Biophysical Reviews (2022) 14:111-143
https://doi.org/10.1007/5s12551-021-00913-7

REVIEW

=

Check for
updates

Model architectures for bacterial membranes

Ashley B. Carey' - Alex Ashenden’ - Ingo Képer'

Received: 24 September 2021 / Accepted: 14 November 2021 / Published online: 7 March 2022

© The Author(s) 2022

Abstract

The complex composition of bacterial membranes has a significant impact on the understanding of pathogen function and
their development towards antibiotic resistance. In addition to the inherent complexity and biosafety risks of studying biologi-
cal pathogen membranes, the continual rise of antibiotic resistance and its significant economical and clinical consequences
has motivated the development of numerous in vitro model membrane systems with tuneable compositions, geometries, and
sizes. Approaches discussed in this review include liposomes, solid-supported bilayers, and computational simulations which
have been used to explore various processes including drug-membrane interactions, lipid-protein interactions, host—pathogen
interactions, and structure-induced bacterial pathogenesis. The advantages, limitations, and applicable analytical tools of all
architectures are summarised with a perspective for future research efforts in architectural improvement and elucidation of
resistance development strategies and membrane-targeting antibiotic mechanisms.
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Introduction

All organisms rely on the presence of biological membranes
acting as barriers between the inside and outside cellular
environments. The functionality of such membranes is dic-
tated by the types of lipids and other molecules that make up
their often highly complex structure (Watson 2015; Guidotti
1972).

The “ESKAPE” pathogens, a faction of Gram-negative
(GN) and Gram-positive (GP) bacteria, are responsible for
the majority of nosocomial infections and are deemed a
great threat to global healthcare because of their multidrug
resistance (MDR) (Boucher et al. 2009; Mar et al. 2017;
Pendleton et al. 2013; Rice 2010; Santajit and Indrawattana
2016; Ventola 2015). MDR bacterial pathogens can overex-
press intrinsic resistance markers via adaptive mutations and
acquire various foreign resistance factors through gene trans-
fer processes (Gould and Bal 2013; Ventola 2015; Chilambi
et al. 2018; Fernandez and Hancock 2012; Prestinaci et al.
2015; Jiang et al. 2019a). This makes them resistant to even
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the most effective antimicrobial medications, rendering once
treatable infections untreatable (Mar et al. 2017; Renwick
et al. 2016). Antimicrobial resistance has resulted in signifi-
cant economic damage due to increased patient morbidity
and mortality (Boucher et al. 2009; Ventola 2015; Renwick
et al. 2016; Dutescu and Hillier 2021; D’Andrea et al. 2019;
Tacconelli et al. 2018). Given the lack of success in market-
ing novel therapeutic antimicrobial agents including teixo-
bactins, antimicrobial nanomaterials, and micro-engineered
biomolecules (Mulani et al. 2019; Makabenta et al. 2021;
Fatima et al. 2021; Mantravadi et al. 2019; Charbonneau
et al. 2020; Hussein et al. 2020), current research has been
devoted to sourcing natural antimicrobial products due to
their chemical diversity and reported effectiveness as nar-
row- or broad-spectrum antibiotics (Hutchings et al. 2019;
Quinto et al. 2019; Ghrairi et al. 2019). However, further
research is required to ensure their clinical utility and to
develop a better understanding of their mechanism of action.
This highlights the critical requirement to understand the
mechanisms behind pathogen resistance development and
antimicrobial action.

The bacterial lipid membrane of MDR pathogens plays
a significant part in the resistance development towards
membrane-targeting antibiotics (polymyxins, -lactams,
glycopeptides, and lipopeptides), which typically penetrate
the cell membrane to facilitate cellular entry of medication,
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or directly disrupt the cell membranes structural integrity to
facilitate cell lysis (Kapoor et al. 2017; Epand et al. 2016;
Tenover 2006; Dias and Rauter 2019). The membrane lipid
profile can dictate the effectiveness of antibiotics and drug-
efflux proteins that mediate the expulsion of antibiotics from
the bacterium. Pathogen adaptation mechanisms alter the
native lipid composition which facilitates structural modifi-
cations, including changes in membrane fluidity, organisa-
tion, and packing, that circumvents the effects of antibiotics
and evades host immune attack (Jiang et al. 2019a, 2019b;
Dadhich and Kapoor 2020; Han et al. 2018; Maifiah et al.
2016; Mishra et al. 2012). The unique structure of the mem-
brane in GN bacteria is the primary reason for their rapid
resistance development compared to GP bacteria (Brei-
jyeh et al. 2020; Ghai and Ghai 2018). The lipid asymme-
try, rigidity, and biochemistry of the LPS molecules in the
membrane provide a considerable defensive barrier against
numerous antibiotics (Breijyeh et al. 2020; Delcour 2009;
Vasoo et al. 2015). Changes in the lipophilic composition
and membrane structure can also influence various mem-
brane-associated processes such as protein-lipid electrostatic
interactions, ligand-binding, cell-to-cell communication,
transport, and protein folding, translocation, and function
(Corradi et al. 2019; Collinson 2019; Lin and Weibel 2016;
Martens et al. 2019, 2016; Norimatsu et al. 2017; Du et al.
2018).

The bacterial lipid membrane is a viable target for novel
antibiotic treatments as the lipophilic composition is cru-
cial to antibiotic efficacy, and targeting the lipid membrane
rather than biochemical pathways can prolong antibiotic
resistance development (Dias and Rauter 2019; Lam et al.
2016). A better understanding of the bacterial lipid mem-
brane and its interactions with antibiotics is thus imperative
for subsequent antibiotic research and development efforts.

However, systematic studies of the bacterial cell mem-
brane structure and its processes are difficult to perform
when studying live bacterial cells due to the nanometre
dimensions of their membranes as well as their high level of
complexity (Behuria et al. 2020). Bacteria also possess a cell
wall that requires removal prior to investigating membrane-
mediated activities (Brown et al. 2010; Veron et al. 2008).
The inherent complexity of biological bacterial cell mem-
branes which contain numerous peptides, sugars, membrane
proteins, lipids, and carbohydrates makes systematic inves-
tigations difficult (Andersson et al. 2018a; Castellana and
Cremer 2006). Pathogenic bacteria especially pose unique
investigatory challenges due to rigorous biosafety proto-
cols (Behuria et al. 2020). An alternate method to analyse
membrane-associated processes is to purify the bacterial
membrane; however, the isolation process requires expen-
sive instrumentation which is difficult to perform in common
laboratories (Qing et al. 2019). Due to these limitations, pro-
gressions in the understanding of the organisation, structure,
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and processes that occur in biological bacterial membranes
have been driven primarily through research on in vitro
model membrane systems (Strahl and Errington 2017).

A variety of different model systems have been designed
to mimic biological membranes in a controlled environment
with only the most essential components (Salehi-Reyhani
et al. 2017). Model membranes were developed as an acces-
sible experimental platform to analyse membrane structure
and function in an environment that replicates the funda-
mental environmental and physiochemical properties of bio-
logical membranes, whilst reducing their innate complexity
(Andersson et al. 2018a, 2020, 2018b; Andersson and Koper
2016; Chan and Boxer 2007; Jackman et al. 2012; Siontorou
et al. 2017). Model membrane systems are computationally
modelled, free-standing, or solid-supported bilayer struc-
tures composed of various lipophilic compounds and pro-
teins (Chan and Boxer 2007; Siontorou et al. 2017).

They enable the use of numerous microscopic, spectro-
scopic, electrochemical, reflectometric, and algorithmic
analytical techniques often inaccessible when studying live
cells (Wiebalck et al. 2016; Zieleniecki et al. 2016). The
analytical techniques can, for example, reveal the mecha-
nism of action surrounding membrane-targeting antibiotics
(Peetla et al. 2009; Knobloch et al. 2015). Numerous model
membrane systems have been designed to investigate mem-
brane-drug interactions (Hollmann et al. 2018); however,
few mimic bacterial membranes or the architecture of the
ESKAPE pathogens.

