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ABSTRACT: Bacteria have evolved over 3 billion years, shaping our
intrinsic and symbiotic coexistence with these single-celled organisms.
With rising populations of drug-resistant strains, the search for novel
antimicrobials is an ongoing area of research. Advances in high-
performance computing platforms have led to a variety of molecular
dynamics simulation strategies to study the interactions of
antimicrobial molecules with different compartments of the bacterial
cell envelope of both Gram-positive and Gram-negative species. In this
review, we begin with a detailed description of the structural aspects of
the bacterial cell envelope. Simulations concerned with the transport
and associated free energy of small molecules and ions through the
outer membrane, peptidoglycan, inner membrane and outer
membrane porins are discussed. Since surfactants are widely used as
antimicrobials, a section is devoted to the interactions of surfactants with the cell wall and inner membranes. The review ends with a
discussion on antimicrobial peptides and the insights gained from the molecular simulations on the free energy of translocation.
Challenges involved in developing accurate molecular models and coarse-grained strategies that provide a trade-off between atomic
details with a gain in sampling time are highlighted. The need for efficient sampling strategies to obtain accurate free energies of
translocation is also discussed. Molecular dynamics simulations have evolved as a powerful tool that can potentially be used to design
and develop novel antimicrobials and strategies to effectively treat bacterial infections.

■ INTRODUCTION
Cells form the basic structural, functional, and biological units
of all living organisms. Cell surfaces of bacteria and viruses
have evolved complex and intricate mechanisms to support
their lifeforms. Bacterial cell surfaces, which are the focus of
this review, have a complex and layered landscape made up of
proteins, lipids, and sugars designed to control cellular
metabolic functions, cell division and offer protection from
external threat. The semi-permeable cell envelope regulates the
transport of various molecules, nutrients, and other metabo-
lites.

Perhaps the most widely used strategy for combating
bacterial infections involves the use of external agents or
antimicrobials to directly target the bacterial cell envelope.
Irrespective of the pathways taken to kill bacteria, these
antimicrobial molecules first encounter and interact with the
bacterial cell envelope to either disrupt the envelope1 or access
the cytoplasm in order to initiate bacteriostatic or bactericidal
activity.2 Although bacterial kill assays are widely used to assess

the efficacy of antimicrobial molecules, the molecular
mechanisms for cellular entry and subsequent interactions
are poorly understood.

Developing models to study realistic representations of the
cell envelope is an evolving area of research in both
experiments and simulations.3−5 Experimental techniques,6−9

such as fluorescence correlation spectroscopy, single-particle
tracking, X-ray scattering, mass spectroscopy, super-resolution
single-molecule methods, and atomic force microscopy, have
improved our molecular understanding of the structure and
complexity of the bacterial cell surface.
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Despite efforts toward the progress of these experimental
techniques and given the underlying complexity of the
envelope, it is challenging to decipher detailed molecular-
level interactions with different parts of the bacterial cell
envelope. Molecular dynamics (MD) simulations have evolved
as a powerful nanoscopic tool to understand the structural,
mechanical, dynamic, and barrier properties of the cellular
membrane.3 Studies on model development of the bacterial
cell envelope and their utility to understand interactions with
various proteins, peptides, surfactants, and small molecules are
necessary to develop better strategies to fight bacterial
infections. These studies will help gain insight into the
biologically relevant processes that involve specific interactions
with bacterial cell envelopes and also aid in the development of
novel antimicrobial products.

In this review, we provide a perspective on the development
of molecular models and MD simulation techniques that have
been used to understand the structural properties of various
components of the bacterial cell envelope. The review begins
with a detailed structural description of the cell envelopes of
Gram-negative and Gram-positive strains. Next, we review the
MD literature in three broad sections that cover structural
aspects and the models developed to study the outer
membrane of Gram-negative bacteria, the peptidoglycan or
cell walls, and the inner phospholipid bilayer membranes of
both Gram-positive and negative strains. Following this, we
turn our attention to the translocation of molecules through
different sections of the bacterial cell envelope, which includes
transport through outer membrane porins and peptidoglycan.
Since surfactants are widely used as antimicrobials, we have a
section on studies concerned with the interactions of
surfactants with the inner membrane and peptidoglycan. The

last section is concerned with simulations of antimicrobial
peptides with different parts of the cell envelope, and the
review ends with a conclusion and perspective section.

■ STRUCTURE OF THE BACTERIAL CELL ENVELOPE
In contrast to the mammalian plasma membrane, which
consists of a phospholipid membrane, the bacterial cell
envelope has a complex architecture bearing topologically
distinct membranes arranged in a tiered manner.10 Addition-
ally, the structures of Gram-positive and Gram-negative
bacteria cell envelopes have distinct differences (Figure 1).
The presence of lipopolysaccharide (LPS) molecules, made up
of lipids and sugars, in the outer membrane of Gram-negative
strains serves as the primary external barrier. The main external
barrier in the case of Gram-positive bacteria is a thicker
peptidoglycan layer without the presence of the outer LPS
membrane. The peptidoglycan layer, also known as murein, is a
mesh-like structure that is considered to be the largest
macromolecule with strands of disaccharides interconnected
with peptides.11 Peptidoglycan provides structural rigidity and
shape to the cell and is also referred to as the cell wall. In the
case of Gram-negative strains, a thinner peptidoglycan layer is
sandwiched between the outer LPS membrane and the inner
phospholipid bilayer to form the intervening region known as
the periplasm. The periplasm contains enzymes, anchoring
proteins and metabolites that facilitate protein folding and
sensing.12 The cytoplasmic phospholipid membrane and
peptidoglycan layers are present in both Gram-negative and
Gram-positive strains with specific compositional differences.
Gram-Negative Bacterial Cell Envelope. The trilayer

assembly10 (Figure 1) of the cell envelope, namely the inner
membrane, peptidoglycan, and outer membrane, makes Gram-

Figure 1. Schematic illustration of the bacterial cell envelope components for (A) Gram-negative (E. coli) and (B) Gram-positive (S. aureus)
bacteria, representing the differences in their structures.
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negative bacteria resilient toward antimicrobials, providing a
protective barrier against hostile environments.13 We will use
Escherichia coli (E. coli), an archetypical bacterium, as a
representative of Gram-negative bacteria.
Outer Membrane. The outer membrane is an asymmetric

bilayer with a lower leaflet composed of phospholipids such as
phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
and cardiolipin (CL) and an upper leaflet composed of LPS
molecules. Bacteria have evolved to allow the selective passage
of the molecules through the outer membrane, which serves as
a barrier for harmful molecules and allows selective transport
of ions and nutrients essential for the bacteria.

The lipid composition in lower leaflet of the outer
membrane (Figure 1A) varies between bacterial strains. For
instance, E. coli has a PE:PG:CL molar ratio of 90:5:5, while
Pseudomonas aeruginosa has a 60:27:13 composition.14,15 The
PE lipids are zwitterionic, PG and CL are anionic, and CL is
four-tailed lipid molecule (Figure 2).16 The LPS molecules in
upper leaflet of the outer membrane are amphipathic in
nature17 (Figure 2). Bacteria show a diverse variation in the

structure of LPS molecules based on species, strain, and the life
cycle. The LPS molecules are akin to polymeric brushes
anchored on the bilayer by phylogenetically conserved lipid A.

Lipid A is composed of diglucosamine diphosphate with four
to six lipid chains, forming the hydrophobic anchor for LPS in
the bilayer (Figure 2A). Toward the extracellular side, lipid A
is connected to core saccharides, which are in turn connected
to O-antigen. The sugars in the core saccharides are further
classified as inner and outer core sugars, which are commonly
referred to as Re-LPS and Ra-LPS, respectively. The sugars
that make up the inner and outer core vary across bacterial
strains. For example, the inner core for E. coli consists of 2-
keto-3-deoxyoctulosonate (KDO) and L-glycero-D-manno-
heptose (HEP) sugars, and the outer core in addition contains
D-glucose (GLC) and D-galactose (GAL) sugars (Figure 2A).
An LPS molecule with O-antigen units is termed as smooth
LPS, while an LPS molecule in the absence of O-antigen is
referred to as rough LPS. The O-antigen saccharides are
polymers of various lengths of repeating sugar units (up to
∼100). A few Gram-negative bacteria also contain glycolipids,

Figure 2. (A) Lipids present in inner and outer membranes of Gram-negative bacteria (E. coli). (B) Anteiso lipids present in cytoplasmic
membrane of Gram-positive bacteria (S. aureus). (C) Glycan residues N-acetylglucosamine and N-acetylmuramic acid are the molecular building
blocks of peptidoglycan.
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such as enterobacterial common antigens18 and capsular
polysaccharides,19 along with LPS.
Peptidoglycan. Peptidoglycan is a mesh-like structure

composed of polymeric glycan strands cross-linked by peptide
stems (Figure 3).11 Glycan strands are made up of
disaccharides of N-acetylglucosamine (NAG) and N-acetyl-
muramic acid (NAM). These strands are interconnected
through penta-peptides covalently bonded with a lactyl moiety
of each NAM residue. The residue sequence of these peptide
stems is L-alanine (L-Ala), D-iso-glutamate (Glu), meso-
diaminopimelic acid (m-A2pm), and D-alanine (D-Ala) (Figure
3). The peptide stems in peptidoglycan have dual functions: to
connect the glycan strands through cross-linking and to serve
as an anchor to covalently hold membrane-bound proteins.20,21

The cross-linking between peptides of adjacent strands occurs
by bridging a covalent bond between the m-A2pm of the
acceptor peptide and the penultimate D-Ala of the donor
peptide (Figure 3). During this bridging, the terminal D-Ala in
the donor peptide is eliminated.

