the activity of transporters and channel proteins [58]. Such an
effect on proteins could significantly impede the functioning of microbe cells and corre-
spond to antimicrobial effect of Gemini molecules. Although this dependency is not strictly
related to the Gemini’s destructive effect on the membrane, it also should be considered as
a factor. The values of lateral diffusion of lipid molecules are presented in Figure 5. Our
positive control indicates that decreasing effect on lateral diffusion should be desirable
however, the antimicrobial effect of OCT is based on membrane disruption and cannot
be considered as a factor in this case. Results obtained for model membrane are in strong
agreement with the GUVs E. coli mimicking studies, i.e., experimental diffusion coefficient
equals D = 6.09 um? /s [59]. Interestingly, different antimicrobial agent-thymol induced
growth in lipids mobility, supporting the agent translocation [59]. To this end we selected
three lowest and three highest values of lateral diffusion for selected agents that influence
this membrane property. Gemini molecules that strongly increased the lateral diffusion of
lipids on membranes were But, imidazolium (Imi) and Pyr. On the other hand, Gemini
molecules that strongly decreased the lateral diffusion were 0-QAS, Imo and Glu.

Finally, the surface tension was determined for membranes with incorporated Gemini
agents. Briefly, surface tension is defined as a cohesive force that keeps the cell membrane
intact. Hence, its fluctuations may be very informative and extremely important for the
determination of the antimicrobial mode of action based on the membrane disruption.
Values of the membrane surface tension influenced by Gemini detergents are presented in
Figure 6. The surface tension of membrane treated with OCT was twice as high than in the
model membrane’s case. Interestingly, a significant number of investigated molecules had
much stronger effect on membrane surface tension compared to the positive control. Three
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groups with the highest surface tension fluctuations were Ary, Aza and Alk. Additionally,
the activity of several molecules such as hQS, Imo and Pyr led to decreased membrane
tension. This should also be considered as change that could result in antimicrobial effect.
Pure membrane exhibited natively certain surface tension hence, any strong deviation from
this value could result in disruption of biological processes on the membrane.
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Figure 5. Determined values of lateral diffusion (2D) for membrane systems with incorporated Gemini molecules.

Taking into account our results 0QAS, Pyr, Imo groups from the Gemini family may
exhibit strong antimicrobial effects. These molecules act as prominent candidates since
three from four selected membrane parameters were significantly affected. Wang et al. in
their experimental work [60] reported that presence of oxygen atom in 0QAS spacer chain
introduces higher flexibility and reduction of coulombic repulsion allows long side alkyl
chain to tighter aggregation. This stays in line with our results since the 0QAS molecules
deeply penetrate the bilayer affecting membrane diffusion and mechanical properties.
Moreover, Wettig et al. [61] highlighted unique transfection properties of Imo compared to
other synthesised molecules since additional flexibility from extra methylene unit between
nitrogen centres and readily protonated imino group is present. In our opinion, given
molecule properties may influence the membrane resulting in limited tension and diffusion.
Interestingly, both 0QAS and Imo agents have similarities in structures (latter has additional
nitrogen and methylene units in the spacer region) and induce comparable change in the
membrane’s properties. Similarly, Quagliotto et al. [31] in the experimental work reported
that increased Pyr concentration reduced the surface tension. This is in accordance with
our theoretical approach where we observed significant limitations in membrane surface
tension. Other vital candidates, that were selected based on two from four parameters,
are Ary, Glu, hQAS and Alk. In the experimental work, Bailey et al. [1] concluded that
Ary and Alk agents showed antimicrobial effectiveness, according to MIC. However, the
latter showed weaker activity when compared to Ary. The authors emphasised that in
the case of alkyl series the most effective agents are those with 22 up to 30 carbon atoms
in the molecule. These could influence the character of membrane-molecule interactions
and thus result in the fluctuation of membrane parameters. Our results also highlighted
hQAS, which may be associated with molecule rigid spacer and three-charged headgroup
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indicating affinity to negative membranes [24]. Finally, Kumar et al. [38] reported that Glu
shows excellent surface-active properties and low cytotoxicity, which stay in agreement
with our findings based on membrane parameters variation. This selection was presented in
Table 2. Despite suggested membrane thinning in reported experimental works we did not
observe significant occurrence nor changes in acyl chain interdigitation in our studies (see
Table S2) [62,63]. Moreover, in a significant part of analysed molecules, we observed their
preferential localisation in the carbonyl-glycerol region. This was influenced by neither how
long the alkyl chain nor the spacer were (see Figure S1-S5). Nevertheless, experimental
comparison studies using uniformed protocol are required to confirm whether selected
parameters directly correspond to the discussed antimicrobial effect.

g 1.2—_ -

Eo0s- - =

S 06- G i

2 -

® 041

2oz 3o (1Ll L

O 0.0 }I chl = —

') . rrrrrrrrrrrrrrrrrrrrrrrrr-rrrrrr*rr-rrrr1r 1 it

) Do AN OANANANNOANNO ONANANO~NT NN

- C O T Orrmr rmr r~x NN~ ANlrTr ANO T+~ O+ v~ O v 0O+

= O \—INIOIVINICOI\—h_ll\IVI‘_I\—I‘_le NILOIOOIVILOI\—IVICOINILOI

o ‘Q:_/||00||||C°||‘—|N|‘—||||‘—||||
EZLETS5BIN QoS TTNN SDTE c0ox
§Gg<zmmoggéggmaggga<<meoo<

e

Figure 6. Surface tension, which was determined for membrane systems after the incorporation of investigated Gemini

molecules.

Table 2. Selected potential antimicrobial candidates from each parameter group. It is suggested to compare those in

experimental studies. Frequently appearing molecules were bolded to emphasise their repetition between different

parameters consideration.

Compressibility K Bending Rigidity Lateral Diffusion Surface Tension
[mN/m] [fold KgT] [um?/s] [mN/m]
0-QAS 0-QAS 0-QAS Aza

Pyr Ion Pyr Pyr
Adm Imo Imo Imo
Est But But
Sch Ary Imi Ary
Glu Glu
hQAS Alg hQAS
Alk Glc Alk
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3. Materials and Methods
3.1. Molecule Parametrisation

Quantum level calculations were performed using the Gaussian 2016 software pack-
age [64]. The equilibrium geometry of investigated Gemini molecules was calculated using
density functional theory (DFT) (B3LYP)/6-31++G (d) level of theory; first with Loose Self
Consistent Field (SCF) procedure, then with Tight. The solvent effect was taken into consid-
eration using the integral equation formalism of the polarisable continuum model IEFPCM.
Temperature was set to 300 K. Supplementary analysis based on the construction of the Hes-
sian matrix (the matrix of second derivatives of the energy with respect to geometry) was
also performed for further use in the force field parameterisation. The specific geometric
and electronic data, such as bond lengths, angles, dihedrals and charge distribution were
extracted from a Hessian matrix. The charge distribution was determined from the RESP
charge calculations as being the most adapted to reproduce the molecular behaviour with
the subsequently used CHARMM force field. For logP determination, the octanol/water
partitioning coefficient was calculated using SCIGRESS software (SCIGRESS, Molecular
modeling software, FQS Poland, ver. FJ-3.3.3). For CMC determination, the algorithm
proposed by Mozrzymas was used [65]. It is based on phenomenological values and
second-order connectivity index, that was determined using SCIGRESS software. Molecule
schemes were prepared using MoleculeSketch (v. 2.2.3).

3.2. Molecular Dynamics Simulations

The all-atom models of the membranes were generated using CHARMM-GUI mem-
brane builder [66]. The bacterial membrane model consisted of 80% PYPE, 15% PYPG,
5% PVCL2 [21,57]. The lipid bilayer was solvated with TIP3P water molecules (100 water
molecules per lipid) and 240 mM NaCl were added based on literature data [67].

MD simulations were performed using the GROMACS (version 2020.4) package with
the CHARMMS36 force field [68,69]. Membrane systems were first minimised with the
steepest descent algorithm for energy minimisation. Further calculations were carried
out in the NPT ensemble (constant Number of particles, Pressure and Temperature) with
Berendsen thermostat and barostat using semi-isotropic coupling at T = 303.15 K with time
constant T =1 ps and p = 1 bar with T =5 ps. The primary part of the NPT calculations
was performed using the leap-frog integrator with a 1 fs timestep. Afterwards, for the
further NPT ensemble at T = 303.15 K, 1 =1 ps and p = 1 bar, T = 5 ps, a Nose-Hoover
thermostat [70] and Parrinello-Rahman barostat [71] were used. The second part of long-
run production was carried out for 500 ns using the leap-frog integrator. Chemical bonds
between hydrogen and heavy atoms were constrained to their equilibrium values with the
LINCS algorithm, while long-range electrostatic forces were evaluated using the particle
mesh Ewald (PME) method [72] with the integration timestep of 2 fs. Based on simulated
pure membranes, the behaviour of Gemini surfactants was investigated. Molecules were
placed on average 2.5 nm above the membrane leaflet and the same MD procedure was
employed. For visualisation purpose, Visual Molecular Dynamics (VMD) was used [73].