Here, we provide an overview of the structure and lipo-
philic composition of GN and GP bacterial membranes and
current membrane modelling systems for these structures,
including liposomes, solid-supported bilayers, and compu-
tational simulations.

Bacterial membranes

Lipids in bacterial membranes serve as important structural
and functional constituents and have important roles in
membrane organisation, cell recognition, membrane fluid-
ity, energy storage, direct modulation, membrane stability,
cell signalling, and membrane formation (Solntceva et al.
2020; Carvalho and Caramujo 2018; Willdigg and Helmann
2021). To perform such complex and diverse functions, bac-
terial membranes are composed of approximately equivalent
proportions of lipids and proteins and are complex structures
with a high degree of organisation and variation between
bacterial species and their GN and GP classifications (Strahl
and Errington 2017; Epand and Epand 2009a; Sohlenkamp
and Geiger 2016).

GN and GP bacterial lipid membranes are predominantly
formed by phospholipids which are composed of a phos-
phate group, 2—4 hydrophobic fatty acid units, a variable
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hydrophilic head group, and a glycerol moiety (Sohlenkamp
and Geiger 2016; Alagumuthu et al. 2019; Fahy et al. 2011).
Phospholipids are organised in a classical bilayer described
by the fluid-mosaic model (Singer and Nicolson 1972). The
model has since been refined to accommodate the presence
of lipid domains and cytoskeletal proteins that restrict and
sectionalise lipid and protein diffusion (Strahl and Errington
2017; Meer et al. 2008; Barak and Muchova 2013). Both
GN and GP bacteria contain a large variety of straight or
branched, saturated, or unsaturated carboxylic acids with
long aliphatic chains, known as fatty acids, that serve as
essential building blocks for multiple lipophilic compounds
(Carvalho and Caramujo 2018; Cronan and Thomas 2009).
Numerous glycolipids, which are composed of a carbohy-
drate attached by a glycosidic bond containing 1-2 fatty acid
units, are also typical constituents in the membranes of GN
and GP bacteria (Bertani and Ruiz 2018; Reichmann and
Griindling 2011). In addition to the aforementioned com-
mon lipid species, bacteria can also possess species-specific
lipids (Solntceva et al. 2020).

Within bacterial species of different and the same Gram
types, the lipid membrane contains a high degree of struc-
tural, chemical, and functional variability whereby numer-
ous lipid molecular variants are present that differ in size,
number, chemical composition, and isomeric form (Strahl
and Errington 2017; Sohlenkamp and Geiger 2016; May and
Grabowicz 2018; Rahman et al. 2000). Pathogens can also
readily acquire multiple exogenous lipophilic bodies which
generate substantial variation between pathogen strains and
species (Jiang et al. 2019a; Jasim et al. 2018). The key lipid

species present in the ESKAPE pathogens has been studied
extensively (Table 1) (Sohlenkamp and Geiger 2016).

GN bacterial membranes consist of two lipid bilayers
separated by a viscous, protein-enriched aqueous periplas-
mic space and a thin peptidoglycan (murein) wall (Fig. 1)
(Kapoor et al. 2017; Bardk and Muchova 2013; Silhavy
et al. 2010). The inner membrane (IM) is comprised of an
asymmetric phospholipid bilayer that encases the cytosol
and harbours membrane proteins responsible for transport,
energy production, protein secretion, and lipid biosynthesis
(Silhavy et al. 2010; Bogdanov et al. 2020). The murein wall
is responsible for protecting the bacterium against osmotic
and mechanical stresses and maintaining bacterium shape
(Kapoor et al. 2017; Silhavy et al. 2010). The outer mem-
brane (OM) is attached to the murein wall via lipoproteins
(Silhavy et al. 2010). The OM is an asymmetric lipid bilayer
surrounding the periplasmic space (Kapoor et al. 2017,
Paulowski et al. 2020). The proximal leaflet is comprised
of phospholipids, whilst the distal leaflet is predominantly
comprised of LPS which functions as a protective barrier
(Silhavy et al. 2010; Cian et al. 2020). LPS is a glycolipid
constructed of three distinct parts: lipid A (hydrophobic
domain), the oligosaccharide core (hydrophilic domain),
and the O-antigen (outmost polysaccharide domain) (Raetz
and Whitfield 2002; Wang and Quinn 2010). The structure
of LPS differs significantly between GN bacterial species
due to survival adaptations in response to changes in envi-
ronmental stimuli including pH, temperature, specific ion
concentrations, osmolality, and toxins (including antibiotics)
(Li et al. 2012; Needham and Trent 2013; Trent et al. 2006;

Table 1 Diversity of membrane lipid species documented for the ESKAPE pathogens

Bacterial species Major membrane lipid species

References

E. faecium

S. aureus

K. pneumoniae
Lyso-PA, Lyso-PC, LPS, FA

A. baumannii

P. aeruginosa

Enterobacter speciesJf (E. cloacae, PG, PE, CL, LPS, FA
E. hormaechei, and E. aero-
genes)

PG, CL, Lysyl-PG, GP-DGDAG, Type I LTA, FA
PG, CL, Lyso-PG, GPL, Lysyl-PG, Type I LTA, FA Epand and Epand 2009a; Song et al. 2020; Sch-

PG, PE, CL, SL, PC, Lysyl-PG, Lyso-PE, PI, PA,

PE, PG, CL, Lyso-PE, Acyl-PG, PA, MLCL,
PE-OH, CL-OH, MLCL-OH, LPS, FA

PG, CL, PE, PC, OL, Alanyl-PG, RL, LPS, FA

Mishra et al. 2012; Theilacker et al. 2012)

neewind and Missiakas 2014, Kilelee et al. 2010;
Malanovic and Lohner 2016; Oku et al. 2004; White
and Frerman 1967)

Epand and Epand 2009a; Jasim et al. 2018; Vinogra-
dov et al. 2002; Hobby et al. 2019)

Jiang et al. 2019a; Unno et al. 2017; Jiang et al. 2020;
Lopalco et al. 2017)

Epand and Epand 2009a; Malanovic and Lohner 2016;
Chao et al. 2010; Lam et al. 2011; Klein et al. 2009;
Lewenza et al. 2011; Pramanik et al. 1990; Wilder-
man et al. 2002; Sober6n-Chavez et al. 2005)

Epand and Epand 2009a; Bgse and Gjerde 1980; Gill
and Suisted 1978; Kampfer et al. 2015; Davin-Regli
et al. 2019; Epand and Epand 2009b; Epand et al.
2010)

TAs there are 22 species found in the Enterobacter genus, only common species described in nosocomial infections were analysed and lipid com-
positions are assumed to be similar between each (same genus)(Davin-Regli et al. 2019; Epand et al. 2010; Villegas and Quinn 2002)

“See Supplementary Information (Sects. 1 and 2) for bacterial and lipid species acronym definitions, respectively
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Fig. 1 Schematic depiction of
the key structural differences §q, g
in the cell walls of GN and GP - %?‘
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Simpson and Trent 2019). Biochemical modifications to LPS
domains or selective LPS production abandonment (specific
to A. baumannii only) have been found to allow GN bacterial
pathogens to evade host-immune attack, increase pathogen-
esis, and develop antimicrobial resistance (Needham and
Trent 2013; Trent et al. 2006; Simpson and Trent 2019;
Maldonado et al. 2016; Moftatt et al. 2010; Pelletier et al.
2013), for example, LPS modification adaptation strategies
adopted by GN bacteria to protect themselves from cationic
antimicrobials such as polymyxins include hydroxylation,
dephosphorylation, palmitoylation, phosphatidylethanola-
mine addition, and 4-amino-4-deoxy-L-arabinose (L-Ara4N)
addition to the lipid A portion (Dortet et al. 2020; Olaitan
et al. 2014). The most common and effective modification to
LPS in GN bacterial pathogens is the addition of L-Ara4N
via cationic substitution of the 4’-phosphate group on the
lipid A moiety (Olaitan et al. 2014; Nikaido 2003). This
modification reduces the net charge of lipid A which, con-
sequently, decreases the degree of electrostatic repulsion
experienced between neighbouring LPS molecules. The
incorporation of these cationic constituents results in a net
positive charge of LPS upon biosynthesis which, inevitably,
repulses cationic antimicrobials (Dortet et al. 2020; Olaitan
et al. 2014). This repulsion results in antimicrobial resist-
ance as the membrane has developed protection against OM
disruption. In addition, murein lipoproteins and [-barrel
proteins are present in the OM for murein wall anchoring
and small (anions, maltodextrins, and maltose) and large
molecule (antibiotics, vitamins and chelates) diffusion or
transport (Silhavy et al. 2010).