In its simpler architecture, peptidoglycan in Gram-negative
species consists of a monolayer,22 bearing relatively longer
strands of glycans, while peptidoglycan in Gram-positive
strains is relatively thicker with shorter glycan strands.23,24 A
cryo-transmission electron microscopy study25 revealed
thicknesses of 6.3 nm in E. coli and 2.4 nm in P. aeruginosa,
consistent with other atomic force microscopy and electron
microscopy studies.26 The extent of peptide cross-linking is
correlated with the peptidoglycan thickness. In E. coli strains,
40−60% of the muropeptides are cross-linked. The spacing
between glycan strands is around 1.25 nm with the
disaccharide (NAG-NAM) units having a length of 1.03 nm.
The surface area per disaccharide varies between 1.3 and 2.5
nm2.27−29 The average length of glycan chains and their
distributions depend on the species and growth conditions.30

For Gram-negative species, the average chain length is in the
range of 20−40 disaccharide units.30,31 In Helicobacter pylori,
the chains are much shorter with average lengths of less than
10 disaccharide units.32

Two contrasting models have been proposed for the
orientation of glycans with reference to the cytoplasmic
membrane. In the classic “layered” model, the glycan chains are
parallel to the cytoplasmic membrane, running as hoops or
helices along the short axis of the cell sacculus.22,33 In the
scaffold model, glycan chains run in a direction perpendicular
to the cytoplasmic membrane.
Cytoplasmic Inner Membrane. Like the lower leaflet of the

outer membrane, the inner membrane of Gram-negative
bacteria is composed of PE, PG, and CL, with compositions

varying across the strains. A typical composition has a molar
ratio of 75:20:5 (PE:PG:CL). Being the major component of
the inner membrane, PE has been extensively used in inner
membrane models. Although present in lower concentrations,
the importance of the anionic PG and CL lipids has been
implicated in various phenomena. PG lipids are known to
provide stability to bacterial membranes by enhancing
interlipid interactions.34 Though smallest in composition, CL
is also found to play a significant role. It has been observed that
the osmosensory transporter ProP at the bacterial poles
increases with the CL content and, hence, regulates the
osmotic response of bacteria.35 CL is also crucial in the
formation of nonlamellar intracellular membranes in the
cytoplasm36 and has recently been shown to modulate peptide
interactions.37 It is a vital component of the membrane in the
polar and septal regions of the bacteria.38 Lipid tails are also
known to possess specific variations in tail structure. Using
mass spectroscopy methods, it has been shown that bacterial
lipid tails can have cyclic moieties,39,40 which influence the
structural properties of the membrane. The importance of the
cyclopropane moiety present in lipid tails of some Gram-
negative bacteria has been investigated using nuclear magnetic
resonance (NMR).41 Simulation studies of the inner
membrane of E. coli composed of PE and PG lipid tails
containing cyclopropane have been carried out at compositions
that reflect the life cycle of the bacteria, namely early log, mid
log, stationary, and the dead stage.42,43 These studies showed
the influence of the diversity of lipid compositions and
asymmetry on the structure and dynamics of the inner
membrane. Cyclopropane present in fatty acid chains induces
local disordering and reduced chain packing, resulting in a
higher surface area per lipid. These studies highlight the need
for developing more realistic and complex inner membrane
models.
Gram-Positive Bacterial Cell Envelope. The outer LPS

membrane present in Gram-negative strains is replaced by a
thicker peptidoglycan layer (Figure 1) in Gram-positive
bacteria, which helps bacteria to survive in harsh environments
and withstand the turgor pressure exerted on the inner
membrane.44 Another contrasting feature of the Gram-positive
cell envelope is the presence of teichoic acids.45 These long
anionic polymers composed of glycerol phosphate, glucosyl
phosphate, or ribitol phosphate are threaded across the
peptidoglycan layer. The wall teichoic and lipoteichoic acids
are anchored onto the peptidoglycan layer and membrane
lipids, respectively (Figure 1B). Staphylococcus aureus (S.
aureus) will be used as a representative for Gram-positive
bacteria in the text.

Figure 3. Schematic representation of peptidoglycan structure for typical (A) Gram-negative (E. coli) and (B) Gram-positive (S. aureus) bacteria,
indicating the differences in peptide stems and cross-linking.
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Peptidoglycan. The basic network structure of the
peptidoglycan layers is similar in both Gram-negative and
Gram-positive bacteria, having glycan strands made up of
disaccharides of NAG and NAM units cross-linked by peptides
(Figures 1 and 3). In Gram-positive bacteria, the peptidoglycan
layer is much thicker (20−80 nm), with many layers stacked
and connected covalently to each other, unlike the monolayer
structure found in Gram-negative E. coli. The thickness of
peptidoglycan measured in cryo-electron microscopy (cryo-
EM) studies was 19 nm for S. aureus and 33 nm for Bacillus
subtilis.23,24 The strains of S. aureus have a relatively higher
percentage of cross-linking in the range of 74−92% due to the
multilayered stacking of peptidoglycan, enabling cross-linking
in two orthogonal directions.46,47 In S. aureus, the average
length for glycan chains is 6 disaccharide units,48 while in
contrast, the average chain length in other Gram-positive
species can be significantly longer, ranging between 50 and 250
disaccharide units.49−51 Peptidoglycan in Gram-positive strains
has distinct chemical differences when compared to that in
Gram-negative strains. In particular, the amino acids in Gram-
positive bacteria (S. aureus) are D-iso-glutamine (Gln) and L-
lysine (Lys), in contrast to D-iso-glutamate (Glu) and meso-
diaminopimelic acid (m-A2pm) that are present in Gram-
negative peptidoglycan in E. coli. Another key difference is the
peptide cross-linking (Figure 3). In Gram-positive bacteria, the
peptide stems are interconnected via a pentaglycine branch,
extending from the Lys in one peptide stem to the penultimate
D-Ala in a neighboring stem peptide. Similar to the Gram-
negative peptidoglycan layer, the terminal D-Ala of the donor
peptide is eliminated due to peptide cross-linking.
Cytoplasmic Inner Membrane. The cytoplasmic membrane

in Gram-positive bacteria contains lipid tails with branched
groups, and the headgroups of such lipids are also modified to
include amino acid residues, such as alanine and lysine, to gain
resistance against cationic antimicrobials.52−54 The modified
lipids are Ala-PG and Lys-PG (Figure 2).

While the phospholipids in the inner membrane of Gram-
negative bacteria typically bear both saturated (C16:0) and
unsaturated (C16:1, C18:1) carbon chains, in Gram-positive
bacteria, branched fatty acids (Figure 2) with a significant
distribution of “anteiso” C15:0 and C17:0 chains are
present.55,56 If a methyl branch occurs at the penultimate
carbon atom, these chains are referred to as “iso” chains. The
fatty acid composition, especially the inclusion of branched
lipids, is expected to enhance membrane fluidity, interdigita-
tion, and chain disordering.57 Although the lipid compositions
vary with growth conditions, experimental studies with the
cells harvested at pH = 6.5 have reported 57% PG, 38% Lys-
PG, and 5% CL in the cytoplasmic membrane of S. aureus.55,58

■ MD SIMULATIONS OF THE BACTERIAL CELL
ENVELOPE

Molecular dynamics simulations have been extensively utilized
to study biological membranes. Depending on the level of
description of interactions between atoms and coarse-grained
moieties, the molecular force fields in simulations consist of
either all-atom, united-atom, or coarse-grained bead inter-
actions, and the bacterial cell envelope has been modeled using
all three frameworks. The detailed all-atom force fields account
for the degree of freedom of all atoms in the system (including
hydrogen atoms), making this approach computationally
intensive. CHARMM,80 AMBER,81 and Slipids82 are widely
used all-atom force fields. The length and time scales typically

accessible with all-atom simulations limit studies of biological
phenomena, which require longer times or involve systems
with several million atoms. To overcome these limitations,
united-atom and other coarse-grained models have evolved as
faster and reasonably accurate alternatives to the all-atom
molecular models. The philosophy of united-atom force fields,
such as GROMOS,83 relies on grouping the hydrogen atoms
with the aliphatic carbons to create a “united-atom”, which is
subsequently parametrized. At a higher level of coarse-graining,
several atoms are grouped to form a larger-sized entity, referred
to as a bead. In coarse-grained models such as Martini,84 the
interactions between beads are parametrized to capture the
essential chemistry of the constituent building atoms.85 This
coarsening overcomes the computational effort needed to
investigate molecular systems and profoundly advances the
feasibility of attaining temporal and spatial evolution of
mesoscale systems. The advantage of reduced computational
overhead and the ability to sample greater length and time
scales come at the loss of molecular details.86 Hence, extensive
testing of coarse-grained force fields such as Martini is needed.
Since the outer membrane and the peptidoglycan layers of the
bacterial cell envelope are composed of sugars, the accuracy of
the recent Martini models for these components of the
bacterial cell envelope needs to be tested against accurate all-
atom force fields.79,87−89 In what follows, we summarize the
literature concerning MD simulations of different components
of the bacterial cell envelope using all-atom, united-atom, and
coarse-grained descriptions.
Simulations of the Gram-Negative Outer Membrane.