3.3. Membrane System Characteristics

Membrane Thickness and Area per Lipid. Both area per lipid and membrane thick-
ness were determined using self-made MATLAB scripts (Matlab R2019a). Briefly, for each
leaflet Z-position on all phosphorus atoms were averaged, and distance between average
Z-positions between each of leaflets was calculated for each frame. The final membrane
thickness value is an average over analysed trajectory. Similarly, for each frame position of
phosphorus atoms (or Gemini atom on the Z-level corresponding to phosphorus atoms)
each leaflet was subjected to Voronoi tessellation. The average area for all lipid molecules
was calculated for each leaflet and frame and was averaged over the analysed trajectory.

Bending rigidity and Tilt rigidity. Both bending rigidity and tilt rigidities were
determined using self-made MATLAB scripts that were based on the works of Doktorova
et al. [74]. Briefly, a probability distribution for both tilt and splay are determined for all
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lipids over all analysed time steps. Tilt is defined as an angle between the lipid director
(vector between lipid head-midpoint between C2 and P atoms-and lipid tail-midpoint
between 16th carbon atoms) and bilayer normal. Lipid splay Sr is defined as divergence of
an angle formed by the directors of neighbouring lipids providing that they are weakly
correlated.

Compressibility. Compressibility was determined using self-made MATLAB scripts
based on the work of Doktorova et al. [75]. Briefly, a real-space analysis of local thickness
fluctuations is sampled from the simulations for carbon atoms. This is followed by determi-
nation of reference surface and calculation of potential mean force from fluctuations from
whole analysed trajectory to determine compressibility for given leaflet.

Lateral Diffusion Coefficient. The diffusion coefficient from the 2D mean square
displacement (MSD) equation was calculated Diffusion Coefficient Tool [76] from the slope
of the MSD curve through Einstein’s relation. This relation is presented in Equation (1),
where M (t) is the MSD at a range of lag time tau and E represents the dimensionality
(XY). For the computation accuracy, only phosphorous atoms (in the range of 20 A from
surfactant) of all lipids were considered.

D(r) = M

Interdigitation. For all provided systems the fluctuation of lipid interdigitation was
determined using MEMBPLUGIN available in VMD software [77]. It is given in length
units and reflects the interdigitation between opposite leaflets in the system—unless no
interdigitation occurs it is equal to zero.

Penetration Depth. The depth of surfactant penetration was measured with respect
to the membrane centre. From the last 50 ns of the trajectory the positions of the deepest
placed carbon atoms on each alkyl chain were taken and evaluated with respect to the
distance between phosphorous atoms divided by two, which represent the membrane
centre.

Surface tension. The surface tension of membranes with anchored Gemini surfactants
was computed using gmx energy function build-in GROMACS software using pressure
tensor (Pxx, Pyy, Pzz values according to the Irving-Kirkwood method [78-80] and Equa-
tion (2), where L is the length of the simulation box in z dimension and represents an
ensemble average given from gmx energy.

L Py + P,
’Y:§<PZZ_¥> (2)

Significance test. Significance tests were performed using OriginLab OriginPro 9.0
software. Specifically, one-way ANOVA was performed and was supplemented with
post-hoc Tukey test to determine significance between individual populations.

4. Conclusions

In this work, we optimised and parametrised 250 Gemini molecules. We described
each of those molecules with theoretical values of logP and log (CMC) as well as provided
a detailed description of those molecules in the attached spreadsheet. Additionally, we
included those parametrised force fields in SM for future simulation studies. This may
be remarkably helpful in further antimicrobial action studies, as a significant number
of Gemini cationic molecules with various spacers were modelled and parametrised.
Such systematic summarisation may be extensively used not only for theoretical studies
but also for experimental ones with the aim to deliver comprehensive knowledge and
molecular mechanism of surfactant effectiveness. Furthermore, we selected 25 molecules
from various groups and simulated their behaviour in systems with membrane mimicking
the inner membrane of E. coli. This detailed characterisation of parameters allowed us to
extract four types of parameters—area compressibility, bending rigidity, lateral diffusion
coefficient and membrane surface tension—that could correspond to the antimicrobial
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effect of those molecules. Based on our preliminary screening we concluded that the
type of Gemini molecules that could exhibit strong antimicrobial effects are 0QAS, Pyr,
Imo. Additionally, other possible candidates are Ary, Glu, hQAS and Alk. In this work
we proposed and deliver a uniform theoretical approach to compare Gemini surfactant
effectiveness. Nevertheless, this systematic approach should be confirmed experimentally
to provide solid biological relevance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms222010939/s1: (1) Gemini molecules database (.xls). (2) Complete force-fields for Gemini
molecules from the database (.zip). (3) Supporting materials (.docx) including system density profiles
of investigated agents, table with membrane system characterisation and instruction for NAMD FF
to GROMACS FF conversion.
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Abstract. Plenty of research is focused on the analysis of the interactions between
bacteria membrane and antimicrobial compounds or proteins. The hypothesis of
the research is formed according to the results from the numerical models such as
molecular docking or molecular dynamics. However, simulated membrane mod-
els often vary significantly from the real ones. This may lead to inaccurate con-
clusions. In this paper, we employed molecular dynamic simulations to create a
mimetic Escherichia coli full membrane model and to evaluate how the membrane
complexity may influence the structural, mechanical and dynamical mainstream
parameters. The impact of the O-antigen region presence in the outer membrane
was also assessed. In the analysis, we calculated membrane thickness, area per
lipid, order parameter, lateral diffusion coefficient, interdigitation of acyl chains,
mechanical parameters such as bending rigidity and area compressibility, and also
lateral pressure profiles. We demonstrated that outer membrane characteristics
strongly depend on the structure of lipopolysaccharides, changing their properties
dramatically in each of the investigated parameters. Furthermore, we showed that
the presence of the inner membrane during simulations, as it exists in a full shell
of E. coli, significantly changed the measured properties of the outer membrane.

Keywords: Molecular dynamics - Mimetic systems - Lipid membrane model

1 Introduction

Escherichia coli is one of the most frequently investigated bacteria being responsible
for common infections among humans and animals [1, 2]. This strain is widely used
for antimicrobial studies [3-5]. It belongs to the Gram-negative ones which membranes
consist of the outer (OM) and the inner membrane (IM) separated by the periplasm.
OM is an asymmetric bilayer primarily composed of lipopolysaccharides (LPS) in the
top leaflet and phospholipids (PL) in the bottom one [6]. It serves as a protective shield

© Springer Nature Switzerland AG 2021
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preventing the entry of toxic compounds e.g. antibiotics [7, 8]. The LPS is composed
of three segments: lipidA-the hydrophobic fatty surface forming the base of the top
OM leaflet, a phosphorylated, highly anionic core and an O-antigen unit composed of
sugar chains performing a hydrophilic surface [7, 9]. IM has a dynamic structure mostly
formed by phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin
(CL) [10, 11].

In computational studies on bacteria membranes, methods such as molecular dynam-
ics are often employed [12]. This allows observation of the behavior of studied molecules
up to the atomic level. However, many modelled systems are simplified and limited to
one particular membrane even for Gram-negative bacteria [13—16]. Piggot et al. per-
formed the analysis on the base model of OM E. coli with embedded FecA protein,
presenting the LPS structure on the upper leaflet, while the lower one was composed of
PE and PG [15]. A similar model was proposed by Wu et al. a few years earlier where a
couple of LPS structures were studied [13]. One of the most comprehensive approaches
was delivered by Hwang et al. where the two — inner and outer membranes were sepa-
rately modelled and analyzed [14]. While those models are quite close to reality, they
may significantly differ from the real OM/IM bacterial membrane or even experimental
models. This may result in influencing the outcome results.

In this work, we investigate the changes in membrane properties with the increasing
complexity of the systems to better reflect bacterial membrane and to draw attention
that both OM and IM should not be studied separately for better biological context.
For this purpose, we created five bacterial membrane models based on the composition
of E. coli. We started from simple pure IM and pure OM (with and without O-antigen
units used). To better reflect the natural conditions we created whole OM/IM bacteria
membrane system (first without O-antigen units and latter with O-antigen units). Each
of the systems was analyzed in detail to characterize the topological and mechanical
properties of the membranes in investigated systems and to present the influence on how
structural complexity can affect membrane behavior.

2 Methods

The all-atom models of the membranes were generated using CHARMM-GUI mem-
brane builder [17]. The IM model consisted of 80% PYPE, 15% PYPG, 5% PVCL2
[10, 11, 18]. The lipid bilayer was solvated with TIP3P water molecules (100 water
molecules per lipid) and 240 mM NaCl were added based on literature data [19]. Final
IM configuration included: 256 PYPE, 48 PYPG, 16 PVCL2, 276 Na*, 196 Cl~ and
32000 TIP3P molecules.

