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structural properties in bacterial membranes
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It is now evident that the cell manipulates lipid composition to regulate different processes such as

membrane protein insertion, assembly and function. Moreover, changes in membrane structure and

properties, lipid homeostasis during growth and differentiation with associated changes in cell size

and shape, and responses to external stress have been related to drug resistance across mammalian

species and a range of microorganisms. While it is well known that the biomembrane is a fluid self-

assembled nanostructure, the link between the lipid components and the structural properties of the

lipid bilayer are not well understood. This perspective aims to address this topic with a view to

a more detailed understanding of the factors that regulate bilayer structure and flexibility. We

describe a selection of recent studies that address the dynamic nature of bacterial lipid diversity and

membrane properties in response to stress conditions. This emerging area has important implications

for a broad range of cellular processes and may open new avenues of drug design for selective cell

targeting.
1. Introduction

Cells in all living organisms are surrounded by a membrane
only a few nanometers in thickness. This biomembrane is vital
to cell function and the organisation of individual lipids into
different structural and physical domains is highly controlled
by complex regulatory processes. Advances in high-resolution
mass spectrometry technologies for lipidomics and combina-
tory approaches are beginning to reveal the extraordinary
chemical diversity of lipid components in eukaryotic and
bacterial membranes.1–6 However, the way in which the myriad
of membrane lipids are marshalled together to create a func-
tional biomembrane is poorly understood and represents an
enormous challenge.

An enduring scientic question with regard to the properties
of cell membranes is how the highly complex assortment of
membrane lipids, and their tendency to self-organise and
segregate into domains of different compositions and proper-
ties, determine the constantly changing physical properties that
make up the lipid bilayer. Also, why does such diversity exist
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whenmost membrane functions can be reconstituted using one
or few molecularly dened lipids? The answers to these ques-
tions are essential to improve our understanding of the
biochemical and biophysical principles that allow the cell to
preserve each membrane function within living cells.

It is now evident that the cell manipulates lipid composition
to regulate different processes, such as membrane protein
insertion, assembly and function.7,8 Although the membrane
plays an important protective barrier function, irreversible
changes to the integrity of the membrane aer exposure to
stress can result in the loss of electrochemical gradients across
the membrane and lead to cell death.

Moreover, changes in membrane composition, structure,
properties occur during growth and differentiation and in
response to external stress. These changes are oen associated
with changes in cell size and shape, and have been related to
drug resistance across mammalian species and a range of
microorganisms.9–12 Therefore, the signicance of character-
izing the impact of compositional changes in lipid species on
(1) the physical properties and (2) the spatiotemporal structural
organization of membranes is enormous. The impact of these
changes is even more far-reaching when one considers these
changes in different cellular states and the response to external
stimuli such as antimicrobial drugs.

The lipid code used by the cell to curate a membrane to
perform a specic function remains as a last frontier of science
(compared with the nucleotide code for gene structure and the
amino acid code for protein structure). While lipidomics is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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revealing the lipid composition in unprecedented detail,7,13 new
techniques are required to allow us to measure the assembly,
structure, biophysical properties and biomolecular interactions
for complex mixtures of membrane lipids. These multi-
parametric composition-property characterizations are now
being employed, with the ultimate goal to establish a compre-
hensive all-encompassing model describing the role that lipid
composition has on the dynamic structural and mechanical
properties and biological activities of membranes.

Membrane lipids display remarkable structural diversity,
driven by factors such as a wide variety of chain lengths and
headgroups, a multitude of oxidative, reductive, substitutional
and ring-forming biochemical transformations, as well as
modication with sugar residues and other functional groups of
different biosynthetic origin. In addition to the structural
diversity of the headgroups and backbone of lipid molecules,
the molecular diversity of membrane lipids is much more
complex when the different length, degree of saturation, and
other structural modications of the acyl chains are considered.

The compositional difference in lipid chemical structures
underpins the functional differences between cell types and
growth phases. The lateral interaction between lipids leads to
the formation of domains that range between nano- to
micrometer in size and this topographical heterogeneity is
nely tuned by the bilayer composition.14–17 This ne tuning of
the lipid layers also differs between the outer and inner bilayer
leaets. However, little is known about the physical properties
of bilayer domains, how they are formed from different lipid
compositions, and the compositional differences between
bilayer leaets.