Molecular modeling of the bacterial cell envelope of Gram-
negative bacteria (Figure 1) has evolved from early studies of
smooth LPS monolayers59 to comprehensive models of the cell
envelope76 comprising the outer membrane, peptidoglycan,
inner membrane, and proteins. Over the last two decades, most
outer membrane models have been dedicated to E. coli and P.
aeruginosa, and the corresponding simulation literature is listed
in Table 1. Recently, outer membrane models for other
bacteria such as Moraxella catarrhalis have also been
developed.78 Few studies have been conducted in the past to
highlight the need for distinct models and to bring out the
influence of species-dependent lipid chain length on
membrane properties such as the lateral area, thickness,
diffusivity, and other mechanical properties.67,71 The inclusion
of the LPS modeler on the CHARMM-GUI web server73 has
revolutionized the construction of outer membrane models for
bacteria. The web server hosts a rich database of LPS
molecules for different bacterial species, enabling MD studies
of the bacterial membrane with species-specific lipid
architecture.

Kotra et al.59 developed one of the earliest smooth LPS
atomistic outer membrane monolayer models to represent the
outer leaflet of the outer membrane. This study on the E. coli
membrane demonstrated the role of divalent ions in stabilizing
the LPS assembly, which was previously observed in
experiments.90 Lins and Straatsma60 developed an all-atom
asymmetric outer membrane model for P. aeruginosa
comprising rough LPS molecules and phospholipids (PE) to
obtain a transmembrane electrostatic potential of about −100
mV, which was in good agreement with that of −85 mV
reported experimentally.91 Using a similar model,61 the area
per LPS of 1.06 nm2 was found to be in good agreement with
the experimental value of 1.08 nm2, and the dynamics for the
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O-antigen units were faster when compared with the core
sugars.

In an electroporation study, Piggot et al.62 used united-atom
models of the E. coli outer membrane and the cytoplasmic
membrane of S. aureus to show that poration occurred at lower
voltages for the S. aureus membrane. The differences were
attributed to the lower mobility of LPS molecules compared to

that of phospholipids. The GLYCAM06 force field for P.
aeruginosa developed by Kirschner et al.63 reproduced the
experimental area per LPS quite accurately and found the
orientational behavior of LPS molecules to conform to data
from Fourier transform infrared spectroscopy.92 The model
also captured the enhanced permeability of water in the liquid
crystalline phase, which was previously observed using neutron
scattering.93 Wu et al.64 performed a combined MD
simulations and experimental study, where they developed an
all-atom symmetric outer membrane model for E. coli in the
CHARMM36 force field. Interproton distances from the
simulations agreed well with those derived from NMR
experiments for the O-antigen units. The variations in the
structure and dynamics of the membrane were studied as a
function of different lengths of LPS molecules.

Compared to atomistic models, coarse-grained models are
ideal alternatives to study the complex outer membrane of
bacteria,84 and several Martini models describing the outer
membrane have been developed over the past decade. Van
Oosten and Harroun65 developed a Martini membrane of P.
aeruginosa with upper and lower leaflets composed of rough
LPS and PE lipids, respectively. They used both the standard84

and polarizable Martini water models94 and compared the area
per lipid and the membrane thickness with all-atom
simulations. Interestingly, the structural properties of the
outer membrane were accurately reproduced using the
standard Martini water model. Ma et al.66 used a more
detailed Martini model of the outer membrane with smooth
LPS and found the gel to liquid-crystalline phase transition
temperature at 314 K, which was in good agreement with the
experimental value of 310 K for E. coli.95,96 Increasing the
concentration of PE lipids in the upper leaflet resulted in
higher melting temperatures, lowered the area per lipid, and
increased chain order. These Martini models were further
refined with small modifications in a study by Hsu et al.68 The
improved model was parametrized using the simulation data
on a united-atom model of the outer membrane. This outer
membrane model was then utilized to study the interactions
with pristine fullerenes. The membrane model was further
expanded by Shearer et al.77 by including O-antigen units.

To understand the effect of diversity in lipid A molecules,
Ma et al.71 constructed Martini models for seven different
bacterial species to infer that the structural properties and the

Table 1. Summary of the Literature of Lipopolysaccharide
and Outer Membrane Simulationsa

year species force field lipid model

199959 E. coliM GLYCAM smooth LPS
200160 P. aeruginosaA GLYCAM93,

AMBER95
rough LPS, PE

200761 P. aeruginosaA GLYCAM93,
AMBER96

rough LPS, PE

201162 E. coliA GROMOS53A6 rough LPS, PE, PG, CL
201263 P. aeruginosaA GLYCAM06 rough LPS, PE
201364 E. coliS CHARMM36 lipid A, rough and

smooth LPS
201566 E. coliA, P.

aeruginosaA
Martini rough and smooth LPS,

PE
201665 P. aeruginosaA Martini rough LPS, PE
201667 various bacteriaS CHARMM36 lipid A
201668 E. coliA Martini Re-LPS, Ra-LPS, PE
201769 E. coliA Martini Re-LPS, PE, PG, CL
201770 E. coliA and P.

aeruginosaA
CHARMM rough and smooth LPS,

PE, PG, CL
201771 various bacteriaA Martini lipid A, PE
201815 P. aeruginosaA GLYCAM06,

Slipids
lipid A, PE, PG, CL

201872 S. entericaS CHARMM36 lipid A, Rc LPS
201973 Membrane

Builder
CHARMM36 LPS

201974 E. coliA Martini smooth LPS, PE, PG
201975 E. coliA CHARMM36 rough LPS, PE, PG, CL
201976 E. coliA CHARMM36 Ra-LPS, PE, PG, CL
201977 E. coliA Martini rough and smooth LPS,

PE, PG, CL
202078 Moraxella

catarrhalisS
CHARMM36 LOS

202479 E. coliA Martini 3 smooth LPS
aPE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin; and LOS, lipooligosaccharide. MMonolayer. AAsymmet-
ric bilayer. SSymmetric bilayer.

Figure 4. (A) Comparison between all-atom and coarse-grained models of outer membranes, showing the mass density profiles for phospholipids
(PE, PG, CL) and various regions of LPS, namely lipid A, inner and outer cores, and O-antigen. (B) The coarse-grained model of the outer
membrane of E. coli, recently developed in the Martini 3 framework. (C) Interaction energies for insertion of small molecules into Re-LPS. Panels
(A) and (B) are adapted with permission from ref 79. Copyright 2023 American Chemical Society. Panel (C) is reproduced with permission from
ref 99. Copyright 2016 American Chemical Society.
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phase transition temperatures vary across bacterial strains with
a strong influence of the chain and headgroup characteristics of
lipid A on membrane properties. Martini simulations have also
been employed for bacterial membranes in conjunction with
outer membrane porins (OmpA, OmpX, BtuB, FhuA, OmpF,
EstA).77 The study concluded that the protein−membrane
interactions are dependent on the description of LPS
molecules (rough LPS versus smooth LPS), highlighting the
significance of including O-antigen units in LPS models. An
interesting finding in this study was the scarcity of cardiolipin
molecules in the neighborhood of the proteins. O-antigen is
known to impart additional mechanical strength to the outer
membrane.74

While the Martini force field has been widely used to study
lipids, the interactions of sugar molecules were not accurately
captured in earlier versions of the force field.97,98 Using the
recently developed Martini 3 force field, which overcomes the
shortcoming of the sugar parametrization, Vaiwala and
Ayappa79 developed coarse-grained models of the outer
membrane of E. coli (Figure 4A,B). The parametrization was
systematically evaluated for symmetric bilayers of lipid A and
rough LPS as well as the asymmetric outer membrane
composed of smooth LPS and phospholipids. The model
membranes were found to accurately reproduce the solvent
accessible surface area, membrane thickness, and area per lipid
when compared with the all-atom models in the CHARMM36
force field. Significantly, calcium binding with phosphate and
carboxylate groups of LPS was also captured. The data on
mean square displacements over 8 μs simulations revealed the
enhanced diffusivity of the inner leaflet lipids when compared
with the sluggish LPS molecules.

Bacterial membranes undergo structural and chemical
modifications in order to reduce their susceptibility to
antibiotics, giving rise to resistant strains. MD simulations
have the capacity to incorporate the effect of modifications in
the membrane on their properties to explain, at the molecular
level, how resistant bacterial strains are advantageous relative
to the wild type. In one such study, Rice and Wereszczynski72

performed all-atom simulations of the LPS membrane of
Salmonella enterica serovar Typhimurium, incorporating the
structural modifications, which are known to enhance virulence
and survival under conditions of stress.100 Among the different
modifications, the presence of a positively charged amino-
arabinose sugar attached to the phosphate headgroup reduced
the divalent cation density, rendering the LPS less susceptible
to antimicrobials. In a related MD simulation by Luna et al.,101

the structural variations in the lipid A of Vibrio cholerae
differentiated by amino functional groups and additional acyl
chains were studied to gain insights into resistant strains. The
resulting increase in bilayer stability upon the addition of
cationic functional groups in LPS was related to the increased
resistance to polymyxin antibiotics.