The OM and LPS leaflets are absent in most GP bacteria
which, in GN bacteria, are crucial in providing an additional
stabilising layer around the bacterium and protect the bac-
terium from environmental hazards (Malanovic and Lohner
2016; Silhavy et al. 2010). To compensate for the OM deficit
and withstand the osmotic and mechanical pressures exerted

o
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on the plasma membrane, GP bacteria are surrounded by a
murein wall that is notably thicker (40-80 nm) in GP bac-
teria than those found in GN bacteria (7-8 nm) (Kapoor
et al. 2017; Epand and Epand 2009a; Bardk and Muchova
2013; Malanovic and Lohner 2016; Silhavy et al. 2010).
Teichoic acids, including LTA, thread through the murein
layers to anchor the murein wall to the membrane and regu-
late cell envelope function and structure (Malanovic and
Lohner 2016; Silhavy et al. 2010). LTA is an alditol phos-
phate polymer linked by a glycolipid anchor that secures
it to the lipid membrane (Solntceva et al. 2020; Percy and
Griindling 2014). The structure of LTA varies significantly
between GP bacterial species whereby there are five types of
LTA (types I-V) that differ in core structure and glycolipid
anchor (Percy and Griindling 2014; Shiraishi et al. 2013).
Similarly to LPS in GN bacteria, biochemical modifications
to the LTA backbone structure have been found to illicit
antimicrobial resistance in GP bacterial pathogens (Percy
and Griindling 2014; Gutmann et al. 1996; Saar-Dover
et al. 2012). For example, the D-alanylation of LTA medi-
ated by the dlt operon and/or incorporation of L-lysine in
PG via the mprF gene can lead to an enhanced resistance
against cationic antimicrobials (Percy and Griindling 2014;
Saar-Dover et al. 2012; Abachin et al. 2002; Peschel et al.
1999; Reichmann et al. 2013). The modification increases
the overall net positive surface charge of the membrane
and reduces the binding affinity of cationic antimicrobials
(Percy and Griindling 2014; Abachin et al. 2002; Peschel
et al. 1999). However, other pathways may also be involved
in resistance development. The addition of D-alanine, for
example, also changes the conformation of LTA resulting
in an increase in cell wall density and cell surface rigidity
(Percy and Griindling 2014; Saar-Dover et al. 2012). This
leads then to a reduction in the permeation of cationic anti-
microbials through the cell. The membranes of GP bacteria
are comprised of a single asymmetric phospholipid bilayer
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that encases the cytosol (Silhavy et al. 2010; Rosado et al.
2015; Jones et al. 2008). As there is no OM in GP bacteria
to harbour extracellular proteins, GP bacteria are decorated
with numerous proteins bound via peptide anchors, cova-
lent interactions, lipid anchors, or non-covalent interactions
to the membrane, murein wall, and/or teichoic acids that
perform functions analogous to those found in GN bacteria
(Malanovic and Lohner 2016; Silhavy et al. 2010; Scott and
Barnett 2006).

Model membrane systems

Various model membrane systems have been established.
Here, we focus on systems that specifically mimic microbial
membranes.

Liposomes

Liposomes are spherical-shaped vesicles ranging from
nano- to micrometre diameters that are comprised of one
or more phospholipid bilayers that encase an aqueous core
(Siontorou et al. 2017; Akbarzadeh et al. 2013). Liposome
structures are categorised according to their lamellar struc-
ture and vesicular size: unilamellar vesicles (ULV) can be
small (SUV, 0.02-0.04 um), medium (MUY, 0.04-0.08 pum),
large (LUV, 0.1-1 pm), and giant (GUV, > 1 um) (Siontorou
et al. 2017; Akbarzadeh et al. 2013; Sturm and Poklar Ulrih
2021). Oligolamellar vesicles (OLV) are > 0.5 um and can

Fig.2 Schematic representa-
tion of different sizes (top) and
lamellar structures (bottom) of
liposomes
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contain 2-5 concentrically arranged bilayers, multilamellar
vesicles (MLV) are > 0.7 um and can contain concentrically
arranged 5-25 bilayers, and multivesicular vesicles (MVV)
are 1-100 um and can contain one or more non-concentri-
cally arranged internal bilayers (Fig. 2) (Akbarzadeh et al.
2013; Navas et al. 2005; Giuliano et al. 2021; Mu et al.
2018). Liposomes are easily formed via numerous methods
as reviewed elsewhere (Siontorou et al. 2017; Akbarzadeh
et al. 2013; Sturm and Poklar Ulrih 2021). Liposome proper-
ties can differ depending on the method of preparation, size,
lipophilic composition, surface charge, and functionalisa-
tion which allows for a considerable degree of customisation
(Gabizon et al. 1998; Sherratt and Mason 2018; Fan et al.
2007; Bozzuto and Molinari 2015; Riaz et al. 2018; Sakai-
Kato et al. 2019).

Liposomes have been constructed to mimic the OM,
IM, and cytoplasmic space of various non-pathogenic and
pathogenic bacteria (Table 2) (Behuria et al. 2020; Bog-
danov et al. 2020; Paulowski et al. 2020; Tuerkova et al.
2020; Dombach et al. 2020; Jamasbi et al. 2014; Kumagai
et al. 2019; Pérez-Peinado et al. 2018; Malishev et al. 2018;
Kahveci et al. 2016; Lopes et al. 2012; Cheng et al. 2011;
Marin-Menéndez et al. 2017; Fernandez et al. 2011; Dome-
nech et al. 2009; Pinheiro et al. 2013; D'Errico et al. 2010;
Furusato et al. 2018; Kiss et al. 2021; Jiménez et al. 2011;
Sikder et al. 2019; Kubiak et al. 2011; Mohanan et al. 2020;
Ruhr and Sahl 1985; Bharatiya et al. 2021).

Often GUVs or LUVs are used that contain either bac-
terial lipid extracts (>4 lipid species), or synthetic lipids
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0.02-0.04 um_ 0.04-0.08 um
(MUV)

(SUV)

1 Bilayer
(ULv)

2-5 Bilayers
(oLv)
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Multivesicular
(MVV)

5-25 Bilayers
(MLV)
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determined by the user (<3 lipid species) asymmetrically
arranged in a bilayer. Liposome formation using bacterial
lipid extracts provide a more biologically attune system as
various lipid species and their native molecular variants are
inherently incorporated. Under an artificially user-defined
composition, the inner and outer leaflets for GP liposome
models commonly contain PG, lysyl-PG, and CL, whilst GN
liposome models commonly contain PE, PG, and CL and
uncommonly LPS. Liposome models have been utilised to
investigate basic structural (lipid domain architecture, rigid-
ity, diffusion, and lateral organisation) and rheological (con-
striction, shrinkage, and invagination) membrane properties.
In addition, protein and peptide-lipid interactions (Saliba
et al. 2014; Su et al. 2011), lipid composition-dependent
uptake, release, and molecule function (i.e. membrane-tar-
geting antibiotics) (Kilelee et al. 2010; Som and Tew 2008;
Brian Chia et al. 2011), pore formation (Samuel and Gillmor
2016; Sborgi et al. 2016), and protein activity (Carrasco-
Lépez et al. 2011; Sasaki et al. 2019) have been explored.