The OM models were composed of 75% PYPE and 25% PYPG in the upper leaflet
and 100% LPS in the lower one [13, 20]. The typel of lipidA, R1 core and repeating
units of O6-antigen were included in the LPS sequence. The length of the O6-antigens
was adapted based on results published by Wu et al. [13, 21]. The number of LPS
molecules and phospholipids was equally adjusted to the total lipid area occupied on
each leaflet. The same procedure of solvation and ion addition was employed as before,
except for Ca>* ions, which were automatically added based on LPS length to neutralize
the system. Afterward, molecular dynamics (MD) simulations of two asymmetric LPS
based bilayers were performed. The upper leaflet contained: lipidA, R1 core and 2
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repeating units of O6-antigen (OMA) and lipidA, R1 core (OMO). Final OMA and OM
configuration included: 52 LPS, 120 PYPE, 40 PYPG, 260 Ca®*, 232 Na*, 112 CI—,
28964 TIP3, and 60 LPS, 144 PYPE, 48 PYPG, 300 Ca?*, 168 Na*, 120 CI~ and 27856
TIP3P molecules respectively. Three-dimensional periodic boundary conditions were
applied to deal with potential energy disruption due to the origin of cell discontinuity.

MD simulations of pure membranes were performed using the GROMACS (version
2020.4) package with the CHARMM36 force field [22, 23]. Each system was first
minimized using the steepest descent algorithm for energy minimization. Calculations
were carried out in the NPT ensemble (constant Number of particles, Pressure and
Temperature) using a Nose-Hoover thermostat at T = 303.15 K and semi-isotropic
coupling with Parrinello-Rahman barostat at p = 1bar. The long-run production was
conducted for at least 300 ns using the leap-frog integrator. Chemical bonds between
hydrogen and heavy atoms were constrained to their equilibrium values by the LINCS
algorithm, while long-range electrostatic forces were evaluated using the particle mesh
Ewald (PME) method, which allowed us to employ the integration timestep of 2 fs.

The complete bacterial membrane models: LIPA (IM + OMA) and LIPO (IM +
OMO) have been constructed by assembling IM and OM separated by a small water slab
(2.4 nm, 4140 water molecules) imitating the periplasm. The minimization procedure
and NPT ensemble were carried out according to the same protocol as described above.
We analyzed the last 10 ns of all simulations using a combination of GROMACS tools,
self-made MATLAB (The MathWorks, Natick, MA) scripts, VMD and VMD’s dedicated
plugins such as MEMBPLUGIN 1.1 [24] for interdigitation calculation.

The order parameter of the acyl chains was obtained using:

Serr = 2 (cos? ) 1 (1)
= —(cos - =

CH = 5 >

where 6 for a particular carbon atom is the angle between the bilayer normal and carbon-

hydrogen bond.

The diffusion was calculated in the Diffusion Coefficient Tool [25] from the slope
of the mean-squared displacement (MSD) curve through Einstein’s relation. For the
computation accuracy, only phosphorous atoms of all lipids were taken into account.

M
b(@) = 2};)

where M (7) — is the MSD at a range of lag time t and E represents the dimensionality
(two in our case - XY).

Lateral Pressure profiles (LPPs) were computed using a custom version of
GROMACS-LS [26]. The obtained beforehand trajectories were adapted to comply with
the software requirements, thus the calculations of the PME electrostatic forces were
settled to cutoff. We also adjusted the cutoff to 2.2nm according to Vanegas et al. [26,
27]. The lateral component of pressure tensor (P(z) = 0.5 X (Py(z) + Pyy(z))) and the
normal component (Py= P,;) are computed from the GROMACS-LS output. Finally,
LPPs 7 (z) was determined from:

(2)

7(z) = Pr(z) — Py. (3)

Bending rigidity was determined using the real space fluctuation method [28]. Briefly,
a probability distribution for both tilt and splay is determined for all lipids over the last
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10 ns of simulation. Tilt is defined as an angle between the lipid director (vector between
lipid head — the midpoint between C2 and P atoms — and lipid tail — the midpoint between
last carbon atoms) and bilayer normal. Lipid splay is defined as divergence of an angle
formed by the directors of neighboring lipids providing that they are weakly correlated.
Area compressibility was determined using a method developed by Doktorova et al.
[29]. Briefly, a real-space analysis of local thickness fluctuations is sampled from the
simulations.

Determined parameters’ statistical significance was performed using one-way
ANOVA significance test with Tukey post hoc test in Origin 2018 (OriginLabs) software.

3 Results

Each of the investigated systems was characterized thoroughly. In the Fig. 1 and Fig. 2
we present LIPA and LIPO systems in detail, including their density profiles and graph-
ical representation. Structural, stress and mechanical parameters of lipid membranes
were determined. We studied whether simplification of biological membranes, which is
common for numerical simulations, is feasible. We assume that significant differences
between the systems may result in the different occurrence of biological phenomena.

A 7 Water [ LipidA [ R1-Core. B

| Membranecore  O-antigen .

181

O-antigen

R-Core

Inner membrane  Outer membrane

Normalized density

Fig. 1. A) Density profile of LIPA regions. B) LIPA system visualization (several lipids are
hidden for clarity). The Inner membrane, outer membrane, lipidA, R-Core, O-antigen region,
water, calcium ions, sodium together with chlorine ions have been colored orange, gray, red,
magenta, pink, azure, yellow and dark blue, respectively. C) Graphical representation of created
LIPA system. (Color figure online)

For the structural aspect of the membrane, we decided to perform a standard analysis
with a couple more comprehensive parameters afterward. To understand and characterize
the molecular effect of LPS on the membrane and/or additional membrane in complex
systems, we determined different bilayer properties such as membrane thickness (MT),
area per lipid (APL), order parameter, interdigitation and lateral diffusion. Membrane
thickness was determined between phosphorus atoms, while the area per lipid was deter-
mined using Voronoi tessellation. The results of structural characteristics are presented
in Table 1. All of the parameters were statistically distinct.
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Fig. 2. A) Density profile of LIPO regions. B) LIPO system visualization (several lipids are hidden
for clarity). The inner membrane, outer membrane, lipidA, R-Core, water, calcium ions, sodium
together with chlorine ions have been colored in orange, ice blue, red, magenta, azure, yellow and
dark blue, respectively. C) Graphical representation of created LIPO system. (Color figure online)

nm. —omo‘
‘ — OMA
600 - — 8004
5 4004 T 400-
S S
E E
200 - 200 -
0- 05
o 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16
z (nm) z (nm)

Fig. 3. Lateral pressure profile of A) OMO and OMA, B) LIPA system with corresponding pure
bilayer components OMA and IM.

Further structural characterization was enhanced with a description of lipid behavior
in the systems. For this purpose, lateral mobility, which is usually described by the lat-
eral diffusion coefficient, was investigated. The diffusion coefficient from the 2D mean
square displacement equation was calculated. Obtained values were statistically signif-
icantly different between the investigated systems. Finally, the determination of acyl
chain interdigitation to assess interactions between the leaflets itself was performed.
The parameter allows estimating whether O-antigens presence may influence the inter-
actions between the leaflets. As before the differences in values of interdigitation were
statistically significant between the investigated systems.

Additionally, to provide a wider insight into the flexibility of the acyl chains, the order
parameter was calculated. Presented values were averaged over the whole trajectories
for clarity and collected in Table 2. We report values for the sn-2 unsaturated chain in
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the following manner: initial atoms in the acyl chain (Start), atoms before double bond
(Midpoint), and the final (End). Standard deviations are not included, since in all cases
are below 0.02.

Table 1. Comparison of structural and dynamic parameters between pure and complex
membranes®.

Membrane Lipid type MTp.p APL; APL, Interdigitation Diftusion
A A2 A2 A umzls
M Total 399+04 56.6 £1.8 58+2 49+04 -
PYPE 58+1 59.1£0.6 120 £ 0.1
PYPG 63 +2 61.7+23 158 £0.1
PVCL2 88 +4 78 £4 12.8 £0.1
OMA Total 355+£02 1942 £33 603 +19 50403 -
PYPE - 60.8 £0.7 6.4+0.1
PYPG - 66.5 £2.0 6.1+0.1
LipidA 1942 £33 - 0.6 £0.1
OMO Total 372+£02 183 +2 556+ 1.5 43+£02 -
PYPE - 564 +0.4 10.0 £0.1
PYPG - 597+ 13 7.7+£0.2
LipidA 183 +2 - 09+0.1
LIPA Outer 333+0.6 183 +3 59+1 49+04 -
PYPE - 64.7 £ 0.6 2.8+0.0
PYPG - 665+ 1.1 32+02
LipidA 183+3 - 03+0.1
Inner 350+£0.7 55+2 62.8+2.4 50+£0.3 -
PYPE 59+1 61 £1 8.4+0.1
PYPG 63+3 65+2 11.3+£0.2
PVCL2 65+2 75+3 102+£0.3
LIPO Outer 353+04 182.7 £ 4.4 596+ 1.1 7.1£0.5 -
PYPE - 63.9 £ 0.5 34+0.1
PYPG - 67+ 1 42+0.1
LipidA 182.7 £ 4.4 - 02+0.1
Inner 38.8+0.4 61.3+£22 65 +2 59+02 -
PYPE 624 £0.6 63.3+£0.7 7.0+£0.1
PYPG 60.1 £ 1.5 70 £2 9.0+0.1
PVCL2 75+3 82+3 12.7£0.1

AMTp.p - membrane thickness measure between phosphorous atoms from opposite leaflets; APLI,
APL?2 - the area per lipid on the upper and lower leaflet, respectively; IM — inner membrane; OMO
— outer membrane without antigens; OMA — outer membrane with antigens; LIPO — mimetic E.
coli system without antigens; LIPA — mimetic E. coli system with O-antigens

Stress characterization was done by evaluation of the stress profile along bilayer
normal and determination of the lateral pressure profile (LPP) m(z). As a reference, we
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Table 2. Acyl chain order parameter from pure and complex systems.