Proteins are an integral component of the outer membrane,
constituting around 25−30% of the membrane surface area,
and they functionally play the role of transporters and channels
for small molecules across the membrane.102 Recent bacterial
imaging studies using atomic force microscopy have reported
the abundance of trimeric porins in the outer membrane of E.
coli.103 Hence, the physical properties of the membrane, such
as its curvature, fluidity and permeability, are likely to be
influenced by the presence of proteins, which are embedded
with β-barrels in the lipid environment of the outer membrane
(Figure 5A). Thus, outer membrane models are incomplete

Figure 5. (A) Illustration of the trimeric β-barrel porin OmpF (PDB ID: 3POX) in the outer membrane of E. coli. (B) View of the constriction
region of OmpF formed by the loop L3 and lined by oppositely charged residues (PDB ID: 2OMF). (C) 2D free energy landscape for the
permeation of the antibiotic ciprofloxacin through OmpF. The string method was used to calculate two minimum free energy paths, represented by
black lines. zij is an orientation vector along ciprofloxacin, and z is the distance along the OmpF channel. (D) The free energy profile along the two
identified minimum free energy paths in (C), where the points correspond to the Roman numerals in (C). Panels (C) and (D) are reproduced with
permission from ref 139. Copyright 2021 American Chemical Society.
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without the incorporation of proteins. Hsu et al.69 built a
coarse-grained Martini construct of the E. coli inner and outer
membranes together with the multidrug efflux pump AcrBZ-
TolC and a varying number of proteins to simulate the effect of
protein crowding on the properties of the membrane. The
study reported variations in the membrane curvature depend-
ing on the size and type of transmembrane proteins. The
analysis of mean squared displacement and lipid fluidity
revealed a slower and strongly correlated motion of LPS in the
outer membrane compared to the more fluid-like motion of
the phospholipids. Enhanced interactions with cardiolipin
molecules led to their enrichment around specific proteins.
Using all-atom simulations, Lee et al.70 reported the thinning
of the outer membrane of P. aeruginosa surrounding the
protein OprH. The readjustment of acyl chains improved the
hydrophobic matching with the protein residues and provided
enhanced stability to the membrane. Goose and Sansom104

simulated coarse-grained models of multiple outer membrane
proteins (FhuA, LamB, NanC, OmpA, and OmpF) embedded
in a phospholipid bilayer and reported reduced diffusivity of
lipids surrounding these proteins.

The LPS leaflet has been observed to exhibit subdiffusive
properties in all-atom simulations spanning a few micro-
seconds,72 owing to the bulkiness and strong electrostatic
interlinking of the lipids. This electrostatic network formed by
divalent cations stabilizes LPS−protein interactions, as
observed in the crystal structure of OmpE36 porin of
Enterobacter cloacae.105 By computing the charge distribution
of divalent ions around OmpE36, the subsequent all-atom
simulation study by Kesireddy et al.75 confirmed the role of
divalent cations in stabilizing the interactions between the
negatively charged phosphate headgroups in the lipid A of LPS
and various negatively charged residues of the porin in the
vicinity of these headgroups.
Peptidoglycan Models and Structure. There are only

few simulations studies that model the peptidoglycan layer
(Figure 3). The scope of developing a coarse-grained Martini
model of the peptidoglycan layer has been challenging due to
the shortcomings in Martini models of sugars and amino
acids,86,113 which have been overcome in the recent Martini 3

version of the force field. According to initial studies on Gram-
negative E. coli strains using computer simulations, it was
hypothesized that the glycan chains orient in either regular or
irregular patterns parallel to the plasma membrane and that the
peptidoglycan structure is porous for the transport of nutrients
and other small molecules.114,115 This layered model for the
tertiary structure of Gram-negative peptidoglycan was then
superseded with the scaffold model, in which the glycan
strands are oriented perpendicular to the plasma membrane
and the peptide bridges run parallel to the membrane,
accommodating the experimental data on glycan chain length
distributions and cross-linking.116

A murein fragment composed of disaccharides and
muropeptides L-Ala−D-iso-Gln−L-Lys−(Gly)5−D-Ala−D-Ala
was relaxed in a simulation study using a molecular mechanics
force field.117 A refined scaffold model for Gram-positive S.
aureus was proposed. Accordingly, both glycan strands and
muropeptides orient in a direction orthogonal to the plasma
membrane, and the peptides adopt zigzag conformations along
the glycan strands. In agreement with experimental evidence,
the murein martrix resulted in a high degree of cross-linking
(83%). In a more extensive study,11 an atomistic model for
Gram-negative E. coli was developed using the CHARMM
force field and simulated to bring out the configurational
features of the glycans and peptides at the molecular level. The
peptides were configured along the glycan strands with 4-fold
symmetry of native orientation. The murein thickness and the
pores in the murein matrix were found to be consistent with
experimental data, and the tensile elasticity was anisotropic due
to glycans and peptides orienting in two orthogonal directions.
A murein model for B. subtilis was simulated using all-atom
simulations, and the study revealed a circumferential
orientation of glycan strands in the rod-shaped Gram-positive
sacculus, which is consistent with electron cryo-tomography
data.44

GROMOS compatible force field parameters were devel-
oped for peptidoglycan in a study on an outer membrane
protein (OmpA) binding to peptidoglycan.118 This study
revealed that the peptidoglycan binding to outer membrane
proteins from different strains of E. coli is conserved, although

Figure 6. (A) Melittin peptide has a strong affinity to bind with the peptidoglycan network. Reproduced with permission from ref 122. Copyright
2022 American Vacuum Society. (B) Single surfactant molecules translocate through peptidoglycan, but an aggregate is prevented from crossing
the barrier. Reproduced with permission from ref 112. Copyright 2022 American Chemical Society. (C) Outer membrane porin OmpA interacts
with peptidoglycan (PGN), and Braun’s lipoprotein (BLP) lowers the distance between peptidoglycan and the outer membrane. Reproduced with
permission from ref 120. Copyright 2017 Biophysical Society.
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the binding strength is likely to vary across the outer
membrane proteins and strains studied. The noncovalent and
flexible anchoring of outer membrane proteins to peptidogly-
can provides mechanical stability to the cell wall.119 A role of
Braun’s lipoprotein in mediating the peptidoglycan binding to
outer membrane proteins has also been investigated using all-
atom MD simulations120 (Figure 6C). The conformational
changes associated with tilting and bending in Braun’s
lipoprotein bring the cell wall closer to the binding domains
of the outer membrane proteins, and only the dimeric state of
OmpA was found to attach to the peptidoglycan in the absence
of the lipoprotein. These studies provided, for the first time,
molecular insights into the protein-mediated coupling that
exists between the outer membrane and peptidoglycan, an
essential ingredient in understanding the complex role played
by the periplasm.

Resistant strains of bacteria have a chemically modified
structure of peptidoglycan. For example, the muramic acid
residues in lysozyme-resistant S. aureus are O-acetylated at O6
oxygen. This modification results in structurally unstable
conformations of peptide stems in the vicinity of lysozyme,
which in turn causes steric hindrances at the active site of
lysozyme, preventing cleavage of glycosidic linkages.121

Recently, more realistic models for E. coli and S. aureus
peptidoglycan cell walls have been developed at atomistic and
coarse-grained scales, and their interactions with small actives
have been examined.112,113,122 The contrasting features
between peptidoglycan of Gram-negative and Gram-positive
strains emerged from a simulation study using monolayered
constructs of peptidoglycan.122 The area per disaccharide,
charge density, electrostatic potential, and pore size were found
to be lower in magnitude for the model S. aureus cell wall when
compared with those of the E. coli model. In particular, a
higher charge density and greater hydration were observed for
the Gram-negative peptidoglycan. These structural differences
are likely to impact the interactions of cell walls with
antimicrobial peptides and small molecules.
Simulations of Cytoplasmic Inner Membranes. The

literature concerned with simulations of the inner membrane
of both Gram-negative and Gram-positive strains are
summarized in Table 2. Molecular models of the inner
membrane of Gram-negative bacteria have also emerged from
PE bilayer models to a more accurate and detailed model
having multicomponent lipid compositions,106 including lipids
having cyclic moieties, which were shown to effect the
structural properties of the membrane. Although present in
low concentrations (∼5%), the inclusion of cardiolipin in
membrane models has gained importance.4,62 Cardiolipin
binds to particular transporter proteins.108 In a study using
all-atom force fields,56 19 different types of phospholipids were
assembled to construct a complex cytoplasmic membrane of S.
aureus. The lipid headgroups were representative PG, Lys-PG,
and cardiolipin molecules, while the lipid tails carried saturated
carbon branches of “iso” and “anteiso” types (Figure 2).
Different C−H ordering, chain interdigitation, and water
permeation in the multicomponent membrane revealed diverse
membrane properties.

In another study on S. aureus, the conformational dynamics
of lipid II in the model membrane have been investigated using
all-atom simulations.123 The PG, Lys-PG, and cardiolipin
(Figure 2) lipid models were employed to construct the
membrane. Increased conformational flexibility was observed
for lipid II in the membrane milieu. Furthermore, lipid II was

prone to aggregation. The study also showed an affinity of lipid
II to bind with the peptide (plectasin). A coarse-grained mimic
of cytoplasmic membrane containing Ala-PG and Lys-PG was
built and simulated in the Martini framework to elucidate a
reduced affinity of a cationic peptide for modified lipids
containing zwitterionic alanyl (Ala-PG) and cationic lysyl (Lys-
PG) groups.54 Using umbrella sampling atomistic simula-
tions111 with a collective variable that describes pore
formation, it has been found that membranes with increased
cardiolipin content are less susceptible to pore formation due
to the negative curvature induced by cardiolipin.