Liposome models have been developed for the ESKAPE
pathogens and have been used to investigate host—pathogen
interactions, membrane permeability, and the effect of mem-
brane composition on antimicrobial susceptibility (Turner
et al. 2015; Cheng et al. 2014; Lombardi et al. 2017; Zhang
et al. 2014; Hancock and Nikaido 1978; Ciesielski et al.
2013; Lee et al. 1992; Mitchell et al. 2016). Liposomes from
synthetic PC and PG lipids and S. aureus lipid extracts were
used to determine the effects of lipid acyl chain branching
on antimicrobial peptide activity (Mitchell et al. 2016). This
was achieved by measuring efflux kinetics of the encapsu-
lated fluorescent dye carboxyfluorescein, mediated by the
model peptide 5-lysin. Liposomes composed of anteiso-
branched isomers were less susceptible to peptide-induced
perturbations than liposomes containing iso-branched iso-
mers. In addition, liposomes made from S. aureus extracts
were more resistant to peptide-induced perturbation than
liposomes composed of synthetic lipids, most likely due to
the additional increased fraction of anteiso-branched fatty
acids.

In a different approach, the association of LPS extracted
from K. pneumoniae with eukaryotic lipids has been inves-
tigated with respect to host immunodetection strategies
(Ciesielski et al. 2013). This was achieved by analysing
liposome-liposome interactions between pathogen mem-
brane model liposomes containing LPS and PC and host
membrane model liposomes containing PC, SL, and cho-
lesterol. LPS preferentially segregated in ordered SL/cho-
lesterol rich domains which was linked to the evolutionary
drive for eukaryotic cells to generate, within such domains,
a sensory protein for bacterial detection. The permeability of
various carbapenems via porins in proteoliposomes reconsti-
tuted from lipids extracted from the OM of susceptible and
resistant strains E. cloacae has also been studied (Lee et al.

@ Springer

1992). Carbapenem permeability and efficacy was highly
dependent on the lipophilic constitution of the OM and the
amount and type of porins present.

While liposomes are very useful systems to study, they
pose some challenges for detailed biophysical studies. Lipid
composition is often difficult to control (Rideau et al. 2018;
Weinberger et al. 2013). Methods to enhance compositional
complexity have been developed (Gopfrich et al. 2019; Pau-
tot et al. 2003); however, they can inhibit surface property
analysis (Rideau et al. 2018). The metastable structure of
liposomes and their susceptibility to lipophilic, oxidative,
and hydrolytic degradation offers poor long-term stability
(Akbarzadeh et al. 2013; Nkanga et al. 2019). Additionally,
lipids often have relatively high phase transition tempera-
tures which impede liposome formation (Eeman and Deleu
2010; Vestergaard et al, 2008). Finally, despite existing sta-
bilisation methods (Schmid et al. 2015), protein reconstitu-
tion in liposomes still remains a challenge (Chan and Boxer
2007; Siontorou et al. 2017).

Solid-supported bilayers:

Solid-supported bilayer lipid membranes (sBLMs) con-
sist of a lipid bilayer that is placed onto a solid substrate
either via direct contact, via separation by a polymer cush-
ion, or allowed to float directly above a covalently-bound
self-assembled monolayer or a supported bilayer (Fig. 3)
(Andersson and Koper 2016; Belegrinou et al. 2011; Sack-
mann 1996; Foglia et al. 2015). Tethered bilayer lipid mem-
branes (tBLMs) are sSBLMs with the proximal bilayer leaflet
covalently linked to the substrate though thiolipid, oligopep-
tide, alkane- and aromatic-thiol, polymer, or protein anchors
(Andersson and Koper 2016; Andersson et al. 2018b; Jack-
man et al. 2012; Li et al. 2015; Koper 2007). sBLMs and
tBLMs have good electrical sealing properties, are air-stable,
and can be formed via Langmuir transfer, vesicle fusion, or
solvent-exchange techniques (Andersson et al. 2020; Jack-
man et al. 2012; Girard-Egrot and Maniti 2021; Kurniawan
et al. 2018; Richter et al. 2003).

Gold is the most commonly utilised substrate material for
sBLMs and tBLMs due to its stability, facile functionalisa-
tion, and versatility in surface analysis techniques (Anders-
son and Koper 2016). However, other substrates including
mercury, quartz, glass, aluminium oxide, indium tin oxide,
silicon oxide, sapphire, mica, silver, and titanium oxide can
also be utilised (Andersson et al. 2018b; Girard-Egrot and
Maniti 2021; Clifton et al. 2020; Giess et al. 2004).

Surface sensitive techniques such as surface plasmon res-
onance, ellipsometry, neutron or X-ray reflectometry, atomic
force microscopy, electrochemical impedance spectroscopy,
quartz crystal microbalance with dissipation monitoring,
and infrared reflection absorption spectroscopy are well-
suited methods of surface analysis for these planar systems
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in aqueous solution (Ferhan et al. 2017; Wittenberg et al.
2014; Steltenkamp et al. 2006).

While these membrane systems commonly have simple
lipid compositions, increased biological accuracy can be
achieved in both sBLMs and tBLMs by customising the
lipid composition to change membrane electrical sealing
and structural properties (Andersson and Koper 2016;
Andersson et al. 2018b; Girard-Egrot and Maniti 2021).
tBLMs can also change the aforementioned membrane
properties and facilitate protein incorporation by custom-
ising the tethering type, composition, and density. The OM
and IM of various non-pathogenic and pathogenic bac-
teria have been modelled using both tBLMs and sBLMs
(Table 3) (Paulowski et al. 2020; Pérez-Peinado et al. 2018;
Weiss et al. 2010; Clifton et al. 2013; Paracini et al. 2018;
Hughes et al. 2019; Dodd et al. 2008; Michel et al. 2017;
Adhyapak et al. 2020; Nakatani et al. 2019; Hoiles and
Krishnamurthy 2015; Schneck et al. 2009; Lee et al. 2020;
Nedelkovski et al. 2013; Niu et al. 2017; Sharma et al. 2020;
McGillivray et al. 2009).

PR AR PR AL R

e v’ gby vt vt

These architectures often contain a limited number (1-4)
of synthetic lipid species; however, they can also contain
bacterial lipid extracts (>4 lipid species) asymmetrically
arranged in a bilayer. Unlike user-defined systems which
are limited to the number and type of lipid species and their
associated molecular variations incorporated, architectures
formed from bacterial lipid extracts generate increasingly
accurate biological models as various lipid species and their
native molecular variants are inherently incorporated. Under
user-defined compositions, the inner and outer leaflets of
architectures modelling GN and GP bacteria commonly con-
tain one molecular variation of PC. Few architectures have
been developed where the inner and outer leaflets contain the
most common lipid species or analogues thereof for GN (PE,
PG and CL) and GP (PG, CL, and lysyl-PG) bacteria. For
sBLM and tBLM systems, lysyl-PG is often substituted with
DOTAP as it is more affordable for the increased quantities
required to generate the architectures (Dupuy et al. 2018;
Li and Smith 2019). Few architectures modelling the mem-
brane of GN or GP bacteria have also been developed to
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Fig.3 Schematic representation of various solid supported model membrane architectures. Please see text for details
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contain LPS (Andersson et al. 2018a; Clifton et al. 2015;
Hsia et al. 2016; Thomas et al. 1999) or murein (Spencelayh
et al. 2006). The model architectures have been utilised to
investigate general structural (thickness, roughness, and lipid
density) and electrical membrane properties. In addition, the
mechanism of interaction between antibiotic compounds and
membrane constituents (Chilambi et al. 2018; Dupuy et al.
2018; Li and Smith 2019), lipid-protein interactions (Miran-
dela et al. 2019), ion transport (Maccarini et al. 2017), and
redox-active enzyme function and characterisation (Jeuken
et al. 2006, 2005) have been explored.