A number of biophysical approaches have been used to
explore the nanostructure characteristics of model membranes
and cell surfaces and to monitor the structural changes of the
membrane bilayer during interaction with peptides and
proteins. Optical biosensors, such as surface plasmon reso-
nance spectroscopy (SPR) and dual polarisation interferometry
(DPI), have been applied to explore the changes in membrane
order and structure during molecule–membrane interac-
tions.18,19 This has allowed the spotlight of cell interactions to be
shared by the biomolecule and the cell membrane, whereas
previously the focus of membrane-mediated research has been
on the interacting molecule and largely ignored the membrane
bilayer as an interacting partner.

Finally, in order to be able to manipulate membrane-
mediated processes, such as signaling, intracellular drug
delivery, cell–material interactions, and to understand the
evolution of resistance to cytolytic drugs, we need to have
amuchmore detailed understanding of the factors that regulate
the bilayer structure and exibility. This perspective aims to
address this challenge. We describe a selection of recent studies
that address the dynamic nature of membranes with a focus on
bacterial lipid diversity and membrane properties in response
to stress conditions. The intent is to provide a timely contri-
bution to this emerging area which has important implications
for a broad range of cellular processes and may open up new
avenues of drug design for selective cell targeting.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2. Bacterial membrane lipid profiles
2.1 The main classes of membrane lipids

The main classes of lipids in bacterial membranes include glyc-
erophospholipids, glycerolipids and prenol lipids (Fig. 1) with
glycerophospholipids being the most abundant. In general, the
bacterial membrane contains a mixture of the negatively charged
phosphatidylglycerol (PG) and cardiolipin (CL) and zwitterionic
phosphatidylethanolamine (PE). While PEs are major phospho-
lipids in Gram-negative (G(−)) bacteria and Gram-positive (G(+))
Enterobacteriaceae and bacilli, PE is not found in G(+) staphylo-
cocci, streptococci and enterococci.5,20

PE is synthesized via decarboxylation of the precursor PS
catalysed by a membrane associated phosphatidylserine
decarboxylase (PSD) on the cytoplasmic side of the membrane,
which results in an asymmetric distribution of PE in the
membrane. Conversion of PS to PE is very fast and efficient
considering that the PS is only transiently present in the
membrane and is less than 0.1% of the total lipids.21 Accumu-
lation of PS in the membrane can cause growth arrest in E. coli
mutants.22 E. coli mutant strains unable to synthesise PE adapt
by increasing the levels of PG and CL. In addition, these strains
require the presence of 10–50mMCa2+, Mg2+ or Sr2+, most likely
to ion pair with the higher proportion of negatively charged PG
and CL in the membrane.23 It is also possible that the divalent
ions and CL play a role in the formation of non-lamellar phases
replacing the normal function of PE. Themutant strains lacking
PE grow 2–3 times slower and become lamentous with
multiple genomes and cytolysis quickly occurred without the
divalent cations in the culture conditions.24 E. coli cells that lack
PE progressively change from a lamentous to rod shape by
gradually increasing the PE content in the membrane from near
zero to 75%.25 Thus the rod shape is associated with the bilayer
asymmetry of PE, predominantly in the cytoplasmic leaet of
the inner membrane. Redistribution of PE also inuences the
distribution of other lipids between the leaets and the asym-
metric transmembrane distribution of PE and CL are tightly
regulated to control the membrane order.