■ INTERACTIONS WITH THE OUTER MEMBRANE OF
GRAM-NEGATIVE BACTERIA

It is essential to understand the molecular mechanism of
permeation of small molecules through bacterial cell envelopes
to develop novel antimicrobial agents, probiotics, and pre-
biotics. In Table 3, studies concerned with the insertion
barriers for molecules in outer membrane LPS models are
summarized. The outer membrane of Gram-negative bacteria
acts as a strong amphiphilic barrier for small molecules because
of the hydrophilic saccharides and the hydrophobic lipid tail
environment.128 The anionic LPS molecules are tightly packed
due to electrostatic shielding by divalent cations (Ca2+ and
Mg2+) .68 The slow-diffusing LPS molecules also hinder the
transport of hydrophobic molecules, and the reduced lateral
diffusion along the membrane plane requires sufficient
sampling to reliably extract translocation free energies.4 The
bacterial membrane has evolved to act as a “semi-permeable
barrier”, and consequently, there are FadL channels in the
outer membrane that allow for the transport of hydrophobic
fatty acid molecules.129 Similarly, small hydrophilic molecules,
ions, and nutrients cross the outer membrane through pores
created by outer membrane porins (OMPs).128

Interactions with LPS. Here we summarize the literature
concerning the interactions of small molecules and ions with

Table 2. Literature on Cytoplasmic Inner Membrane
Models for Both Gram-Positive and Gram-Negative
Strainsa

year species force field lipid model

200834 E. coliS Berger lipids PE, PG
201162 S. aureusS GROMOS53A6 PG, CL, Lys-PG
2012106 E. coliS CHARMM36 PE, PG
2014107 E. coliS CHARMM36 PE, PG
201542 E. coliS CHARMM36 PE, PG

(cyclopropane)
2015108 E. coliS GROMOS53A6,

Martini
PC, PE, PG, CL

2016109 E. coliS GROMOS53A6,
Martini

PE, PG

2018110 E. coli, S. aureusS CHARMM36 PE, PG
201957 B. subtilisS CHARMM36 PE, PG
20204 E. coliS CHARMM36 PE, PG, CL
2021111 model

membranes
CHARMM36 PG, CL

202256 S. aureusS CHARMM36 PG, Lys-PG
2022112 E. coliS CHARMM36 PE, PG, CL
202243 E. coliA CHARMM36 PE, PG

(cyclopropane)
aPE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin; and Lys-PG, lysylphosphatidylglycerol. AAsymmetric
bilayer. SSymmetric bilayer.
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the LPS layer. Studies on the interactions of antimicrobial
peptides are discussed in a separate section. Interestingly, one
of the earliest molecular simulation studies for understanding
the interactions of molecules with the outer membrane was
performed to understand how microorganisms absorb
contaminant metals. Lins et al.124 utilized umbrella sampling
to estimate the free energy of uptake of sodium, calcium, and
chloride ions on bacterial surfaces. Due to the predominantly
anionic nature of the LPS membrane, the uptake of cations was
found to be energetically favorable when compared with
anions, and positively charged uranyl ions exhibited a greater
binding affinity to carboxyl and hydroxyl binding sites in the
LPS outer core of P. aeruginosa.

Later, Carpenter et al.99 utilized a united-atom model of the
outer membrane and calculated the free energy of translocation
for benzene, hexane, ethane, acetic acid, and ethanol, which
represent a basic set of building blocks for various
antimicrobials (Figure 4C). The LPS headgroup regions
offered an unfavorable environment for molecules when
compared with the phospholipid counterpart (Figure 4C),
highlighting the need for accurate outer membrane models to
understand antimicrobial translocation through the bacterial
cell envelope.

Carbon fullerene finds wide applications as antibacterial
agents, antioxidants, and transporters for nanosized drugs.130

Hsu et al.68 studied the interactions of C60 fullerene with the
rough LPS outer membrane of bacteria using the Martini force
field. The interactions of these molecules with the outer
membrane were found to depend on the ambient temperature,
phospholipid domains in the leaflet containing LPS, counter-
ions, and length of the LPS units. Orekhov et al.125 used a
Martini model with umbrella sampling simulations to show the
favorable interactions of zinc octakis(cholinyl)phthalocyanine
with Ra-LPS and DPPE in the outer membrane, while for the
inner membrane (POPE:POPG), a large insertion barrier was
observed. The study also provides an evidence for the “self-
promoted uptake”131 of the zinc compound in the outer
membrane.

Using all-atom MD simulations, Sharma et al.4 studied the
permeation of thymol, a potential antimicrobial molecule,
through the smooth LPS of E. coli using umbrella sampling
simulations. The study showed the presence of a ∼14 kJ barrier
at the core saccharide region, and no translocation events were
observed during 1 μs-long unbiased simulations. Thymol,
however, spontaneously inserted into the phospholipid regions
of both the outer and inner membranes. In recent MD
simulations, membrane partitioning and permeability coef-
ficients of lignin-related compounds have been investigated
using all-atom simulations with replica exchange umbrella on
rough LPS of Pseudomonas putida127. The study revealed that
the core sugars offer a barrier for lignin molecules and that the
energetic barrier energy increases with the hydrophobicity of
the lignin compounds. Preferential binding of lignin below the
lipid headgroups was observed for the inner membranes,132

and a continuum flux model was employed to comment on
membrane permeabilities at industrially relevant concentra-
tions of lignin. A majority of the models investigated in the
literature for molecule permeation through the outer
membrane are predominantly with lipid A or rough LPS.
Simulations with smooth LPS using a more reliable all-atom or
united-atom framework are needed to gain insights into the
barriers offered by O-antigen units.4,133

Translocation through Outer Membrane Porins
(OMPs). The passage of antimicrobial molecules through the
outer membrane is not always through the LPS but also
through various porins and protein channels available in the
outer membrane.102 From the early all-atom simulations of the
solvent-free OmpF trimeric porin134 to porins embedded in
lipids and solvent135−137 simulated for a few nanoseconds,
several insights were obtained for the role of the L3 loops, pore
dimensions, ion conduction, and water density distributions.
Simulations are now routinely carried out for porins in realistic
asymmetric outer membrane models in all-atom and coarse-
grained representations for hundreds of nanoseconds to a few
microseconds with the primary focus on understanding the
translocation of small molecules. Several review articles
summarize the current understanding of the action and
specificity of these channels10,138 and molecular transport
through them.102 Samsudin and Khalid126 studied arginine
movement through the outer membrane using a Martini model
and inferred a large barrier of ∼45 kT for the translocation of
arginine through the LPS. They found that this barrier reduces
significantly in outer membrane channel OprD, which provides
the translocation pathway for arginine.

Bajaj et al.140 described the electrostatic filtering mechanism
of small polar molecules through OmpF using norfloxacin as a
dipolar probe for this combined experimental and enhanced
sampling metadynamics simulations study. The simulations
were performed using a bare protein in the absence of the
lipids. The translocation event involved the alignment of the
molecule along the internal electric field of the channel,
followed by its reorientation. The study highlighted the role of
loop L3 (Figure 5) in positioning an electrostatic sieve at the
physical constriction, with residues appropriately positioned to
selectively allow charged molecules to transit across the pore.

Owing to the computational complexity involved in
simulating bulky trimeric proteins in a realistic membrane
environment, enhanced sampling techniques have been used to
complement vanilla MD simulations in determining the free
energy landscape of the translocation of antibiotics through
porins. The lumen of most porins has a distinct region

Table 3. Literature on Small-Molecule Transport Studies
with Gram-Negative Outer Membrane Modelsa

year species force field
lipid

model molecules

2008124 P. aeruginosa GLYCAM93 Re-LPS,
PE

H2O, Cl−,
Na+

Ca2+, UO2
2+

201699 E. coli GROMOS53A6 Re-LPS,
PE

ethane,
benzene

PG, CL hexane,
ethanol,
acetic acid

201668 E. coli Martini 2.2 Re-LPS,
Ra-LPS,
PE

C60
fullerene

2018125 P. aeruginosa Martini 2.2 Ra-LPS,
PE, PG

zinc
compound

2019126 E. coli Martini 2.2 Ra-LPS,
PE, PG,
CL

arginine

20204 E. coli CHARMM36 S-LPS, PE,
PG, CL

thymol

2022127 Pseudomonas
putida

CHARMM36 rough
LPS, PE,
PG

lignin
derivatives

aLPS, lipopolysaccharide; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; and CL, cardiolipin.
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constricted by the presence of an extracellular loop L3 (Figure
5B), which primarily acts as a constraint on the size of the
molecules that can permeate through the porin (typically <600
Da). Earlier MD studies141,142 were used to determine the free
energy landscape of the translocation of ampicillin through the
porin OmpF of E. coli using metadynamics. These studies
observed the weak binding of the positively charged group of
the molecule to the loop L3, suggesting it to be a temporary
anchor, while the negatively charged moieties utilized a series
of basic residues lining the porin wall to translocate across the
porin in a sequential manner. The antibiotic had to undergo
structural reorganization to overcome the barrier at this region,
alluding to the significance of orientational flexibility of the
molecule for its translocation. In an effort to alleviate
limitations of inadequate sampling, Acharya et al.139 combined
umbrella sampling and metadynamics schemes with temper-
ature acceleration simulations and path-based methods to
determine the free energy of the translocation of ciprofloxacin
in OmpF (Figure 5C,D). Importantly, the inclusion of solute
degrees of freedom in the collective variable space was found
to improve the reliability of the free energy computations.

Golla et al.143 investigated the translocation of anionic
molecules through the outer membrane pore OprO of P.
aeruginosa incorporated in the atomistic model of the POPE
membrane. Transport of chloride and monophosphate was
found to be similar, having the same affinity site in the
constricted pore region. In contrast, fosmidomycin exhibited
two pathways with similar energy barriers.

Porins have been known to be a common target for
mutations, enabling bacteria to acquire antimicrobial resist-
ance. Incorporating mutated residues in porin models is a
common simulation strategy to determine their effect on
antibiotic translocation. Wong et al.144 introduced mutated
residues at the constriction region of OmpK36 in Klebsiella
pneumoniae, as observed in the crystal structure from a
clinically resistant strain of the bacteria. Analysis using MD
simulations revealed an apparent decrease in the pore width
from 3.20 to 2.37 Å at the constriction region due to these
modifications, thus explaining the cause of the observed
resistance. In a study by Golla et al.145 on the translocation of
the antibiotic fosfomycin across OmpF, mutating a series of
basic residues at the constriction region led to an increase in
the energetic barrier for antibiotic translocation.