Limited architectures have been generated to model the
ESKAPE pathogens and investigate electrochemical and
structural changes with lipophilic composition (Jiang et al.
2019b; Mohamed et al. 2021; Zang et al. 2021). Recently,
a tBLM for A. baumannii has been developed to model the
OM in the presence and absence of exogenously incorpo-
rated omega-3 polyunsaturated fatty acid (PUFA) and doco-
sahexaenoic acid (DHA) (Zang et al. 2021). Both tBLMs
generated were asymmetrical and were constructed from
lipid samples extracted from A. baumannii actively grow-
ing in the presence or absence of DHA. The tBLMs were
used to determine whether DHA incorporation disrupted
the function of efflux system AdeB due to impaired proton
motive force retention from induced ion leakage. Both tBLM
models were electrochemically similar therefore suggesting
that AdeB dysfunction was not due to the membrane’s ability
to maintain a proton motive force upon DHA incorporation.
sBLM models for S. aureus have been developed to assess
how upregulation in CL biosynthesis in daptomycin-resist-
ant strains decreases antibiotic susceptibility (Jiang et al.
2019b). PG, lysyl-PG and CL in different concentration
ratios were used to mimic resistant and susceptible strains.
The daptomycin-resistant strain membrane was found to be
thicker than the susceptible strain. The structural changes
resulted in concentration-dependent changes in daptomycin
interaction. At low daptomycin concentrations, the suscep-
tible strain exhibited decreases in lipid volume whilst high
concentrations induced considerable membrane penetration
and disruption. In contrast, the resistant-strain exhibited only
slight lipid volume reductions for all daptomycin concentra-
tions analysed. This demonstrated that lipid-induced struc-
tural modifications can impair daptomycin efficacy.

Both sBLM and tBLM systems possess limitations unique
to each architecture. SBLM systems can be unstable due
to no linkage between the lipid bilayer and the substrate
(Andersson and K&per 2016; Andersson et al. 2018b; Girard-
Egrot and Maniti 2021). As a result, measurements requir-
ing days or weeks are difficult to achieve. Direct bilayer-
substrate contact can also create an insufficient amount of
space for bilayer-spanning protein incorporation (Castellana
and Cremer 2006; Andersson and Koper 2016; Alghalayini
et al. 2019; Tamm and McConnell 1985). Protein-substrate

@ Springer

contact induces denaturation or impaired function which
hinders functional, electrical, or structural studies (Algha-
layini et al. 2019; Tanaka and Sackmann 2005). Membrane
structural and electrical properties are also subject to sub-
strate topology, whereby any substrate imperfections will
cause defects in the bilayer and hinder its resistance towards
current transfer (Andersson and Koper 2016; Andersson
et al. 2018b; Girard-Egrot and Maniti 2021). Using a poly-
mer cushion to support the bilayer can partially reduce sub-
strate topological effects, maintain bilayer fluidity, and pre-
vent substrate-protein contact (Andersson and Koper 2016;
Andersson et al. 2018b; Belegrinou et al. 2011). However,
polymer cushion swelling behaviour, assembly, thickness,
and morphology are difficult to control which dampens the
electrical qualities of the lipid bilayer (Naumann et al. 2001,
2002). tBLMs were generated to circumvent all aforemen-
tioned limitations of SBLMs. However, the disadvantage of
increased stability and electrical sealing in tBLM systems
is decreased lateral lipid mobility (Andersson et al. 2018b).
Depending upon the application, there are also disadvan-
tages to using different types of tethers (Jackman et al.
2012). Similarly to liposomes, consideration of the lipid
phase transition temperature can be crucial to successful
lipid incorporation and architecture formation (Eeman and
Deleu 2010; Vestergaard and d., Hamada, T., Takagi, M.,
2008).

Computational modelling

Despite the progress made in developing sophisticated
experimental techniques that can directly investigate live
bacterial cells and reveal complex lateral membrane organi-
sation processes (Deleu et al. 2014; Lyman et al. 2018; Nick-
els et al. 2015), analysing the molecular details surrounding
membrane organisation still proves difficult (Maity et al.
2015; Marrink et al. 2019). Molecular dynamics (MD) tech-
niques can serve as a “‘computational microscope” whereby
interactions between all constituents in the system can be
analysed at an atomistic level (Marrink et al. 2019; Ing6lfs-
son et al. 2016). The quality of the set of parameters that
dictate particle interaction, known as the force field (FF),
is crucial to the success of an MD simulation (MacKerell
2004). In biomolecular simulations, numerous FFs have been
employed: implicit, supra-coarse-grain, coarse-grain, and
all-atom (Marrink et al. 2019; Mori et al. 2016). All FFs are
similar regarding their main approximations and function;
however, the level of resolution between each is distinctive
(Fig. 4) (MacKerell 2004). The highest level of resolution
is full atomistic detail which is the most commonly utilised
model for complex membrane systems. These include bacte-
rial membranes, organelle membranes, plasma membranes
and viral envelopes, protein folding, drug-membrane inter-
actions, protein—ligand complex stability, protein—protein



123

Biophysical Reviews (2022) 14:111-143

snainp
*S WOIJ POALIOP S[QUURYD UISAJOWAY-0 JO
suonoerayul urejoxd-pidiy pue soniadoxd
[e91109[ pUE [eINJONIS A} IsA[eue 0)

QuBIqUIAW [e110)0kq [opou B do[eas

S[OpOW QUBIqUIdW [eL1}0eq Jo sontadoxd

[BOIUBYDAUW PUE [EOLIJOJ[Q Y} UO ‘LA ‘0PN

-dod rerqoxorwmue oy jo joedw pue ‘suory
-OBIOIUT ‘WSTUBYOQW JE[NOJ[OW I} eI1)SoAu]

sap1o4avyds ") UL SOIUID

uonoeal onayuksoloyd Jo wisIueyOSW UOT)

-ej10x0030yd QU 9sATeue 19)39q 0) S[euSIS

patesjul padueyud saonpoid Jey) InoIyoIe
QURIQUIAW [BLI)ORQ JNOWIION] B 2)RIOUAD)

SOURIQUISW [9POW [BLI2)OBGIBYDIR UT

‘oprureAxoqIred-ourona] aurdA[3-jApndad ‘opn
-dad erqororiunUe 9U) JO WSIUBYIAW-UON)

-0BOI pUE SOTWERUAP uonewio} a1od ayeSnsaauy

(sourzergjouayd) s10)
-1qrqur pue (HQVN pue son3ofeue auouinb
‘auouinb) sajensqns oy snorrea Jo aouasaid
QY3 U1 9SBIONPAIOPIXO duouInb:HAVN II
-ad£7, Jo oiaeyaq onAkreied oy asAreur
0) 2IM}OANNYDIR [eLID)ORq [dpowt & dojorsg
SIONqIYUIL JUSISIP
ordnnu jo oouasaid oy ut ‘1-[ournbrqn
‘arensqns oy} 0) asuodsar ur £0q awoIyO01Ld
Jo A1Anoe oy ssasse 0} Aesse ue dofaaaq
sonolquue
PUE SUOT JUS[BAIP JO 20UINYJUI Y} 0] 30adsar
)M pajednsoaur axom santodord 180111099

pue [eIN}oNNS "eLI)ORq NO JO INO U}
SOTWIW 1Y) SQUBIQUISU [9POW B 3)BIUIL)