Membrane | Lipid type | Order parameter
Start Midpoint | End
M PYPE 0.24 0.13 0.12
PYPG 0.23 0.13 0.12
PVCL 0.20 0.11 0.09
OMO PYPE 0.24 0.13 0.12
PYPG 0.25 0.13 0.12
LipidA 0.20 0.15 0.10
OMA PYPE 0.20 0.10 0.08
PYPG 0.21 0.10 0.10
LipidA 0.17 0.14 0.07
LIPO PYPE 0.20 0.09 0.08
PYPG 0.19 0.11 0.09
PVCL 0.22 0.09 0.07
PYPE 0.20 0.09 0.08
PYPG 0.19 0.11 0.09
LipidA 0.20 0.23 0.13
LIPA PYPE 0.22 0.12 0.10
PYPG 0.21 0.11 0.09
PVCL 0.23 0.09 0.08
PYPE 0.22 0.12 0.10
PYPG 0.22 0.11 0.09
LipidA 0.18 0.17 0.08

present Fig. 3 where the lateral pressure profile of OM’s and LIPA combined with pure
IM and OMA was calculated. For other systems, we collected the peak values (see Table
3).

The introduced LPPs indicate a similar tendency between basic and complex mem-
brane. Starting from the bulk solvent, the first minor positive peak may be distinguished
as a water-headgroup interface (I), indicating the repulsive forces from lipids. Further, the
negative peak (II) is visible presenting glycerol region, including attractive hydrophobic
forces [30], while subsequent major peak denotes the acyl chain region (III) and finish
at the bilayer center nearby 6 nm (IV).

Finally, mechanical characterization of membranes is performed. Such characteriza-
tion allows assessing very subtle changes induced by sugar-coating of LPS or additional
membrane complexity. Both area compressibility (Ka) and bending rigidity (k) are
determined (see Table 3). All reported values are statistically significantly different.
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Table 3. Mechanical and pressure properties of pure and complex systems®.
Membrane |k Ktilt Kai Kas Ka Lateral
pressure
kbT kbT mN/m mN/m mN/m bar

M 221+06 [106+03 |[133+£20 | 133+17 133 £15 647 +£21
OMA 227+04 [ 133+04 [18+12 84 £+ 27 29+ 10 508 £ 11
OMO 202+04 |17.1+£02 |[57+6 141 £ 34 81 + 18 670 £ 30
LIPA

outer 25005 [158+0.6 [41.7+£53 |1263+£54 |62.7+£52 588+16
inner 16 £1 48+03 165+24 | 31+23 51+20 695 £+ 14
LIPO

outer 264+09 150+0.7 [58.8+46 [862+7.1 |70.0+£54 690-+£26
inner 16804 [73+0.8 [34+£9 42 £27 37+ 17 533 £21

by — bending rigidity; ke — tilt; Kaj, Ka2, Ko — compressibility of the upper leaflet, lower
leaflet, and total membrane, respectively; IM — inner membrane; OMO — outer membrane without
antigens; OMA — outer membrane with antigens; LIPO — mimetic E. coli system without antigens;
LIPA — mimetic E. coli system with antigens

4 Discussion

For a comprehensive analysis, we decided to divide the discussion section into two
subsections. First, we focus on the impact of the O-antigen segment on the asymmetric
outer membrane. Next, we draw attention to the discrepancies in the complete bacterial
membrane systems compared to single membrane model systems.

4.1 The Effect of the O-antigen Region Presence on the Outer Membrane
Parameters

In the outer membrane systems, we observe significant differences between OMO and
OMA, as the latter one is equipped with an extra O-antigen region. The presence of
that structure induces membrane thickness reduction and APL extension in the upper
leaflet (see Table 1). Interestingly, this directly influences the lower leaflet, where the total
APL is lower than in the corresponding leaflet in OMO system. The change of membrane
thickness is proportional to the interdigitation of the acyl chains in the outer bilayer. We
may conclude that the reduction in bilayer thickness is accompanied by the growth of the
interdigitation [31]. The presence of O-antigens increases the interdigitation between the
lipidA and PE:PG leaflets, which is followed by thickness reduction. However, analysis
of the interdigitation in asymmetric membranes with the LPS layer is not straightforward.
Shearer et al. suggested that the properties of OM systems are much more dependent on
the dynamics and structure of the LPS segment [32].

The diffusion coefficient analysis showed a significant difference between OMA and
OMO systems as well. The occurrence of additional sugar coating substantially limits the
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mobility of the whole membrane. It remains consistent with the previous works [33-35].
The O-antigen essentially impacts the lower leaflet of the outer membrane, since PE and
PG fluidity is restricted by 36% and 21%, respectively.

The calculated order parameter indicated that in both cases ordering trend is decreas-
ing toward the bilayer center (see Table 2), our results are consistent with the ones pre-
sented by Wu er al. [13]. Interestingly the presence of the O-antigen segment affects
membranes as values on both leaflets are lower.

Both OMA and OMO exhibit a similar pressure trend along the bilayer normal (see
Fig. 3). Noteworthy, much higher lateral stress was denoted at the lower leaflet at the
OMO system, reaching the top value of 670 £ 30 bar, while on OMA only 508 £ 11 bar
was observed. Since the presented membranes are not symmetric, the lateral pressure
on the upper and lower leaflets varies, however, both in a similar manner. A slightly
noticeable shift at the bilayer center represents the interdigitation parameter of both
membranes and remains consistent with values in Table 1. Since the interdigitation in
OMA acyl chains is more intense, the plot downhill is deeper. Since the presence of
the antigens in the membrane decreases the lateral pressure and lateral diffusion, this
change could have a significant influence on the behavior of the system. Changes in both
parameters could influence for instance membrane transport [36].

The presence of antigens in the LPS leaflet induced significant mechanical changes
(see Table 3). All of the parameters - bending rigidity, tilt, and compressibility - were
lower when O-antigens were present compared to the membrane without antigens. Such
a difference is not surprising, as additional O-antigens are in the water part of the sys-
tem, hence exposing the leaflet to additional repulsive forces, making the structure less
resistant and exhibiting more fluctuations. Since lateral diffusion and lateral pressure
are lower when antigens are present it can be concluded that membrane is, at least in the
interphase region, more ordered. Such a conclusion cannot be made for the acyl chain
region, as interdigitation increases when O-antigens are present.

4.2 The Comparison of E. Coli Membrane Models

The models presented in this study require a detailed analysis of their topological and
mechanical characteristics. To this end, we decided to compare those properties for
both inner and outer membranes from the E. coli models to pure ones. Taking into
account the entire set of membranes, LIPA and LIPO exhibit reduced bilayer thickness
in both inner and outer membrane cases. Major differences we observe between pure
IM and LIPA where the thickness reduction was supported with cardiolipin (CL) APL
decrement of 12.3% (4.9 A) and 26.1% (23 A?), respectively (see Table 1). In LIPO
structure modifications occurred in the inner membrane and the lower leaflet of the outer
one when comparing APL and thickness parameters. Interestingly, significant reduction
may be observed in the upper leaflet of the LIPA outer membrane, since lipidA reduced
APL by 10 A2. Analysis of the interdigitation parameter between acyl chains from
opposite leaflets seems to be slightly different than before. Obtained values from the
LIPA system did not vary enough and were not significant compared to IM and OMA
models with extra O-antigens. Thus, this parameter is not sensitive to the complexity of
the membranes. However, the opposite pathway has been presented in LIPO system. The
interdigitation pitched up by 20.4% (t0 5.9 £ 0.2 A)onIMand by 65.1% (to7.1 £0.5 A)
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on OM, respectively. Similarly, as before this phenomenon is inversely correlated to the
bilayer thickness, where the decrease is accompanied by the interdigitation increase.
We confirmed that the presence of O-antigens escalates the interdigitation between acyl
chains from the opposite leaflet, followed by thickness reduction.

Furthermore, investigation of the diffusion coefficient revealed that in comprehensive
models LIPA and LIPO the mobility of the lipid particles is substantially limited. In LIPO,
PE and lipidA fluidity was almost three and four times reduced, compared to OMO.
A similar situation appears when analyzing LIPA and OMA, PE and lipidA mobility
is limited more than twice in both cases. In pure OMA long sugar chains O-antigen
reduce the fluidity of the whole membrane, which is accompanied by a corresponding
interdigitation parameter. Further, the difference in fluidity of OMA and OMO outer
membranes was reduced in the whole bacteria systems.