PGs are the dominant anionic phospholipid in bacterial
membranes, representing 20–25% of total phospholipids in
most G(−) bacteria, where PG is restricted to the inner
membrane. In G(+) bacteria, PGs can be as high as 60% and are
the major phospholipid in addition to lysyl-
phosphatidylglycerol, CL and glucosyl-diacylglycerol.2,3 In E.
colimembranes, the proportion of the anionic phospholipids to
the zwitterionic PE is tightly regulated to balance themembrane
surface charge. The negatively charged surface is important in
controlling protein-membrane interactions, such as electro-
static interactions with peripheral DnaA proteins and initiating
DNA replication, and in mediating the binding of cationic
antimicrobial peptides (AMPs).26–31 The high abundance of PGs
underlines their importance in modifying membrane proper-
ties. For example, systematic biophysical studies of PE/PG
mixtures used as natural bacterial membrane mimics showed
that PGs decrease the protrusions of PE headgroup into the
water phase and restrict the PE headgroup motions along the
Chem. Sci., 2024, 15, 3408–3427 | 3409
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Fig. 1 Lipid compositions and structural organisations of bacterial membranes. (A) The main lipid classes and chemical structures of individual
lipid species commonly found in bacterial membranes. (B) The chemical structures of fatty acyl chains identified in bacterial membranes. (C) The
distinctive difference of lipid compositions and structures between G(−) such as E. coli and G(+) such as S. aureus. (D) The molecular shape of
phospholipids in bacterial membranes and the molecular disorder-order transitions between the fluid liquid-disordered phase and gel-ordered
phase. The assembly of lipids with differentmolecular shape can organise the lamellar phases into planar, positive and negative curved structures.
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bilayer normal.32 PGs are important in stabilising the
membrane by preventing lipid desorption and decreasing
membrane permeability. E. coli mutants lacking PG and CL in
the membrane are still viable at temperatures less than 40 °C33

and the functions of PG in a E. faecalis mutant with reduced
membrane PG can be compensated by diglucosyl-diacylglycerol
lipids.34

CLs are synthesised through the condensation of two mole-
cules of PG by cardiolipin synthases ClsA/B and transfer of
a phosphatidyl moiety from PE to PG by ClsC in E. coli, while
a stress inducible cls1 and constitutive cls2 genes are expressed
in S. aureus for CL synthesis.21 The formation of distinct
domains rich in CLs at cell poles and septa are critical during
cell division.16

Aminoacyl-PGs are commonly present in the membranes of
G(+) bacteria, notably Staphylococcus, Bacillus, Clostridium,
Lactobacillus, Listeria, and Streptococcus.26,35 Aminoacyl-PGs are
synthesised via esterication of the glycerol headgroup of PG
with lysine, alanine and less commonly arginine and ornithine.
Aminoacyl-tRNAs are used as amino acid donors catalysed by
the enzyme multiple peptide resistance factor (MprF).36 The
optimal level of aminoacyl-PGs is regulated by the balance
between the aminoacylation and the hydrolysis, which is
mediated by the aminoacyl-PG hydrolases in various bacteria.
For example, an aminoacyl-PG hydrolase, AhyD, catalysed the
hydrolysis of Lys-PG and Ala-PG in the membrane of E. fae-
cium.37 Thus, aminoacyl-PG synthases and hydrolases may act in
3410 | Chem. Sci., 2024, 15, 3408–3427
concert to ne tune aminoacyl-PG levels towards adaptation
under changing environmental conditions. The cationic Lys-
PGs are the most widely studied in S. aureus, which modulate
the membrane negative charges that affect the spectrum of
antimicrobial resistance.35 An increased proportion of Lys-PG in
S. aureus membranes correlates with resistance to host defen-
sive peptides and membrane-active antibiotics and is related to
changes in the membrane interfacial charge and lipid order,
which lower AMP binding and membrane insertion.36,38,39

2.1.1 Non-phosphorus lipids. Bacteria that grow at lower
temperature have a higher ratio of monoglucosyldiacylglyceride
(MGDG)/diglucosyldiacylglyceride (DGDG) as an adaptive
response to increase in membrane order.40–43 A large amount of
MGDG present in the membrane can lead to destabilization due
to introducing disorder and can form inverted non-lamellar
structures that favour the hexagonal (HII) phase.
2.2 The structural diversity of membrane lipids

To date, 1862 different glycerophospholipids have been char-
acterised in E. coli based on the Escherichia coli metabolome
database (ECMDB).44 The questions we need to address are: (1)
which lipids are essential for membrane function; (2) howmany
structurally distinctive lipids are essential for membrane func-
tion; and (3) since the elimination or dramatic changes in
a specic lipid level can result in irreversible destabilisation and
potentially increase permeability, how tolerant are membranes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to changes in lipid composition while maintaining their struc-
ture and function without affecting growth? In order to answer
these questions, the impact of the head group and the fatty acid
chain on membrane properties must rst be considered.