DdAuda

DAY ‘DdAUIQ :pastsayIuAs
v pidr :parenxg

odAyda

g0dd ‘OdAUda-1owd ‘Ddod

1D ‘Dd ‘dd

10 ‘Dd ‘dd

OdAUdd-p ‘DdAudd :pasiseyiukg
Sd'T-9Y paroenxy

spidi] pasIsoyjuAs paseyoing

(S6SY ©IOSQUUTW) PILIAIUS *§ WOTJ JOBTIXD
Sd'1 pue spidi] pasISayjuAs paseyoing

spidi] pastsayjuAs paseyoing

spidi] pasisayjuks paseyoind

syoenx9 pidif

Tejod (¢0€ 1T DILV) € 02 " paseyoing

spoenxa pidif xefod (€011 DOLV) 4
1109 * paseyoind

$1081X9 ST
(S1) 1702 77 pue spid] pasISoyIuAs paseyoIng

(600 "Te 10 AeIAI[IDON

(L10T ‘TR W@ NIN

(€10T T8 12 DISAOY[9PaN

(10T Aypanureuystry| pue sa[IoH

(610 T8 19 TueIRyEN

(010T 'Te 19 SSTopm

(B80T ‘T 10 UOSSIOpUY

NI}

SAWOIINO YIIBASAY

saroads prdry

Qo1nos prdr

Q0URIOJIY

ad£) [opoN

SoWo9INOo Yo1edsal urpuodsariod 1oyl pue pasijnn saroads pidif oy ‘0oanos pidif oy ‘sjopowt 104e[iq parioddns pijos pajio jo Arewwng € a|qel

pringer

a's



Biophysical Reviews (2022) 14:111-143

124

suon
-1sodwod pidiy juazoyrp pue unsio)) apndad
[BIQOIDTWNUR I} USOM)Oq WISTURYIOU
uonoeIAuI [earsAydoiq ay) opnje 0) sauriq
-WoW [e119)J0Bq ND pue 0 [opow dojoaa
siuqns
"g 0] 9ATIRU “9SBIONPAIOPIX0 duouIbeusw
Q1eUIOONS ‘Ur0)0Id SUBIQUISW JATIOB-XOPAI
JO uonouNJ Ay} ISLINIBIBYD AJ[EITIAYI0NIH
1702 *7 WOIJ PIALIOP
€0q QWIOIYI01Kd “QWAZUD JAT)OR-XOPAI
JO 2ImoNnIs pue uoHoUNy A} ASLIAORILYD

uonew
-IOJUOD [RUONIOUN] € UI DSOUISNIID ' WOIJ
uriod e jo uonerodioour pue jo uononpoid

9313-1120 2y astundo 0) aanpasoad & dofaasg

K31anoe 19y10dsuen sjodpe 1700
"7 03 aAneu urdjoid 19110dsuen wnruourwe
ue pue 1Ae[1q pidi] NO ONOWIW B U9am)aq
uonoea)ul urajoid-prdi oy moy 1ensoAu]

s1osinoaxd ueok[3opndad ay) pue sono
-IqQIIUE JUQIOJIP UodMIaq InoTAeyaq Surpuiq
9y, s1osinoaid oanjeu Sursn uedA[Sopndad
JO SISQUIUAS OIIA UL Q) SABII[IOB] Jey)
QUBIQUISW [BLIS)OR] OTJOWIION] B 9)eIoUar)

sorwrrwr opndad oneyuAs g urxAwkjod
0} paredwod g urxAwkjod pue §qT usamiaq
WSTURYOSW UOTESI[ENNAU PUB SSAUIATIOLD

Surreysonbas oYy AJnuapt pue 91eI1IsoAu]

sonjoiquue
Jo 2ouasaxd ay) ur pe3IISAAUT OS[e dIom
sonouny pue ssewr ‘sontodord suelquiowr ut
saguey)) "PAIRTI)SOAUT OS[E IIM ATJOWWAS
urojoid pue pidi] pue AJ1oNSe[209SIA ‘AT
-[Iqour “K)TATSNIFIP SUBIqUIAW SUIpnjour
sanradoid “ssew 21n3o9)ydIe pue arndni
9[01S2A ‘0FBIIA0D Q0BLINS SSASSE 0) A[[BD
-1ISNOoE pue A[[eo1joury pasIIaloeIeyd Sem
QUBIQUIAW Y} JO UONBULIOJ O], "B1I}0Rq

ND JO JNO 23 Jo suelquiawi [opow & dojaadq

Dd1d ‘70a ‘dv1od
‘0d0d “TO0L ‘Dd0d ‘AdOd :PasIsauks
SdT-S :parenxg

S1ORI)XD S171IgNs
'g 9Yy) woij Juauod prdi] pagroadsun
Dd-339 ‘Dd-1Aoy-ouIsk T “1D ‘dd ‘Dd

1O ‘dd ‘Dd

[0393S9[0Y0 ‘VAINA
‘4d0d ‘Dd0d ‘Ddddd ‘HdaD DdNd

DdOd :pasIsayIukg
10 ‘dd ‘Dd :paroenxg

S10BIXA 1]00
9y woig yuyuod pidi] payroadsun ‘HJg-339

dd-unorg ‘OdING pasIsayIuks
V1dd ‘payenxyg

Hd-000SOHd DO :PasIsayIuLg
S10B11X0 oY)
wo1j Juuod pidi payroadsun :pajoenxy

s1enxs 41 (P4 1110)
1702 *77 pue spidi] pasISYIUAS paseyoIng

s10enxa pidif (002 1as9d/810¢) syuqns
'g "syoenxe pidi] 39 pue syoenxa pidi
Tefod (€0€ 1T DOLV) g 402 'F peseyomnd

sjoenxe pidy
Tefod (¢0¢ 1T DOLV) € 1109 "7 paseyoind

spidi] pasisayjuAs paseyoind

sjoenxa pidy rejod (¢0¢‘ 11 DDLV)
g 1709 "7 pue spidi] pasIsayjuAs paseyoing

sjoenx? pidi
530 paseyomd pue (¢qddd) O0TTINS 702 7

spenxe v prdi (Fured ¢
1702 *77 pue spidi] pasISYIUAS paseyoIng

s1oenxa pidif (1£080f)
1700 77 pue spidi] pasISSYIuAS paseyoIng

(8107 'Te 30 Andn(

(S00T T8 19 una[

(900 T8 19 uaynof

(L10T 'Te 10 TULIRIORI

(610T 'T® 10 B[opUBIIA

(9007 ‘T® 10 yAeoouadg

(6661 T 19 sewoy,

(910T '8 19 BISH

SAWOIINO YIIBASAY

saroads prdry

Qo1nos pidr

QOURIRJIY ad£) [opoN

(ponunuoo) ¢ 3jqey

b
)
)
5
et
|9
A
&l



125

Biophysical Reviews (2022) 14:111-143

Surpuiq opnded erqororunue
JO 9ouasqe pue 2ouasaid oy} ur poje3nsaAul

sem soTwreuAp uorsnyjip pidr S| [er1s1oeq

oIewwAse NO pue Jo [opouwr dojoas

1109 *q JO INO PU® INT SY} SOIWIW Jey)
QUEBIqUIAW [9POW JLIJOWWASE UL 9)eIoUdD)

[oWAY) [eIGOIDTWIIUE )

Jo 110dsuen) oY) 01 309dsaI YIIM PIsATeUE sem
Ayniqouwr pue ‘Sunyoed ‘KyIpIny ‘SSOUSAISNJIP

pidi| QUBIqUIDIA 709 " JO INT PUe NO U
SOTWITW JBY[} QUBIQUISW [SPOW B JeISUID)

saseyd yymo13 Areuone)s pue

[enuauodxe Junenuis S[OPOW UBIqUIdW

[erx210eq Ut surewop pidiy jo soniadod e

-TueyOoW oY) Uo ‘T'] unenoew ‘opndad
[e1qoIoTIINUE JY) Jo Joeduwr oy 9)e3NsaAU]

s[opow O

[eL19108q NO SUIsSn SUor JUS[RAIp JO J0USqe

pue 9oudsaid 9y} Ul SUOTIOBIIUT SUBIQUIAUI

-19)ut pue sontodoid [esruBydAW 9Y) UO SUON

-BINW ST JUSISJIP JO SOUINYUT Y3 [SPOJA

BLIOIORQOOAW

JO S[opOW SUEBIqUIAW 931J-urejoId ur uon

-BSTUBSIO [BISJR] pUB UOTIB[NZAI SISAYIUAS

‘sotwreuAp ‘Sunypoed ‘Kypmy ‘ormyoaryore
urewop pidi] sueiquaw 9y} Ae3NSIAU]

spunodwod [erqoIdrunue

SNOLIBA [)IM SUOT}ORIUI QUBIQUIdW-FNIP

pue ‘sonsLIaloeIeyd [eorskydorq s,[opow

) 9e3nsaaur pue suagoyred gJvISH
ND 221} JO SIoAB[Iq [9pOW AQ JBIAUID)

suone[nuis reuoneindwods

puE SQUBIQUISW [opow Sulsn eLIooeq NO

JO JNO 2y jo sentadoid 1eorsAyd oy ored
-1ISOAUT pue uonewLIoful [esisAydorq 109[j0)