Noteworthy the ordering of acyl chains is not as clear as, on pure outer membranes,
observed fluctuations in several cases are not statistically significant (see Table 2). How-
ever, we indicate that the sn-2 ordering in the inner membrane of both LIPA and LIPO
compared to pure IM significantly decreased.

Afterward, we compared the LPPs of the LIPA and LIPO to indicate the stress tensor
contrasts resulted from O-antigen presence (see Fig. 3). Pure IM exhibits higher lat-
eral stress at the lower leaflet since extreme values are reached compared to the LIPA
membrane. Marginal shifts at the bilayer center represent the interdigitation of both
membranes and remain consistent with values in Table 1. Finally, LIPA reaches the top
stress value of 695 £ 14 bar at the upper leaflet of the inner membrane. Pressure on the
outer membrane was lower than in the case of the inner. In LIPA the total lateral pressure
in the inner and outer membrane is higher compared to pure ones (IM and OMA) and
it was interestingly distributed mostly on adjacent leaflets. In our opinion growth of
pressure on the upper leaflet from the inner membrane and the lower leaflet from the
outer membrane supports the complex system formation, while the highest lateral stress
occurs there.

Moving forward to the mechanical characterization the differences in mechanical
properties are also statistically significant when the additional membrane is present in
the system (see Table 3). Obtained k values from pure systems are consistent with those
delivered by Hsu ef al. [33]. In the case of IM bending rigidity was lower in IM of
both LIPA and LIPO when compared to the model IM system. The opposite tendency
was observed in the case of area compressibility where IM of LIPA and LIPO had, in
general, lower values than in the model system. Similar to Jefferies et al. we notice that
various LPS composition differ in the matter of mechanical strength or mobility [37].
Differences can be observed in the case of OM, however, due to the presence of antigens,
the tendency is less straightforward. Bending rigidity values of OM in LIPA and LIPO
systems are in between the values of the model OM system with and without O-antigens.
This suggests that additional bilayer in the system stabilizes the system with antigens
but also increases the whole dynamics of the membrane without antigens. This is also
valid for the area compressibility parameter of whole membranes, however, became
more complicated to evaluate when individual leaflet compressibilities were taken into
account. Nevertheless, it should be noted that the presence of the second membrane in the
simulated system strongly affected the mechanical behavior of both membranes when
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compared to single membrane model systems, and should be considered in numerical
studies for better biological context.

5 Conclusions

In this paper, we performed a detailed study of structural, mechanical and stress param-
eters of lipid membranes mimicking the E. coli dual membrane system. We showed
the changes of numerically determined parameters with progressive complexity of the
membrane systems. We presented that LPS-rich outer membrane properties strongly
depend on the structure of LPS itself, changing dramatically each of the investigated
parameters. Furthermore, we showed that the presence of the second (inner) membrane,
mimicking the OM/IM relation in E. coli, significantly influenced primary membrane
properties as well. Such changes may be crucial for interaction origins between particles
and the membrane. As a result, common biological phenomena could not be observed
numerically - or will behave differently from reality - if the simplified membrane model
is used in the simulation. In future perspectives, the interactions of membrane-active
particles and membranes in various membrane mimetic systems should be investigated.
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Abstract: The widespread problem of resistance development in bacteria has become a critical issue
for modern medicine. To limit that phenomenon, many compounds have been extensively studied.
Among them were derivatives of available drugs, but also alternative novel detergents such as Gem-
ini surfactants. Over the last decade, they have been massively synthesized and studied to obtain the
most effective antimicrobial agents, as well as the most selective aids for nanoparticles drug delivery.
Various protocols and distinct bacterial strains used in Minimal Inhibitory Concentration experi-
mental studies prevented performance benchmarking of different surfactant classes over these last
years. Motivated by this limitation, we designed a theoretical methodology implemented in custom
fast screening software to assess the surfactant activity on model lipid membranes. Experimentally
based QSAR (quantitative structure-activity relationship) prediction delivered a set of parameters
underlying the Diptool software engine for high-throughput agent-membrane interactions analysis.
We validated our software by comparing score energy profiles with Gibbs free energy from the
Adaptive Biasing Force approach on octenidine and chlorhexidine, popular antimicrobials. Results
from Diptool can reflect the molecule behavior in the lipid membrane and correctly predict free
energy of translocation much faster than classic molecular dynamics. This opens a new venue for
searching novel classes of detergents with sharp biologic activity.

Keywords: surfactants; numerical tool; drug delivery; free energy calculation; molecular dynamics;

lipid membranes

1. Introduction

The increasing problem of antibiotic resistance was identified by The World Health
Organization as one of the current major threats to global health [1]. Unless novel medicines
can be developed, millions more people may die each year. One of the approaches to limit
this phenomenon involves the application of antibacterial candidates with a broad spec-
trum of activity. The molecular target of those compounds is not well defined in microbial
cells, but it is safe to guess that it could be the cell membranes or their components. The
complex interaction with various cellular structures may significantly reduce the bacteria’s
resistance development [2,3]. Cationic Gemini surfactants belong to a class of compounds
with broad-spectrum activity, effective against Gram-positives and Gram-negatives even in
low concentrations, and are also used in drug nanoparticles delivery. Beyond biomedical
applications, specific Gemini detergents are also used in the paint industry as corrosion
inhibitors [4,5]. In the recent decade, only a few new classes of surface-active compounds
have been discovered and have attracted the attention of researchers and industrial innova-
tion units. Recently, several novel groups of bio-active detergents have been synthesized
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and reported [6-9]. The latest classes of amphiphilic-structured compounds are formed
by Gemini surfactants, which are made of two aliphatic hydrocarbon chains and two
hydrophilic head groups bonded by a rigid or flexible spacer. The spacer can be a sym-
metrized bonding that uses two of the same molecules (e.g., a disulfide bridge), whereas
the head groups can be composed of: phosphate, sulfone, carboxyl, sulfate ethylammo-
nium, or pyrrolidine residues. Gemini surfactants were already proven experimentally to
have a high antimicrobial capacity [10-12], and in the future may be applied in facilitating
drug delivery across membranes [13,14]. Unfortunately, direct antibacterial effectiveness
comparison between groups of agents is often unfeasible due to the various bacterial strains
used, and multiple, not always coherent, approaches of minimum inhibitory concentration
(MIC) measurements. Thus, a delivery of clear, specific structural parameters of agents
that may enhance antimicrobial action remains elusive. Many attempts were proposed to
explain key structure components or the membrane disruption mechanism itself [15-20],
without clear success. Instead of incoherent experimental procedures among different
laboratories, a theoretical approach would better address this issue, offering additional
insights at the molecular level. Molecular dynamics (MD) simulation can be successfully
applied to explore the behavior and activity of synthesized molecules, opening the middle-
throughput analyses in silico [21]. In MD the interactions are explored by solving Newton’s
laws of motion for the system (i.e., bacterial lipid membrane and antimicrobial agent),
fully taking into account the water environment. Those simulations may reflect the real
biological environment and overcome the experiment shortcomings up to the atomic level.
The antibacterial effect of surfactant activity has already been studied in this way many
times, and the interactions of the model molecules, octenidine (OCT) and chlorhexidine
(CHX) with mimetic membranes, have been repeatedly described [21,22]. The chemical
structures of antimicrobial agents OCT and CHX are presented in Figure 1.

B

H,C

Figure 1. The chemical structures of antibacterial agents (A) OCT and (B) CHX.

In general, the molecular dynamics approach is a very versatile method but requires a
lot of resources and time to effectively generate the results. Hence, molecular docking tools
dedicated to protein-drug interactions have emerged in the field of pharmaceutical research.
The molecular docking approach, based on quickly scored interactions without an explicit
water environment presence, becomes an increasingly important tool for discovering new
drugs by opening the high-throughput analyses in silico [23,24]. It offers an opportunity
to model at the atomic level the interaction of small molecules with proteins, however,
explaining the fundamental biochemical processes. Although docking is a much more
lightweight and way faster method than MD, it has some serious limitations, such as
the impossibility of docking molecules to the entire lipid membrane structure due to its
essential dynamics, which molecular docking does not address [23].

As there is an increasing interest to rapidly assess the molecular interactions of selected
molecules with lipid membranes, we decided to provide a numerical tool in response to
these needs. Here we present a novel and unique tool that covers the gap between MD and
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docking approaches, allowing the investigation of agent-lipid membrane interactions as fast
as docking does but with MD precision enabling high-throughput analyses for interactions
between detergents and lipids in antibacterial context. Due to the lack of unambiguous
parameters determining the effectiveness of molecule-lipid membrane interactions, we used
the quantitative structure-activity relationship (QSAR) method [25] to extract statistically
significant properties for previously well-studied model Gemini detergents, OCT and CHX.
In detail, employing data from experimentally verified various Gemini molecules delivered
by Minbiole group [15,26-30], we selected 138 agents and derived a quantum QSAR, where
only macroscopic descriptors such as dipole moment, partition coefficient (logP), and
some structural parameters occurred as most significant for effective interactions with
lipids. Descriptors were chosen to provide antimicrobial performance, comparable to
standardized MIC form literature study, to ensure reproducibility of macroscopic biological
phenomenon of membrane dissolution.