In view of the looming threat of antimicrobial resistance, the
development of new antibiotics is an urgent requirement.
Using MD simulations, Dai et al.146 recently developed a
computational antibiotic screening platform (CLASP) for the
in silico screening of potential antimicrobial molecules based
on the thermodynamics and kinetics of their interactions with
the outer membrane porin OccD3. They utilized this platform
to understand the free energy barriers offered for six
carbapenem antibiotics: biapenem, doripenem, ertapenem,
imipenem, meropenem, and panipenem. The coarse-grained
models were able to pick up the critical residues Y217A and
F334A in this channel based on the high frequency contacts.
The mutation of these two residues to less bulky groups
significantly reduced the barrier for permeation of the
carbapenem antibiotics.

Most of the studies dedicated to understand the barrier
properties of the outer membrane are in the Martini
framework (Table 3). Since LPS is mainly composed of sugars
and the Martini 2 force field is inaccurate while modeling
sugars,97,98 the energy landscapes obtained from the Martini 2

models should be re-examined with the improved Martini 3
parametrization for sugars.86 Hence, it requires a systematic
evaluation and an improvement of interaction potentials by
comparing the energy profiles with those obtained from
corresponding atomistic models.113

■ INTERACTION AND TRANSLOCATION THROUGH
PEPTIDOGLYCAN

Despite the extensive literature on inner and outer membrane
Martini models, the translocation and interaction of molecules
with peptidoglycan have only recently begun to appear in the
literature. Khalid and co-workers147 have studied the
interaction of polymyxin B1 in the periplasm of E. coli. In
order to model the crowded environment, the periplasmic
space consisted of a layer of peptidoglycan, the outer Ra-LPS
with Braun’s lipoprotein, and several other proteins and
osmolytes. Polymyxin B1 was found to bind to peptidoglycan
in two modes: insertion between glycan strands, forming long-
lived salt bridge interactions, and direct binding to peptide
linkages. In the 500 ns simulations, polymyxin did not cross
the peptidoglycan layer; however, smaller osmolytes including
urea were able to translocate several times. Crowding in the
periplasm resulted in up to a 100-fold decrease in the
polymyxin diffusivities with crowding fraction.

Interactions of vancomycin with a POPC membrane-bound
lipid II were investigated using MD simulations with the
GROMOS force field.148 Lipid II is the primary precursor
molecule in the peptidoglycan synthesis pathway and a
commonly used drug target. Vancomycin was found to bind
spontaneously to lipid II, forming a stable complex with a
peptide bond formed between the N-terminal amino group of
vancomycin and the C-terminal carboxylic acid of lipid II. Free
energy calculations suggested that native lipid II with D-Ala−D-
Ala amino acid residues had the highest binding energy
compared to the resistant and synthetic lipid II with D-Gly, D-
Ser, D-Lac, and L-Ala substituents. In a similar study149 on the
interactions of peptidoglycan with vancomycin and its
derivatives, layered and scaffold models of peptidoglycan
were constructed and simulated using the GLYCAM all-atom
force field. Using energetic conformations, a vancomycin
derivative that is promising against Gram-positive infections
was also identified. In another study,150 a docking simulation
was carried out on vancomycin binding to muropeptides with
different termini residues. Among the complexes studied, the
binding of vancomycin with muropeptide was strongest for the
D-Ala−D-Ala terminated fragment. In a recent study151 on
vancomycin binding to lipid II, the importance of asparagine in
the antibacterial activity of vancomycin was illustrated. A
vancomycin analogue, where asparagine is substituted by
aspartic acid, showed a reduction in the binding efficiency with
L-Lys−D-Ala−D-Ala, confirming a crucial role of asparagine in
substrate recognition.

In a recent study from our laboratory, a fully atomistic four-
layered model of peptidoglycan for Gram-positive S. aureus was
simulated to assess insertion energy barriers for thymol.122

Thymol molecules were able to cross the cell wall over a 500
ns simulation, indicating a low energy barrier for translocation.
The low barrier for thymol is consistent with observations
made in an earlier Martini study of E. coli peptidoglycan.113 In
the same study, melittin (Figure 6A) was found to have
stronger binding and penetration with the negatively charged
peptidoglycan of E. coli when compared with the neutral S.
aureus cell wall, and it was showed preferentially binding to D-
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alanine residues implicated in the transpeptidation biosynthesis
pathway.

The kinetics of surfactant (C12−C18) aggregation and
translocation through peptidoglycan have recently been
investigated using all-atom MD simulations.112 Within the
simulation time scale of 500 ns, several translocation events
were reported for single-molecular transport of surfactants at
different rates, and the shorter-chain laurate showed the
highest number of translocation events when compared with
other long-chain surfactants. The kinetics of aggregation for
laurate were slow on account of it having a relatively higher
critical concentration for micellar aggregation, and conse-
quently, the laurate molecules were able to translocate more
efficiently when compared with the long-chain stearate and
oleate molecules. The results of the study correlated well with
bacterial kill data kinetics, showing that the antibacterial
activity of surfactants is governed by the availability of free
surfactants and their translocation kinetics, which are a
function of the chemistry of the specific surfactant.

■ SURFACTANTS AS ANTIMICROBIALS
Surfactants are widely used in personal care formulations due
to their antimicrobial properties.152 Although surfactants are
known to solubilize the cell membrane,153 the underlying
molecular mechanisms for bacterial kill remain elusive. The
complex membrane solubilization mechanism depends on the
physicochemical properties of the surfactant, surfactant
concentration, and thermodynamic phase state of the lipid
membrane.154 Several experimental153 and simulations studies
have been dedicated to understanding the interactions of
surfactants with lipid bilayers. The three-stage model proposed
by Helenius and Simons155 attempts to explain the mechanism
of membrane solubilization154 by surfactants. In the first stage,
the surfactant partitions into the lipid bilayer until saturation is
reached. The next stage is characterized by perturbation of the
bilayer structure, resulting in the formation of mixed micelles
of surfactants and lipids. A further increase in the surfactant
concentration results in membrane solubilization and the
formation of smaller mixed micelles, which are eventually
dispersed in the solvent. Although the three-stage model
provides a mechanistic view for the solubilization of lipid
bilayers, the extension to the other bacterial membrane
components is unclear.

With the exception of a recent study from our laboratory,4

where surfactant interactions with the bacterial plasma
membrane were studied, surfactant−membrane studies have
been largely restricted to interactions with the plasma
membrane. We, however, briefly review this literature, as it is
relevant to our understanding of the interactions of surfactants
with the bacterial cell envelope.

Using a united-atom GROMOS force field, Xu et al.156

found that sodium dodecyl sulfate (SDS) molecules readily
partitioned into a DPPC bilayer with the carbon tails oriented
along the lipid tails, resulting in a decrease in the bilayer area
and an increase in thickness. In early all-atom studies with
surfactant-incorporated plasma membranes, the influence on
lipid ordering and other membrane properties has also been
studied.157,158

Groot and Rabone159 used coarse-grained dissipative particle
dynamics (DPD) models160 to recognize the origin of bacterial
cell death when exposed to surfactants. Bilayer models with PE
lipids were built with surfactants C12E6 and C9E8 at varying
concentrations. C12E6 was found to efficiently form trans-

membrane pores only at very high surfactant concentrations
(>90%), while transient pores were observed even at lower
concentrations for C9E8. The study revealed that surfactant
incorporation reduced the extensibility and stress bearing
capability of the membrane.

Huang et al.161 studied the interactions of surfactants with
lipid vesicles using DPD models. Corroborating the three-stage
mechanism of membrane solubilization, the structure of lipid
assembly was observed to change from stable vesicles to
distorted vesicles coexisting with mixed micelles composed of
lipids and surfactants at varying concentrations of surfactant.
The vesicles were solubilized to mixed micelles at high
surfactant concentrations. The correlations between the
hydrophobic character of the surfactant and its partitioning
into the lipid assembly were also established. Later, Lin et al.162

adopted the same DPD models and extended the study to
show that vesicle solubilization occurred in the presence of
surfactants with optimum hydrophobicity. Surfactants with low
hydrophobicity could not partition into the vesicles and
preferred to remain in solution, leaving the vesicles unaffected.
In comparison, the surfactants with extreme hydrophobicity
partitioned into the vesicle and increased its size. Interestingly,
for these surfactants, vesicles reshaped into cylinders, donuts,
and bilayers. It was concluded that the process of vesicle
solubilization with surfactants is more complex than that
posited by the three-stage hypothesis. Martini simulations were
also explored to shed light on lipid−surfactant interactions.
With DPPC lipid and Triton TX-100 surfactant, Martini
constructs for monolayers and bilayers were developed and
simulated.163 The area per surfactant was found to be in good
agreement with experimental results.164 Due to hydrophilic
chains, Triton TX-100 domains in the lipid membrane induced
local curvature. In another study by Pizzirusso et al.,154 the
distinct pathways that rely on the kinetics of surfactant
partitioning were elucidated for membrane solubilization.