T1001-on[gdoy, ‘Ad
-ron[4do[, ‘4dOd “ID0L ‘dV.LOd ‘DdOd
2ddd-p ‘Dddd :pasisayiukg
‘SdT-®Yy paroenxy

AdINA-NLY9OLLY
‘HdINA-887OLLY ‘AdOd :PasIsayiuks
saroads prdiy
paytoadsun ‘Dd “1D ‘Ad ‘Sd’T-S :PAoRNXT

vd ‘Dd ‘dd

SdT-oY ‘eY-Sd1-y ‘v pidry
dST VSO
VSN VURdIN ‘VUBdIAL 'V ‘ddD
{LAD ‘(swoy AxorpAy Surpnjour) YOd
‘0 ‘DL “IDSTOV ‘INIAd ‘O :(swio)
PLIQAY pue AX09pIp ‘Axoapouou ‘papeo]
-UoJI punoq-[[ad ‘Axoqred Surpnjour) gn
SNAL INdIN *DIN “LV.L “(swiof pajejkoe
-ouow Jurpnjour) NI (SuLoj 0jay pue
eyde Sutpniour) VI *1dodD Lvd TS
¢(suroj [AjooAworowr Surpnpour) OV (1D
‘(swioy 0sA] Sutpnpour) Id pue Dd ‘dd ‘Vd

HdHA

-000$DAd ‘Od0d-000$DHd :pestseyiukg
paynuenb pue pajodep sem

Sd'11nq u2u0o pidi] pagroadsun :pajoenxyg

Dddd-p :pasIsoyIuAS
Sd1-¢y :paroenxyg

sprdi] pasIsayjuAs paseyoIng
sprdi] pasIsayjuAs
pue s)0enxs S41 (00 THH) /02 paseyoing

spIdI] pasISOUIUAS pue S}OBIXd
SdT (PE:1110) Y02 7 pue s1oenxa pidi|
12101 (€0€°TT DDLV) € 1102 " paseyoing

S10BIXd
pidif 12303 (SSOTON TI-M) 12714 1102 "4

s10enxa PIdI] (S6SY U 09Y) PILUI S

s1oenxe prdif (g1 our)
sypwSauls

sprdiy
pastsoyyuAs paseyoind pue (LOF'€T DDLV)

20oD0]I i pue (y-)JV7]) Nuuvwnnq "y
‘(p1Vd) psourdnian g wo.f syoenxa pidry

s1enx9 471 (00THA)
1700 77 pue spidi] pasISayIuAs paseyoIng

(610T WS pue I

(S10T "Te 19 uoyID

(020T 'T® 10 BWLIRYS

(0T0T B 19997

(600T 'T® 19 o9uyds

SAWOIINO YIIBISAY

saroads prdry

Qo1nos pidr

(020T 'Te 2 Yedekypy TS
(120T ' 10 pawreyoy
(610€ 'Te 32 seysny
QOUAIRJIY ad£) [epoN

(ponunuoo) ¢ 3jqey

pringer

A's



Biophysical Reviews (2022) 14:111-143

126

Ajeanoadsar ‘suontuyop wAuooe saroads prdi pue [eLIe)deq 10§ (g pue | '100§) uoneurioju] Lreyuswalddng vog

g urxAwjod jo suonoeIo)ul dUBIqUIAW-INIP
Q3 SOOUSNYUI BLI2IOEG ND JO JNO P1di[
Q) Jo armyongys [edrsAyd oY) moy 9)e3NsaAuf
$1]p2anf "7 JO SUTET}S JULISISAI
pue 2d£) prim usomioq soyyoid ayeidn pue
onpuad ‘proe Ay oy ur saueyd ySnoIy)
$91AT0109[0031]0 paje3n(uod [eIqoIdTWNIUE
JO WSIUBYOW [BIQOIDIUIIUE 9 9)eS1soAu]

wisiueydowW uonesijiqesuriod surIquUIdW

) 9sATeur 0) pasn axam A[[eoyroads s[apowr

NIGS el1910Bq NO JO WO 9Y) U0 Juswdery

S)1 pue urpIoIelod ‘sapndad [erqororunue
9} JO UOIOE JO WISIUBYOSW 9} SUNUISIO(

pasATeue o1om oINjonIs pue AIIqe)s

QUBIQUISW PUE ‘SJOPBI] Uam)aq 958I0A0

pue uonnquisip pidif oYy ‘ANowWooayal

uonnau BIA "eLI0J0Bq NO JO JNO 2y} Sur|
-Topowt 03 yoroxdde dais-om) a1oej € dojoasg

sonbruyo9) [eonAeue oAn

-ISUQS 90BJINS SNOLIBA SUISN PASSISSE AIIM

SIN'TGS parerouad oy jo sonredoid ey

-OnINs Y], "SOUBIQUAW [BLI)ORQ U JNOJ0

Jer)) $s2001d SnOJIAWNU puE SUOTIORIAUT

QuUBIqQUIOW-INIP JO ApN)s oY) J0J SUBIQUISU

[opow odwts & Sunerouasd Jo uonuul

o) M DJ-53H Wim spidiy 1[0 g dATeU
JO SoIM)XTW UTIUOD Jey) SIS 91eIoudn

INOTABYQq

aseyd pue dog-diy pidiy Surstioioereyo £q

uornoeojut urejoxd pue opndad pue sisAfeue

urewop pidi[ 10] passasse sem AJiiqesn

S Jopoul 9y ], "BLI)oRq N JO AnowwAse oy}
[opowW 0} SPOYIAW [LIUSWILIAAXS 91eI)SUOWA(]

suronserd

[e1qoIdTWNUE 0} STAT] [eLI0)oRq [BILIOW
-WASe NJD [opowl & asL1d)orIeyd pue dojaaaq

Oddd-p :pasIsaqIuAs
Sd1-eY :paroenxyg

Dd0od

2dOd ‘AAdD DdHAdJ :PasISopULS
SV SNOLIBA ‘S]0RIXd

woij sa10ads pidi payroadsun :pojoenxyg

DdOd ‘DdOd :pasisayukg
10 ‘Dd ‘dd :paoenxg

Dddd-p Dddd :posisayiukg
Sd'1-9¥ ‘Sd'1-8Y ‘v pidi| :pajoenxyg

od
-d9N ‘HdHA-JYL ‘Dd-834 :pIsIsAyIuAS
juojuod pidi] pagroadsun :pajoenXyg

Ad-DLId
‘Hd-A9N ‘HdHA-POUY “TD :PosISAqIuks
Sd1-¥ ‘Dd ‘dd :paroenxyg

dd0d-P ‘DdOd-P
“TOOL ‘“DdOS ‘HdOS :pasisayiukg
SdT1-9Y :paroenxyg

(00THH) 1709 “ WOl 19ENXD
Sd'T pue spidi] pasisayuAs paseyoIng

$10BI)X9 (SUTRI)S JUR)SISAT)