In this work, we introduce the methodology and the screening tool for a rapid deter-
mination of the Gemini agent affinity to various types of homogenous lipid membranes
providing particle trajectory visualization and free energy analysis. We validated our tool
on two commercially available and frequently studied antibacterial molecules: OCT and
CHX. Additionally, we compare the results from our tool with the free energy calculations
obtained directly from MD with the adaptive biasing force (ABF) approach for different
lipid membranes.

2. Materials and Methods
2.1. Background

The QSAR method allows correlating the biological activity of the compound with val-
ued physiochemical properties. Hydrophobic, electronic, or steric properties (descriptors)
allow the analyzing of large databases of many agents that evoke a biological response
in various molecular pathways. Some descriptors are difficult to clarify, taking into con-
sideration the indirect representation of chemical structures. To counteract this, QSAR
methods are powerfully supported by many mathematical approaches starting from mul-
tiple linear regression (MLR) [31-33] through an artificial neural network (ANN) [34-37]
to machine learning (ML) [38,39]. These studies have a significant impact on recognition
and understanding of the molecular mechanism of drug action, allowing the design of
new and more specific candidates. Hence, since the last decade, chemoinformatics [40] has
been booming and plays a significant role in discovering new drugs [41]. Moreover, the
European Commission in the New Chemical Policy REACH (Registration, Evaluation and
Authorization of Chemicals, European Union) recognized the method as relevant, whereas
the information from alternative sources may assist in determining the presence of insecure
properties of the substance, and may, in some cases, substitute for the results of animal
tests [42]. In this study, our purpose was to create QSAR GA (genetic algorithm) on a set
of 138 cationic Gemini surfactant molecules and to define parameters that significantly
affect the potency of the antibacterial effect. In the QSAR regression model, the regression
coefficient (r?) indicates the relationship correlation, whereas the cross-validation regres-
sion coefficient (CV#?) indicates the prediction accuracy of the model. Our major goal
was to demonstrate that the phenomenon is not always straightforward, hence we focus
on parameters to assess which are significant. We created several quantum QSAR linear
regression models (quantum means with descriptors describing molecule at quantum level)
based on delivered set of coherent MIC values for Pseudomonas Aeruginosa, Escherichia Coli,
Enterococcus Faecalis, and Staphylococcus Aureus using SCIGRESS 3.3.3 (Fyjitsu Ltd., Tokyo,
Japan). Based on our dataset, 472 descriptors were found for every bacteria strain. We
performed a 5-descriptor QSAR model for particular bacteria strains and subsequently,
we decided to focus on the three most frequently occurring and most significant, but not
bond-related parameters in the output-i.e., dipole moment, logP, and size, successively
(see Table 1).
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Table 1. Results from 5-Descriptor QSAR Calculations from E. faecalis, E. coli, S. aureus, and P. aeruginosa datasets with the

Parameters’ Relative Importance. Frequently Appearing Descriptors were Bolded.

E. faecalis E. coli
Descriptor Relative Importance Descriptor Relative Importance
length/width 0.1920 length/width 0.2316
logP 0.8700 logP 0.8331
hydrophobic dipole moment 0.3655 hydrophobic dipole moment 0.3816
Hydrogen count —0.1418 double bond count —0.2713
1.0/Csp? bonded to 2 C 1.0000 1.0/Csp? bonded to 2 C 1.0000

S. aureus P. aeruginosa
Descriptor Relative Importance Descriptor Relative Importance

lengthl/width 0.3422 length/width 0.3644

logP 0.8358 logP 0.8829

hydrophobic dipole moment 0.4667 hydrophobic dipole moment 0.4782
atomic charge weighted positive

area-atomic charge weighted 0.1409 charge weighted nonpolar area —0.2206
negative area
1.0/Csp? bonded to 2 C 1.0000 1.0/Csp? bonded to 2 C 1.0000

The 1.0/Csp® bonded to 2C is an overlapping structural parameter associated with
hybridized carbon atoms attached to exactly two carbon atoms; as it cannot be directly im-
plemented into the calculation core as a force source, it was omitted. Based on these results,
we employed dipole—dipole interaction as a calculation engine, thus implementing the first
significant relationship from the obtained models. A more detailed description of motion
is described in the Theory section. Partition coefficient (logP) and length/width (size) were
included as subsequent parameters in our screening tool. The coefficient logP determines a
measure of lipophilicity of a compound. i.e., drug and describes its ability to pass through
the cell membrane barrier. It is identified as a drug distribution ratio between aqueous
and organic layers at an equilibrium state [43]. To define the partition coefficient, arbitrary
concentration units are often used (instead of potentials); however, the use of molarity
is also useful, thus the logarithm of the partition coefficient can be determined from the
chemical potentials [44].

‘uw B Vo _ AI_Itransfer

10810P = T In(10) ~ RT In(10)

)

where u® and u° are excess chemical potentials of the Gemini agent in water and octanol
respectively, R is the gas constant, T is the temperature, and 2.303 equals =~ In(10). In
this approach, we decided to introduce the structural parameter (size) which defines the
length/width of the molecule. For general use, the molecular structure is considered as a
sphere, described by radius R, thus the degrees of freedom are reduced.

The particular lipid and Gemini agent dipole moments were extracted from molecular
dynamics trajectories using MOPAC 2016 (Molecular Orbital PACkage, Stewart Computa-
tional Chemistry, Colorado Springs, CO, USA) software with PM7 method [45,46]. Briefly,
the specific approximation for intermolecular interactions used in PM7 was parameterized
using experimental and high-level ab initio reference data, augmented by a new type
of reference data intended to better define the structure of parameter space [46]. Dipole
moments were derived for each lipid and agent in the system from 200 ns trajectories, and
the mean values and standard deviations are used as inputs to our screening tool.

2.2. Theory and Calculation

In our approach, we accumulate particle motion by reducing this motion to that of an
agent particle in a conservative field. The agents in this case are the OCT and CHX particles.
The cell membrane was treated as a system of dipoles y placed in a medium described as a
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dielectric permittivity &,. The molecule enters the membrane from the aqueous environment
described by the parameters ¢, and viscosity 3. The particle is treated as a dipole attached
to the sphere and moving in conservative field derived from dipoles constituting the
cell membrane. Membrane dipoles are generated from the normal distribution of range
of values defined by the mean lipid dipole value +/— standard deviation, which were
formerly calculated for each lipid type from the 200 ns of molecular dynamics trajectory
(see Table 2). As a result, a unique membrane is generated automatically by our Diptool
engine and takes part in the further computation procedure. In this conservative field we
can describe force F corresponding to the potential energy E,:

- dEp
F=—-—— ()
dr
Table 2. Derived Dipole Moments of Lipids and Agents from MD Simulations.
Dipole Moment in Particular Axis X (D) Y (D) Z (D) TOTAL (D)
PC 0.34 +11.29 —0.37 £ 11.39 1.65 + 8.44 18.27 +2.32
Particle tvpe PG 0.14 +10.17 0.29 4+ 10.09 —35.08 4+ 8.29 39.19 + 4.69
P OCT 0.69 + 7.08 212 + 8.14 —0.51 +£12.78 16.12 + 4.55
CHX 2.74 +15.46 2.21 +10.37 —0.55 +10.25 24.73 + 8.72

Energy E, comes from each lipid constituting membrane at distance r, and generates
dipole-dipole interaction, which can be calculated considering the electrostatic interaction
between the membrane-forming charges and the dipole of the studied molecule:

£, =y it )

where ; is dipole element of membrane and ¢, is relative dielectric permittivity that equals
88.0 for water and 4.0 [47,48] for the membrane, and 7; is the distance between two dipoles.
The summation proceeds over all dipoles in the considered membrane. Hence, only the
electrostatic interaction between two dipoles is considered, omitting the rotation of dipoles
relative to each other. However, it is a good enough approximation in a situation when one
treats the particle as a point mass. Such a procedure can be used if the size of the molecule
is much smaller than the size of the membrane, which is the case. Velocity and acceleration
vectors can be described by:

o
a-

At 4)

N
v =
g 1dE
a=o 20 5
dt "o ©)
where m is the particle masses and in our case equal 623.84 g/moL and 505.452 g/moL
for OCT and CHYX, respectively. Position vectors of particles are described by coordinates
7 = (x, y, z). Numerical formulas give the equations corresponding to Verlet algorithm [49]:

— - —
=2 4 2AR" (6)
nj—l : 1 1d no4n
=0v"" —2At——E, ("¢t 7
v v o p(r",t") @)

where v= (vy, vy, ;) is a velocity vector, and n numerate step of calculation. The potential
energy E, of the dipole-dipole interaction is a function of the particle position and time
t. The iteration producing the velocity is carried forward to the iterated position. Such a
procedure affects the stability of the algorithm, thus we added the term of resistance force
FRr corresponding to the environment viscosity #:

H
Fr = —bo = —67Rv ®)
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where R is a sphere radius of an agent particle. In our calculation we put R = 10714 m and
17 =0.89 x 1073 Pa's for water and 934 x 1073 Pa's for the membrane. We assume the
particle is an ideal sphere with a radius of R, which is related to size parameter. In this way,
the number of degrees of freedom was limited. The radius is so small that the sphere can
be treated as a point mass. Integrating resistance force to the propagation equations we get
for position and velocity:
o
n

— —
= "2 L A"
N

e 1 1.4 b1 )
Z)”+ =" —2At%ﬁEP(F”, tn) - ﬁv”_ 2At

Gibbs free energy can be determined deriving acceptance rules for NPT ensemble
(where N is number of particles, P is pressure, and T is temperature), as it is also in MD. To
define the probability density, and knowing the conjugate variables (N—u, V—P, T—E)
in the NPT ensemble y, V, and E will vary, thus in given probability distribution, moves
are accepted to satisfy a detailed balance. Assuming that in the thermodynamic limit, all
ensembles are equivalent, the change of free energy can be calculated as the work between
the states A and B [50,51]:

AG =Wy_p (10)

The system can be described using Hamiltonian H(vy, vy, vz, x, y, ). If the temperature
and volume of the system is maintained to calculate the change in Gibbs free energy;, it is
sufficient to determine this quantity. This Hamiltonian consists of the potential energy E,
and the kinetic part considering the velocity:

mo?
H(vx, vy, Yz %,y,2) = Ep + - (11)

The kinetic energy of our molecule is limited to k,T (where k;, is the Boltzmann
constant), avoiding excessive velocity. Such a procedure allows eliminating the unrealistic
results. Once the Hamiltonian in each point has been determined, one can calculate the
change in Gibbs free energy between the initial state A and the final state B:

AGyp=Hp—Hgp (12)

If non-conservative forces are acting in the simulated system, we must also consider
the kinetic energy component. Above the k;,T constraint, the kinetic energy is only affected
by the energy resulting from the dipole-dipole interaction, so the Hamiltonian then sim-
plifies. In addition, we have considered the situation that during the agent’s transfer the
environment changes from aqueous to membrane (logP parameter). Then, when a particle
approaches the membrane, it must overcome additional potential (Equation (1)), and the
Hamiltonian takes form:

AHyansfer = In(10)RTlog19P (13)

By consequence, if in the next step of iteration there is a change in ¢, then the Gibbs
energy is calculated according to:

AGA—>B = HB - HA + AI_Itramsfer (14)

This approach also works when the particle is pushed out of the membrane.

The presented numerical algorithm allows us to determine the trajectory and Gibbs
free energy for any particle represented as a dipole in a conservative field produced by other
dipoles. This algorithm is very simplified and assumes only interactions between dipoles,
with minor corrections (1 and logP), and omits other interactions. However, qualitatively it
allows us to estimate the macroscopic response of the membrane system with fair accuracy.
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2.3. Molecular Dynamics Validation

The proposed methodology was verified using free energy profiles in molecular
dynamics simulations. The all-atom models of the membranes were generated using
CHARMM-GUI membrane builder [52]. In this work PC (1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine) and PG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol))
lipids were selected for the comparison of the agents’” behavior in neutral (100% POPC) and
negatively charged (100% POPG) environments, reflecting mammalian and bacterial inner
membranes, respectively. The TIP3P water model was employed and counterions were
included in PG. Finally, both membranes were composed of 200 lipids (100 per monolayer).

MD simulations were performed using the NAMD (version 2.14, University of Illinois,
Urbana, IL, USA) package [53] with the CHARMMB36 force field [54]. Calculations were
carried out in the NPT ensemble (constant number of particles, pressure, and temperature)
at constant pressure (1 atm) and temperature (300 K) using the Langevin piston method and
Langevin dynamics [55]. Short and long-range interactions were computed every 1 and
2 time-steps, respectively. Long-range electrostatic forces were evaluated using the particle
mesh Ewald (PME) method [56], which allowed us to employ the integration timestep of
2 fs. Finally, 200 ns of pure membrane trajectories were produced and taken as an input to
the free energy method.

B . ! @ PG Membrane Dipoles
Diptool trajectory ~~ OCT trajectory
-+ CHX trajectory

Z [A]

Figure 2. Initial and final trajectories obtained from (A) ABF—method, (B) Diptool software on PG membranes. CHX: green
sticks and surface, OCT: violet sticks and surface, POPG: blue and pink sticks, phosphorous atoms: cyan beads, nitrogen

atoms: orange beads and PG membrane dipoles: teal beads.

From a bunch of available protocols, the ABF method was selected because it is an
established and precise approach [57,58]. The free energy profiles were obtained using
the ABF extension implemented in NAMD software. The integrated collective variables
module [59] was applied to the delivered MD simulation protocol. The agent molecules
were placed 45 A over the bilayer center, and the reaction coordinate is consistent with the
membrane normal vector between the center of mass of the membrane and the center of
mass of the agent spacer. The number of atoms in antimicrobial particles was intentionally
reduced to limit the degrees of freedom and molecules’ fluctuation. Therefore, the most
rigid region (spacer) of OCT and CHX was selected using C14-C23 atoms and C7-C16,
respectively (highlighted in Figure 2). The minimal sampling of 50,000 samples along for
each step was applied, employing 0.2 A width step along the reaction coordinate. Finally,
at least 0.7 ps was produced to obtain each free-energy profile. For visualization and
analysis purposes, Visual Molecular Dynamics was used (VMD) [60]. Here OCT and CHX
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molecules were employed from our previous work where the description of molecular
parametrization was presented in detail [21].

2.4. Data Visualization and Analysis

Diptool is provided with a dedicated engine written in C++ and visualization package
implemented in Python (Python Software Foundation, Wilmington, DA, USA.) and requires
version 3.7 or higher. Three-dimensional trajectories and energy profile plots are generated
based on delivered input from the Diptool engine and MD ABF. It uses the following
libraries: matplotlib, math, pyplot, numpy, seaborn. The Diptool engine is compilated
C++ code (Diptool_engine.exe) where initial parameters such as dipole moments and errors,
membrane size, area per lipid (APL), Gemini agent mass, and its dipoles need to be
delivered in a parameter text file (param.txt). Diptool should be executed from an included
python script (Diptool_run.py), in which the tool engine is embedded and automatically
launched, and after finished calculations a trajectory and energy plots are generated. In
the meantime, three files with plotted membrane position, agent trajectory, and energy
profiles are produced, respectively. In membrane.txt file the dipoles arrangement in X, Y,
Z direction are stored, data.txt include the agent trajectory in the X, Y, Z axes, and finally
energy.txt contain the energy profile with respect to the bilayer normal—Z direction. The
python visualization code was commented including several hints to simplify the usage.
Apart from Diptool engine calculations, the MD free energy profiles may be visualized
for quick comparison. In the Supplementary materials, complete Diptool software with
exemplary files for initial runs is delivered.

Significance tests and plots were performed using OriginLab Origin 2018 software
(OriginLab, Northampton, MA, USA). Specifically, one-way ANOVA was applied with
post-hoc Tukey test to determining significance between individual populations with the
significance level at 0.05.

3. Results and Discussion

The membranes have been described in Diptool as a set of dipoles that interact with
each other and with surfactant dipoles as well. To obtain dipole moments of particular
lipids and agents, corresponding trajectories from MD were employed. From the 200 ns of
simulations we extracted dipole moments for every molecule in the bilayer, resulting in
set of 400,000 dipoles in the X Y Z direction. The average and the standard deviation of
the Diptool input is presented in Table 2. The lipid positions and mobility affect the wide
range of obtained data, which results in the high fluctuations of standard deviation. In this
approach, we decided to avoid averaging the error to derive a wider range for random
membrane components generator and deliver a complex expertise of membrane-agent
interactions. Such a procedure allows employing many types of lipids reflecting many
membrane species supposing that dipole moments are known. Additionally, at this stage a
membrane size may be adjusted in all axes, whereas a number of lipids is automatically
calculated based on the given volume and APL. In this work we decided to compare
the Gemini agents behavior in neutral and negatively charged environments using PC
and PG lipids [61,62]. These are commonly used in both experimental and theoretical
work, because the latter is one of the major components in bacterial bilayer structures,
whereas PC is mimicking eukaryotic cell membranes. That system configuration often
allows demonstrating distinct and selective behavior of active compounds such as OCT
and CHX in various membrane systems [21,63,64]. A different behavior may also be visible
due to those particular lipids yielding various dipole moments, especially in the Z-axis and
in the total value as well.

Similarly, as in MD, Diptool allows to register, i.e., trajectories and energies and ana-
lyze them afterward. However, employing the average and standard deviation of system
components in the tool may deliver slightly different results whenever used. That combina-
tion allows for a more comprehensive case study about selected surfactants accompanied
by given lipids. In Figure 2 the snapshots from MD trajectories (Figure 2A) and Diptool
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(Figure 2B) are presented where OCT and CHX behavior were investigated in membrane
systems. In all cases, an agent particle was placed 45 A above the membrane center, and
their trajectories seem to present similar features. The surfactant molecule approaches
the membrane surface, penetrating it and facing the bilayer center afterward. Although
Diptool uses a different core of motion, the modeled trajectories correspond to those from
both steered and classical MD. The Diptool trajectories may vary significantly in the sub-
sequent runs because dipole location and value are different. However, the starting and
ending point reached by tested molecules remain consistent. Based on given trajectories,
significant differences in behavior between CHX and OCT may be noticed. In the case of
OCT, a small molecule fluctuation at the membrane interface may be observed, whereas
CHX particles indicated higher resistance and took a little longer to reach the membrane
center (see Figure 2B).