Surfactant (C12−C18)-incorporated bacterial membranes
were studied using all-atom MD simulations in our recent
work.112 The membrane properties were found to be perturbed
to a greater extent by short-chain laurate molecules in
comparison to long-chain oleate and stearate molecules.
Laurate molecules in the bacterial membrane resulted in
greater hydrophobic mismatch and membrane thinning, and
the laurate-mixed membrane was more prone to poration
under electric fields compared to the membranes containing
longer-chain surfactants. Interestingly, the greater perturbation
with the laurate surfactants correlated well with the rapid
contact time kill efficacy data from experimental studies on E.
coli.112

■ TRANSLOCATION OF ANTIMICROBIAL PEPTIDES
Antimicrobial peptides (AMPs) are a class of synthetic or
naturally occurring peptides containing 10−60 amino acid
residues that are ubiquitously found in microbes, insects,
plants, animals, and humans. The translocation of AMPs across
the bacterial membrane has been the subject of several MD
simulation studies.165 Generally, AMPs are amphipathic,
exhibit great variability in sequence, and possess a net positive
charge to increase interactions with the negatively charged
bacterial outer and inner membranes. Actions of AMPs include
membrane binding, permeation, secondary structure changes,
and oligomerization to form pores that result in bacterial cell
lysis. The pathways will depend on both the peptide and the
bacterial strains.166,167 Circular dichroism, cryo-electron
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microscopy, and NMR measurements are some of the
experimental techniques employed to study the structural
changes and membrane perturbations that occur during the
interaction and penetration of AMPs in membranes.166,167

Here, we focus on simulation studies concerned with the
interaction of AMPs with predominantly anionic bacterial
outer and inner membranes. Tables 4 and 5 provide a
summary of the relevant literature.

Using MD simulations, Wang et al.168 studied the influence
of initial states (random coil and α-helical) of CM15 peptide
(KWKLFKKIGAVLKVL, a synthetic AMP derived from
cecropin A and melittin) on its conformational changes
while interacting with POPC and POPC:POPG model
membranes. CM15 showed preferential binding with anionic
PG lipids through electrostatic interactions when compared
with a pure POPC membrane. Moreover, a CM15 peptide
with a random coil configuration exhibited enhanced electro-
static interactions compared to a prefolded α-helical peptide,
indicating the influence of peptide secondary structure on
peptide−membrane interactions. The study, therefore, in-
dicates that both the charge state of the membrane and the
secondary structure adopted by the peptide are important
factors that influence the antimicrobial activity of the peptide.

A simulation study by Bennett et al.169 on CM15-induced
pore formation on phospholipid membranes showed the
differences in free energy barriers with Berger, Slipids, and
CHARMM36 force fields. In particular, the Berger and Slipids
force fields showed a lower barrier for pore formation when
compared with the CHARMM36 force field. Membrane
properties, such as the membrane thickness and area per
lipid, were found to be force field dependent, leading to
differences in the free energy barriers. For instance, by
reducing the van der Waal’s cutoff in the CHARMM36 force
field, the membrane thickness decreased, in turn reducing the
free energy barrier for pore formation. Additionally, pore
formation was found to be sensitive to the treatment of
electrostatic interactions. A reduction in the free energy barrier
was observed using the reaction field method. This study
further illustrates that the simulation results from different
force fields on a lipid membrane can be compared once
structural properties of the membrane are suitably normalized.
In a recent MD study on the interaction of the cell-penetrating
peptide transportan-10 in POPC bilayers, CHARMM36 force
field was found to stabilize the helical state of the membrane-
inserted peptide when compared with the GROMOS and
OPLS-AA force fields.170 However, the accuracy of a given
force field would depend on comparisons made with available
experimental data. These vanilla MD simulations suggest that a
larger collective variable space is needed while studying
membrane−peptide interactions. Collective variables include
the distance along the bilayer normal, the angle with the
normal, and the secondary structure changes that occur during
membrane insertion. Umbrella sampling simulations using the
distance along the membrane normal as the collective variable
with transportan-10W (AGWLLGKINLKALAALAKKIL-
NH2), a 21 residue cationic peptide, on POPC model
membranes showed the presence of two minima: one for the
surface-bound state and the other for the vertically oriented
membrane-inserted state.170 A detailed comparative study
using different force fields (CHARMM36, GROMOS53A6,
GROMOS43A2, GROMOS87, and OPLS-AA) of the
secondary structure transition on the membrane showed that
the CHARMM36 force field provided the closest correspond-
ence with experimental observations.170

Coarse-grained Martini simulation studies of α-helical
peptides, namely aurein 1.2 (GLFDIIKKIAESFNH2) and
maculatin 1.1 (GLFGVLAKVAAHVVPAIAEHFNH2), were
completed using pre-inserted initial states in POPG:POPE
bilayers. Both peptides formed transmembrane aggregates;
however, pore formation was observed for aurein 1.2, which
showed deeper insertion into the membrane.171 The
mechanistic model describing the lytic action mechanism of
LL37, a human antimicrobial peptide secreted as part of the
innate immune response, in a POPE:POPG (3:1) bacterial
membrane has been proposed using the observations from
combined circular dichroism, cryo-electron microscopy, and
MD simulations. This study highlighted the importance of
electrostatic interactions of LL37 with the outer LPS and the
oligomerization of LL37 to form channels inside the inner
membrane to cause cell disruption by forming a water
channel.167 The membrane-inserted LL37 remained in a
helical form, and the structural flexibility of LL37 in different
physiological conditions was shown to mediate peptide
interactions to initiate membrane disruption. Atomistic MD
simulations of LL37 with vitamin B3 analogues such as
niacinamide, N-methylnicotinamide, and isonicotinamide on a

Table 4. Literature on Antimicrobial Peptide Interactions
with Symmetric Inner Membrane Modelsa

year force field lipid model peptide

2012168 CHARMM36 PG, PC CM15
2016166 CHARMM36 PE, PG magainin 2
2016169 CHARMM27, Slipids PE, PG CM15
2018171 Martini 2.2p PE, PG aurein 1.2
2018177 CHARMM36 PE, PG magainin 2
2018178 GROMOS53A6 Kukol DMPG daptomycin
2018179 GROMOS54A7 Kukol PG, CL aurein 1.2
2020176 CHARMM36m DPPE, DPPG GF17
2020167 CHARMM36 PE, PG LL37
202154 Martini 3 PE, PG, Lys-PG amhelin, magainin 2
2022172 CHARMM36 PE, PG LL37
2024170 CHARMM36 PC, PE transportan-10
aPE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin; DPPG, dipalmitoylphosphatidylglycerol; DPPE, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine; DMPG, 1,2-dimyris-
toyl-sn-glycero-3-phosphoglycerol; PC, phosphatidylcholine; and Lys-
PG, lysylphosphatidylglycerol.

Table 5. Literature on Antimicrobial Peptide Translocation
across Bacterial Asymmetric Outer Membrane Modelsa

year force field lipid model peptide

2015180 GROMOS53A6,
Martini 2

Re-LPS, PE, PG polymyxin

2017182 GROMOS53A6 mutant LPS, PE,
PG

polymyxin

2022183 CHARMM36 Re-LPS, PE, PG,
CL

polymyxin

2022184 CHARMM36m,
Martini 2.2

Re-LPS, PE, PG,
CL

adepantin-1

2022185 CHARMM36m,
Martini 2.2p

lipid A, PE, PG,
CL

AMPR11,
AMPR22

2022186 CHARMM36 Re-LPS, PE, PG,
CL

CM15

aLPS, lipopolysaccharide; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; and CL, cardiolipin.
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pure DPPG membrane showed that synergistic effects enhance
the effectiveness of peptides by decreasing the thickness and
membrane rigidity.172

Using MD simulations,110 GF17 peptide (FKRIVQ-
RIKDFLRNLV) interactions on Gram-positive (ratio 1:3 of
PE:PG) and Gram-negative (ratio 3:1 of PE:PG) membranes
showed that lysine and arginine residues interact with the
headgroups of the lipid membranes through hydrogen bonds
and electrostatic interactions. These results agreed with NMR
spectroscopy experiments, wherein arginine formed atomic
contacts with PG lipids.173 Phenylalanine had stronger
interactions with the acyl chains, resulting in greater insertion
into the hydrophobic core of the membrane.174 Despite the
short 300 ns simulations, the peptide was found to adopt a
stable helical structure upon binding to the membrane surface.
The depth of penetration of the cationic residues was restricted
to the membrane surface due to the salt bridges between the
cationic residues and phosphorus atoms, while the hydro-
phobic residues such as asparagine, leucine, and valine were
able to access the hydrophobic membrane core due to
favorable phenylalanine interactions. The energetic interac-
tions of the peptide were contrasted between E. coli and S.
aureus membranes. The polar interactions of the peptide with
the S. aureus membrane were much stronger than those with
the E. coli membrane due to the higher content of anionic PG
lipids. This observation is consistent with experimental studies
showing the higher efficacy of G17 in killing S. aureus when
compared with E. coli strains.175 In summary, (i) cationic
peptides would show higher antimicrobial efficacy for bacterial
membranes that have higher anionic lipid content. (ii) Polar
residues bind strongly to the lipid headgroups, enhancing the
initial binding of the peptide, and (iii) the hydrophobic
residues increase the depth of peptide penetration, eventually
leading to membrane rupture.

In another study176 on the interactions of GF17 with
bacterial membranes composed of PE and PG lipids, it was
found that the membrane area and lipid mobility increased
upon peptide binding, and the interactions were energetically
more favorable with the pure PG membrane compared to
PE:PG membranes. The peptide adopted α-helical and coil
structures in the membrane milieu, and the peptide structures
were observed to be more compact and less flexible in the pure
PG membrane.