The proportion of different membrane lipids are ne-tuned
for the optimal surface charge in maintaining membrane
potential and protein activities. Membrane lipid compositions
are under constant surveillance for membrane homeostasis.21,45

Several regulatory pathways constantly monitor and respond to
perturbations in chemical structure and compositions of lipids
and the subsequent changes in the physical properties of the
membrane as a strategy to adapt to changing growth conditions
and stress.46 For example, the asymmetric distribution of zwit-
terionic, anionic and cationic headgroups between the inner
and outer membrane leaet are highly controlled for the
optimum surface electrostatic charge to maintain proper
protein topologies and assembly.25,47,48 The charged head
groups are also important in the selectivity of AMPs for target-
ing of membranes.

In addition to the diversity of phospholipid head groups in
bacterial membranes, the structural diversity of phospholipid acyl
chains further increases the complexity of membrane lipids.
Structures of lipid acyl chain (Fig. 1B) are highly diverse in length,
number and position of double bonds, and branched or cyclic
congurations. While technical challenges remain in assessing
errors in lipid identication, proling rare lipid species, quanti-
tation of lipid abundance, sample preparations and asymmetric
distribution of lipids between leaets and lateral domains, the
intricate processes by which bacteria constantly modify their lipid
membrane are beginning to be understood.

The asymmetric distribution of lipids in the outer membrane
(OM) of G(−) has been extensively characterised.47,49–51 In general,
it has been shown that the outer leaet of the OM is enriched with
highly negatively charged lipopolysaccharide (LPS) while the inner
leaet is composed of mainly glycerophospholipids. The modi-
cations in the structures and composition of LPS also correlated to
the changes in the physical properties such as lower the negative
surface charge and increasing lipid packing order as the resis-
tance mechanisms to antibiotics and AMPs. In contrast, the
functional roles of lipids with predominantly PE in the inner
leaet of OM remains to be explored for their compositional
changes in OM stabilisation.

Methods to precisely quantify the asymmetry distribution of
lipids in membrane are limited and most methods have been
applied to mammalian cells. Various enzymatic, chemical and
mechanical treatments have been developed to remove the thick
peptidoglycan layer and OM in G(+) and G(−) bacteria, respec-
tively. Ideally, transbilayer asymmetry of lipids should be char-
acterised without labelling although it remains a challenge to
examine the lipid components in each membrane leaet using
high-resolution mass spectrometry without labelling. Specic
chemical, uorescence and enzymatic labels are, therefore, used
to label mainly PE and CL in bacterial membranes.17,25

The asymmetric distribution of phospholipids in the IM of
G(−) bacteria has been characterised using inside-out vesicles
(ISOv) prepared from E. coli and Yersinia pseudotuberculosis.25 The
localisation and dynamics of PE were characterised by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
different amounts of PE in the ISOv that were labelled by either
the membrane permeable 1,5-diuoro-2,4-dinitrobenzene
(DFDNB) or the membrane impermeable 2,4,6-trinitrobenzene-
sulfonic acid (TNBS). 75% of PE was mainly localised in the
cytoplasmic side of IM in rod-shaped cells while the opposite
distribution (75% of PE in the periplasmic leaet of IM) of PE in
E. coli lamentous cells. The redistribution of PE in different
stages also inuences the distribution of other lipids between the
leaets and regulates lipid order of the bilayer. The bilayer
asymmetry is thus tightly controlled and adjusts the physical
properties for optimal growth.

Characterizing the global lipid compositions in bacterial
membrane are still a main focus in membrane research.
Resolving the dynamic spatial distribution of different lipid
species of individual lipid molecules in the membrane remains
a challenge. Modern super-resolution microscopy combined
with specic lipid labelling and complementary modelling
approaches would provide more information on the effect of
heterogeneous lipid domains on the physical properties and
function of membranes.
3. Fundamental membrane
properties

Bacterial cells respond to perturbations in membrane structure
by various molecular machineries evolved to synthesize new
lipids and modify existing membrane lipids.5,52 This regulatory
control is critical to remodeling the membrane structures and
modifying properties that are potentially detrimental to
membrane function. However, understanding the intricate rela-
tionship whereby the physical properties of a membrane are
modulated by the lipid composition and vice versa is a key chal-
lenge to understanding the drivers behind the remodeling. It is
extraordinary that cells can actively change the membrane lipid
composition to maintain optimal physical properties of the
membrane so as to regulate cell size and shape during growth.
Consequently, cells constantly respond to membrane destabili-
zation by changing their lipid composition and redistribution of
lipids both laterally and transversely.