The second main feature derived from Diptool is the system energy calculation, which
corresponds to the free energy calculation provided by the MD—ABF method. The results
from both methods for OCT and CHX molecules are presented in Figure 3. An essential part
of the free energy determination is the difference associated with the molecule translocation
toward the membrane from bulk water to bilayer center—AGyrans [57]. The free energy
calculations illustrated that in a neutral membrane, OCT spontaneously crosses the bilayer
interface, exhibiting the deepest well of ~9 kcal/mol; hence, it is the most thermodynami-
cally favorable location (see Figure 3A). This corresponds to our previous studies, where
we indicated theoretically and experimentally that OCT locate in the carbonyl—glycerol
region preferentially [21]. Subsequently, an expected high energy barrier towards the
membrane center occurs as also reported in other work focused on the transport of charged
particles from water to the hydrophobic core [57,65]. Although surfactant can easily access
the membrane, the translocation to another leaflet is energetically demanding. As stated,
the AGirans is the difference between AGp,1x and AGeore [57] and yields ~0.5 kcal/mol. The
core motion of Diptool is unique, therefore, the final energy plot also indicates individual
regions. First, a small energy barrier of ~1 kcal/mol may be noticed at the membrane
interface, which is related to dipole—dipole interactions between particle and the zwit-
terionic lipids. Because the agent trajectory is correlated with membrane normal, and a
corresponding vector dipole moment does not yield extreme values, only a small peak
representing the barrier is visible. Similarly, as in the ABF—method, the local minimum
in the membrane is reached near the carbonyl—glycerol area. Moving forward, facing the
bilayer center, the energy barrier occurs again from the hydrophobic core. The total OCT’s
AGDp trans using Diptool reached ~1.7 kcal/mol, which successfully screened the agent be-
havior compared to the extensive ABF calculations. In the case of charged PG membranes
(see Figure 3B), the free energy associated with OCT indicates slight fluctuations near the
membrane surface of ~0.5 kcal/mol, while subsequently a ~6 kcal/mol well is reached.
The largest barrier to overcome was faced in the direction of the membrane center yielding
total a AGyrans of ~4.5 kcal/mol. In the results from Diptool, the system differences may be
clearly visible, due to large peak of ~3 kcal/mol at the membrane entry caused by nega-
tively charged lipids. Further, local membrane minimum is reached (~1.3 kcal/mol) and
the final hydrophobic barrier occurred as in previous cases, ending with a total AGp trans Of
~3.3 kcal/mol. It should be noted that local minima in PG membranes are shifted toward
the bilayer center relative to the PC ones, which indicates that OCT prefer to stay a bit
deeper in the negatively charged membranes.

Another, much different energy profile associated with CHX behavior was reported in
PC membranes (see Figure 3C). Interestingly, the molecule does not access the membrane
spontaneously as OCT does. Analogous limited agent-membrane interaction was ob-
served in our previous report [21] as several CHX molecules incorporated into membrane;
however, some of them stayed in the bulk water. Here, a small barrier of ~1.9 kcal/mol ac-
companies molecule entry to membrane, and further at carbonyl—glycerol region strikes up
to ~20 kcal /mol. This specific behavior may be related with low logP coefficient logP = 5.48,
whereas for OCT logP = 9.25. This may indicate that the substance has a high tendency to
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locate in the outer part of the membrane. This is in strong agreement with the results from
Diptool, as a low energy barrier is at the membrane interface, with a local minimum in
the membrane at hydrophilic heads. The further peak corresponds to the one observed in
the ABF method; however, registered values vary a lot, as AGirans and AGp trans equal ~20
and ~1.6 kcal/mol, respectively. In the case of a negatively charged PG bilayer, the agent
demonstrated a distinct energy profile (see Figure 3D). A negatively charged membrane is
ideal for CHX, which find the sweet spot at local minima of ~9 kcal/mol. Similar to the
other cases, the biggest energy barrier occurs when facing bilayer center, ending with a
total AGirans of ~5.8 kcal/mol. Diptool results indicate a big energy barrier from negatively
charged lipids at 22 A from the bilayer center, while afterward local minimum is settled
below the carbonyl—glycerol region. Here the final AGp trans equals ~3.5 kcal/mol, which
fairly reflects the accurate energy calculations from ABF—MD. Higher Diptool energy may
indicate more effective antimicrobial action. It should be noted that proposed energy anal-
ysis is one of the means of evaluating membrane—agent interactions. Because Diptool is a
screening tool, extensive calculations are needed for delivering a comprehensive outcome,
especially in drug-delivery studies. Given results may significantly accelerate and narrow
down the group of tested compounds; however, experimental or theoretical confirmations
should be delivered additionally.
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Figure 3. The comparison between MD—ABF and Diptool free energy calculation, marked in black and red, respectively.
(A) Free energy transfer for OCT in PC membrane, (B) Free energy transfer for OCT in PG membrane, (C) Free energy
transfer for CHX in PC membrane, (D) Free energy transfer for CHX in PG membrane.

To this end, Diptool is a screening tool whose results correspond with those derived
from free energy calculations in MD. Although it is based on a modified Verlet algorithm,
its capabilities and accuracy are limited and not so precise compared to a classical MD
approach. The greatest advantage of the tool is its performance. Used algorithm and
modifications combined in the C++ engine makes it reliable, fast, and lightweight software.
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The local performance test was conducted using AMD Ryzen 52600 CPU (AMD Santa Clara,
CA, USA) supported with 16GB DDR4 RAM. Out of 100 runs, the average computation
time lasted 5 & 1 min, whereas to provide accurate and precise calculations from the
ABF method, 64,800 £ 3527 min were needed using a 96 Intel Xeon E5 v3 CPUs (Intel,
Santa Clara, CA, USA) together on four nodes, for the single system. Estimated acceleration
for one molecule screening is thus about a million times comparing to steered MD study.
That gives an enormous advantage to Diptool for screening a large database to select
several candidates and deliver rigorous results afterward.

4. Conclusions

In this work, we presented a novel, self—made methodology supported with a soft-
ware solution named Diptool—a screening tool for a rapid determination of the Gemini
agent affinity to various types of homogenous lipid membranes delivering particle trajec-
tory visualization and free energy analysis. In the presented study we introduced from
scratch the genesis and background of delivered methodology, discussed the calculation
core of the Diptool software, and finally validated and tested our tool with known antimi-
crobial candidates: OCT and CHX. Our results indicate that Diptool is able to generate
accurate free energy profiles for Gemini surfactants significantly faster than other well-
known, established, and more advanced methods. We used molecular dynamics studies to
verify our assumptions highlighting the estimation of the free energy perturbation. Our
calculations were provided on both neutral-PC and negatively charged-PG lipids, as the
latter are major components in bacterial inner bilayers. We compared computations from
Diptool and the ABF method from molecular dynamics focusing on the membrane—agent
interactions presenting surfactant trajectory and free energy profiles. Despite much dif-
ferent theories of calculation, we indicated similarities in trajectories of OCT and CHX
between the tested tools. In both cases, the agents were suspended in the bulk water
and afterward penetrated the membrane toward the bilayer center, which allowed us to
construct the free energy profiles. Here the final results of AGp rans and AGirans indicate
whether a given particle prefers to stay in the water phase, anchor in hydrophilic heads, or
interact with hydrophobic core, as well as the energetic cost of that displacement. Deliv-
ered results indicate that the agent behavior in various lipid environments is well reflected
with mostly corresponding translocation free energies, and hence expected macroscopic
biological behavior. Additionally, our results confirm that a reduction in the membrane
dipole results in reduced permeability of polar compounds [57,66]. We also provided a
performance test that clearly indicates that Diptool is significantly faster than classical
methods, reaching a one million-fold compared to the MD approach. We would like to
clearly emphasize that provided software should be considered as a screening tool for
rapid determination of agent effectiveness, enabling high—throughput screening for at
least antimicrobial and drug—delivery aids based on detergent molecules. In this paper,
we present the first version of Diptool; however, further development is planned. In the
following versions we would like to deliver various lipid mixtures implementation, apply
various solvents containing ion solutions, implement additional empirical parameters in
the energy calculations to better follow the particle energy fluctuations, and offer graphical
user interface (GUI) for more comprehensive, rapid, and accurate solutions for surfactant
analyses.

Supplementary Materials: The following files are available online at https://www.mdpi.com/
article/10.3390/ma14216455/s1, Software base files: Diptool_engine.exe, Diptool_run.py, param.txt;
exemplary files, membrane.txt, data.txt, energy.txt.
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