In order to unravel the underlying mechanism of the
a n t i b a c t e r i a l a c t i o n o f p l e u r o c i d i n
(GWGSFFKKAAHVGKHVGKAALTHYLNH2) and magai-
nin 2 (GIGKFLHSAKK-FGKAFVGEIMNSNH2) on Gram-
negative strains, NMR experiments and MD simulation studies
were carried out on a POPE:POPG (3:1) bilayer.166 Despite
having physical and structural similarities, these peptides
exhibit dramatically different antimicrobial activity on bacterial
membranes. Both peptides have a similar length of amino acid
residues, hydrophobic content, hydrophobic moment in α-
helical structures and charge. Pleurocidin has greater
conformational flexibility, allowing for deeper membrane
penetration, while magainin 2 penetrates into the membrane
only at higher peptide-to-lipid ratios. The relatively greater
disordered conformation of pleurocidin resulted in higher
antibacterial activity when compared to magainin 2. In the
NMR studies, magainin 2 had a pronounced kink at G-13,
creating two distinct helical regions in the peptide, while a
pronounced distortion of helix was observed between S-4 and
G-13 in pleurocidin. Another key difference observed in the

NMR structures of these peptides was that the distortion of
helix at G-18 in magainin 2 was less pronounced compared to
the distortion in the helical structure at G-17 in pleurocidin.

Enhanced umbrella sampling simulations of magainin 2 (a
natural peptide) on E. coli membranes (POPE:POPG in a ratio
of 3:1) have shown that the aggregates of magainin 2 induced
by guanine units attached to the peptides had a higher free
energy for insertion when compared with a single peptide.177

This study indicates that peptide aggregation is detrimental to
membrane binding and penetration.177 Increased susceptibility
of anionic membranes to cationic peptides has been
demonstrated in a peptide−membrane study,178 where a
higher free energy of insertion for daptomycin in
DMPE:DMPG mixed membranes was observed compared
with a pure DMPE membrane.

Although cardiolipin is present in varying concentrations in
the bacterial inner membrane and increased cardiolipin is
implicated in resistance, very few studies have examined the
influence of cardiolipin on peptide binding, insertion, and
antimicrobial activity. A study using 200 ns MD simulations
with aurein 1.2 (GLFDIIKKIAESFNH2) on POPG:CL
(70:30) membranes revealed a strong membrane buckling
phenomenon with increased aurein 1.2 concentrations.179 The
peptide was surface-bound with helical content independent of
the peptide concentration.

We next review the literature on AMP interactions with the
LPS membrane of Gram-negative bacteria. Using the
GROMOS force field, MD simulations180 with Re-LPS showed
that polymyxin B1 was able to interact with phosphate groups
present in the sugars, displacing magnesium ions in the LPS
region. Binding of the γ-diamino butyric acid moiety in
polymyxin B1 was dominant. Simulations with the inner
membrane made up of DOPE:DOPG:CL (75:25:5) showed
strong binding and acyl chain insertion into the lipid region. A
coarse-grained Martini study by Jefferies et al.181 showed that
the presence of polymyxin B1 resulted in an increase in the
crystalline states of LPS. The peptide modified the LPS
dynamics by decreasing the translational entropy, particularly
in the phosphate-containing regions.

Studies of polymyxin B binding and interactions with lipid A
and Re-LPS from both resistant and susceptible bacterial
strains have shown increased membrane curvature induced due
to polymyxin B binding for the susceptible strains and an
overall enhancement of calcium ion diffusivities.182 A detailed
study on the energetics of polymyxin interactions with LPS
molecules for mutant strains of P. aeruginosa revealed the
differences in free energy barriers with a greater barrier for
insertion in the mutants when compared with the wild type
LPS and Re-LPS.183 The study also showed the interactions of
hydrophobic fatty acyl group and leucine residues in assisting
the conformational folding of polymyxin in the outer
membranes. Binding modes of adepantin-1 onto the model
membranes for Gram-positive and Gram-negative membranes
have been studied using all-atom and coarse-grained
simulations. The importance of lysine residues in peptide−
membrane interactions was highlighted.184 Understanding the
lipid-mediated changes in peptide conformation is an
important aspect in the design of synthetic peptides. In a
study on AMPR11 and AMPR22 interacting with bacterial
inner membranes, it was observed that AMPR22 adopted
greater helicity by forming hydrogen bonds with cardiolipin.185

On account of the heterogeneity in the chemical structure of
bacterial outer membrane LPS molecules, the insertion barriers
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for antimicrobial peptides show variability across different
regions of LPS. Free energy landscapes determined by Sharma
and Ayappa for the antimicrobial peptide CM15186 using
umbrella sampling simulations indicated spontaneous pene-
tration into the O-antigen region with a large barrier in the
core saccharide region. Secondary structure changes showed
that the peptide prefers to remain unfolded in the core
saccharide region.

From the reported studies, it can be inferred that there are
several challenges involved while investigating the trans-
location of antimicrobials across the bacterial membrane. A
judicious choice of the force field is crucial, and several studies
have investigated the variation in the conformational169 and
thermodynamic behavior170 of peptides in the membrane
environment with different force fields. This raises a different
set of challenges, and the accuracy of the force fields requires
validation with experimental observations. It is important to
note that several microsecond-long MD simulations must be
used to draw reliable conclusions from restraint-free
computations. Another ongoing challenge is the choice of
collective variables to evaluate the free energy landscape. In
addition to the center-of-mass distance between the membrane
and the peptides, which has widely been used, it is important
to study the free energy with respect to other collective
variables that influence peptide−membrane interactions. Some
of the collective variables during peptide pore formation
include the secondary structural transition of the peptide,
peptide hydration, and the translocation of phosphorus
headgroups leading to flip-flop events in the membrane. Few
computational techniques, such as the string method,187 have
been recently used in free energy estimations involving path
collective variables. This is an ongoing area of research, and
advanced sampling methods are needed to capture the
complete free energy landscape associated with peptide−
membrane binding events.

■ CONCLUSION AND PERSPECTIVES
To complement standard drug discovery tools, a molecular-
level understanding of the interactions of potential drug
candidates with the complex architecture of cell envelopes of
bacterial pathogens is crucial. In this regard, MD simulations
have evolved as a powerful in silico platform to aid in the
selection and screening of potential drug and antimicrobials.
The success of this approach depends on the accuracy of
interactions used in the molecular models and continuous
reliability assessment with appropriate experimental data. A
detailed understanding of the specific molecular interactions
and transport of antibacterial therapeutics with the bacterial
cell envelope will also facilitate drug molecule development to
combat the emergence of drug-resistant strains. In this review,
we have provided an overview of several key MD simulation
results that have led to an improved understanding of
interactions with the different membrane components of
both Gram-positive and Gram-negative strains. Our review
follows the development of molecular models of the various
components in the cell envelope to reveal the wealth of
detailed information that can be obtained using MD simulation
studies.

Apart from the structural aspects of the bacterial cell
envelope, this review lays emphasis on the interactions of small
molecules, antimicrobials, surfactants, and AMPs with the cell
envelope. Recent additions to the literature on peptidoglycan
model development for both Gram-positive and Gram-

negative strains as well as attempts to model the complex
landscape of the periplasm have been addressed. We have not
discussed literature concerning the transmembrane protein
machinery involved in lipid transport and folding as well as
efflux pump action, and recent reviews188,189 cover the
literature in this field.

Although there is a notable increase in the number of studies
on the transport of small molecules through different
compartments of the bacterial cell envelope, several challenges
remain. The first is a complete description of the collective
variable space to describe the free energy landscapes for
molecule translocation, which is more complex in the case of
proteins and antimicrobial peptides. In addition to the depth of
penetration, rotational degrees of freedom and secondary
structure changes that occur during membrane insertion need
to be included as collective variables.190 There is also a need to
use more accurate inner membrane compositions that
correspond to the bacterial membranes of Gram-positive and
Gram-negative strains. When secondary structure changes are
involved, appropriate coarse-grained methods that reliably
capture unfolding and refolding events187,191 should be used to
obtain the free energy landscape. Appropriately parametrized
coarse-grained membrane and sugar representations would be
required to capture translocation through the outer membrane
and peptidoglycan environments. Improvements in the sugar
interaction force fields in the latest Martini 3 models do
address this aspect, allowing for improved Martini-based
representations, as shown in our recent work of the Gram-
negative outer membrane.79 Studies assessing the translocation
free energies of molecules using these outer membrane models
have yet to appear in the literature.

Despite the growing MD simulations literature, several
aspects of the bacterial cell envelope need attention. These
include (i) the development of models for the peptidoglycan of
Gram-positive strains with teichoic acids and their influence on
interactions with external molecules, (ii) increased attention to
the periplasm, which plays a critical role in transporting
proteins from the cytosol to the outer membrane environment,
(iii) understanding protein folding in the outer membrane, (iv)
the transport of molecules under varying stress conditions
experienced by bacteria, and (v) mechanisms of efflux pump
action. An area that is less studied partly due to the inherent
compositional complexity of using MD simulations is the
structure of biofilms primarily made up of polysaccharides.
Simulations are likely to provide insights into ways to prevent
biofilm formation and to understand the transport of
antimicrobials through the biofilm. With advances in cryo-
EM techniques and super-resolution single-molecule fluores-
cence-based microscopy, both structural and dynamical aspects
of the bacterial cell envelope will be studied with greater
resolution.192 Improvements in enhanced sampling and coarse-
grained protocols will allow MD simulations to play a
significant role in our understanding of processes that occur
in the complex landscape of the bacterial cell envelope,
opening a wider space for the design of ecologically benign
antimicrobials and novel next-generation therapeutics for
bacterial infections.
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