AdEDHA pue DEDAH “(2dK1 pim) J41D0
s1poapf 77 pue spidi] pasISAYIUAS paseyoIng

spidi] pasisayjuAs pue joenx? pidi|
xefod (€0 TT DOLV) g 402 ' peseyomd

spidi] pasIsayjuAs
paseyaIng “Gf pue OQTHH ‘€8Sd surens
1[00 "J WoIj S1oenxa S41 pue v pidrp

swenxe pidip (cHA1719)
1109 g pue spidi] pasIsoyjuks paseyoIng

sprdiy pasts
-oyjuAs pue spoenxa pidif 7700 7 paseyo
~nd “(S7Y) s12qpanu g woiy senxe §d

(G6SY vr0SaUUIW) PILIIUD *§ WIOLJ JORIIXD
Sd'1 pue spidi] pasisayuks paseyoind

(810 "I® 1 1uroereq

(810T T8 19 Iquey) T} PUe TGS

(810T T 19 OpeUId]-Za19d

(€10T "Te 30 voyID

(800T '8 12 PPOQ

(0Z0T ‘T8 19 D{smorneq

(L10T T8 12 [PYOIA

SAWOIINO YIIBISAY

saroads prdry

Qo1nos pidr

QOUAIRJIY ad£) [epoN

(ponunuoo) ¢ 3jqey

b
)
)
5
et
|9
A
&l



Biophysical Reviews (2022) 14:111-143 127

interaction modulators, lipid domain formation and behav-  divalent cation binding, density, diffusion, packing, rigidity,
iour, membrane curvature sensing and formation, membrane  and average area per lipid. In addition, lipid changes between
remodelling events, and lipid-protein binding site identifi-  bacterial growth cycles (Khakbaz and Klauda 2015; Lim and
cation and binding strength (Matamoros-Recio et al. 2021; Klauda 2011), effects of mechanical and oxidative stressors
Bennett and Tieleman 2013; Chan et al. 2015; Kabedevetal.  (Hwang et al. 2018), molecule permeation and partitioning
2021; Khan et al. 2019; Lazim et al. 2020; Liu et al. 2021; (Jin et al. 2021; Hsu et al. 2016), and the lipophilic influence
Parkin et al. 2015; Reddy and Sansom 2016; Singharoy and ~ on membrane protein function and packing (Khalid et al.
Schulten 2017). Full atomistic detail significantly expands ~ 2015; Patel et al. 2017) have also been explored.
the predictive power of molecular dynamics simulations. To Bacterial membranes modelling the ESKAPE patho-
enhance the spatiotemporal range of MD simulations and  gens have also been simulated to investigate drug-mem-
decrease system complexity, the lower resolution level FFs  brane interactions, lipid-protein interactions, and structural
can be utilised (Mori et al. 2016; Liu et al. 2021). changes associated with bacterial pathogenesis (Zang et al.
Several MD models simulating the OM and IM of  2021; Piggot et al. 2011; Lee et al. 2017; Ocampo-Ibéiiez
bacteria have been constructed at both the atomistic and et al. 2020; Alkhalifa et al. 2020; Lins and Straatsma 2001;
coarse-grained levels of resolution (Table 4). (Bogdanov Yu and Klauda 2018; Kirschner et al. 2012; Dias et al. 2014,
et al. 2020; Tuerkova et al. 2020; Hughes et al. 2019; Bal- Oosten and Harroun 2016; Chakraborty et al. 2020; Kim
usek and Gumbart 2016; Baltoumas et al. 2019; Gao et al. et al. 2016). Models for A. baumannii containing the OM/
2020; Kholina et al. 2020; Li and Guo 2013; Abell6n-Ruiz ~ IM spanning AdeB RND drug-efflux complex in the pres-
et al. 2017; Berglund et al. 2015; Hsu et al. 2017a, 2017b; ence and absence of incorporated host-derived PUFAs, ara-
Ma et al. 2017a, 2017b, 2015; Mehmood et al. 2016; Orek- chidonic acid, and DHA have been developed within the
hov et al. 2018; Shearer et al. 2019; Shearer and Khalid  coarse-grained FF to investigate PUFA-mediated antibiotic
2018; Rice and Wereszczynski 2018; Patel et al. 2016;  susceptibility (Zang et al. 2021). All three simulated mem-
Piggot et al. 2011; Carpenter et al. 2016; Fleming et al.  branes were asymmetrical, contained three different lipid
2016; Wu et al. 2013, 2014a; Duay et al. 2019; Khondker species notably PG, CL, and PE and 2—7 molecular varia-
et al. 2019; Pandit and Klauda 2012; Pothula et al. 2016; tions of each. PUFA incorporation was shown to morpho-
Shahane et al. 2019). logically disrupt AdeB, resulting in impaired efflux function
These models often contain 2 or more different lipid spe-  and presented a potential weakness in A. baumannii’s MDR
cies asymmetrically arranged in a bilayer, with the outer and  capacity. Chakraborty et al. (2020) also explored various
inner leaflets composed primarily of LPS (restricted to the =~ drug-membrane-dependent interactions of two antimicro-
outer leaflet) and/or a mixture of PE, PG and sometimes CL.  bial peptides, battacin analogues octapeptide 17 and penta-
To compensate for the significant variation in the constitu-  peptide 30, with the IM of S. aureus using an atomistic FF
ents of the phospholipids and LPS between bacterial strains ~ (Chakraborty et al. 2020). The IM was an asymmetric three-
and species, a range of different phospholipid and LPS frag-  component mixture predominately of PG, lysine-PG, DPG,
ments and variants have been parametrised for use in MD  and CL. Kim et al. (2016) modelled homogenous bilayers
programs (Lee et al. 2018; Wu et al. 2014b). The models ~ from 12 pathogenic bacterial species, including A. bauman-
have been utilised to characterise and explore various mem- nii, K. pneumoniae, and P. aeruginosa, using an atomistic FF
brane channels and bacterial membrane properties including  to investigate atomistic-scale similarities and differences in

AA Model CG Model Supra-CG Model Implicit Model

Fig.4 Schematic representation of different resolutions in molecular tion represents solvents implicitly and proteins and lipids as qualita-
dynamics simulations of lipid membranes. All atom (AA) resolution tive few-bead models. Implicit resolution further integrates out lipid
explicitly considers all atoms. Coarse-grain (CG) resolution considers molecules. (modified with permission from (Marrink et al. 2019))
small atom groups and their associated hydrogens. Supra-CG resolu-
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membrane properties induced by the structural variations in
LPS (Kim et al. 2016).

Molecular dynamic simulations can provide a detailed
picture of membrane structure, yet they sometimes limited
by the high complexity of biological membrane systems.
For comprehensive reviews of the analytical limitations of
MD simulations, see Marrink et al. (2019) (Marrink et al.
2019) and Goossens and Winter (2018). (Goossens and
Winter 2018) Developments in the field are however very
promising.

Outlook

The membrane models used to mimic pathogenic bacterial
membranes and the techniques used to analyse them have
provided useful information on the lateral organisation of
these adaptable quasi two-dimensional architectures dur-
ing resistance development. Each architecture possesses
individual advantages and limitations when investigating
drug-membrane interactions, lipid-protein interactions,
host—pathogen interactions, and structure-induced bacterial
pathogenesis. As in vitro modelling systems advance, the
quest for increased realism has not ceased. Key challenges
include observing and incorporating complex membrane
proteins such as drug-efflux proteins, connecting theoretical
and experimental results, and incorporating more complex
lipophilic assemblies. Current model systems are created
utilising well-defined lipid mixtures, and whilst simplifica-
tion is necessary for specific membrane-mediated interaction
analyses, oversimplification provides an insufficient under-
standing of complex bacterial membrane systems and pro-
cesses. By incorporating more complex compositions (pro-
teins and lipids), insights into essential pathogen resistance
development processes, membrane-targeting antimicrobial
mechanisms, and generating fully artificial architectures that
safely captures numerous essential pathogenic biological
features can be made to help combat the devastating conse-
quences of antibiotic resistance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12551-021-00913-7.
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