How can these changes in membrane structure be measured
and which physical parameters provide the most useful insight
into membrane remodeling? Several structural and physical
properties have been either dened conceptually or measured by
various techniques and are listed in Fig. 2. These parameters can
be categorised according to whether they are a fundamental
property that denes a static or a dynamic structure. The static
properties include thickness, surface charge and intrinsic curva-
ture. Properties that describe a dynamic structure all relate to the
concept of membrane “uidity” and include molecular packing or
order, rigidity and stiffness. Specic parameters that can be
experimentally determined include rate and amplitude of lipid
motion, orientational order parameter in 2H and 13C-NMR,
viscosity and Young's modulus, bending stiffness and lateral
pressure.

All these parameters are related to the properties of the
individual constituent lipids, the dynamic structure of which
Chem. Sci., 2024, 15, 3408–3427 | 3411
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Fig. 2 The interrelated physical, structural and mechanical properties of bulk membranes and various parameters for each membrane property.
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can be described by a wide range of diffusion processes,
including rotational, translational, short-range, long-range and
ip-op diffusion, which all contribute to the lateral pressure
prole of the cell membrane and are modulated in response to
various extrinsic environmental factors (see Fig. 2 and 1D).
These properties must also be considered together with the
lipid saturation index (ratio of SFA to UFA), the cis–trans
conguration, number and position of lipid unsaturation sites,
the lipid head groups and specic non-phospholipid contents,
such as sterols, hopanoids, carotenoids and glycolipids.6,8,53–55

The adaptation of bacterial membranes to changes in
extrinsic parameters, such as temperature, hydration, nutrition
level, osmosis and chemicals (Fig. 3), involves ne-tuning of
these membrane properties through various mechanisms that
include synthesis, modication and degradation of lipids and
fatty acids and head-group-specic acyl chain remodeling in the
membrane lipidome.7 Membranes can adapt to extrinsic stress
conditions with changes in only a small fraction of lipid head
group species, whereby only a small fraction of the lipidome is
required for adaptive membranes while the majority of lipid
species do not vary substantially under any stress conditions.
Finally, the growth phase and rate at which any of these changes
take place within the cell growth cycle can vary depending on
the nature of the environmental stress factor.

Biophysical techniques such as light scattering (X-ray,
neutron), nuclear magnetic resonance, electron paramagnetic
resonance, uorescence, infrared and Raman spectroscopies,
differential scanning calorimetry, uorescence, electron, cryo-
electronic and atomic force microscopies, ellipsometry and
dual polarization interferometry, optical tweezers and micro-
pipette aspiration have widely been used to explore the
dynamic physical properties of model and native bacterial
membranes.19,56–63
3412 | Chem. Sci., 2024, 15, 3408–3427
The experimental determination of membrane biophysical
parameters, such as surface charge, polarity, viscosity, hydra-
tion, tension and micro/nanodomains, can be quantitatively
measured by specic environment-sensitive uorescent
probes.64,65 These probes generally reside in a specic location
in the bilayer and report on membrane physical properties that
are related to the anisotropic properties, which in turn are
related to the motional freedom of lipid molecules and the
packing or order of the acyl chains. The simultaneous use of
different uorescent probes, that have a well-dened bilayer
location and orientation within the lipid structure relative to the
interface-carbonyl, polar heads-phosphate, hydrophobic region-
acyl chain, provides information on the in-depth landscape of
lipid motion/mobility in different membrane structures.

There have been a number of attempts to describe the
dynamic complexity of the cell membrane via a unied theory of
membrane structure.66–68 As rst reported in 1974, one model
describes maintenance of themembrane in its liquid-crystalline
state through an unique innate mechanism of “homeoviscous
adaptation”.69 This concept was built on the observation that E.
coli changes lipid composition at different growth temperatures
to adapt to these conditions. The lipid changes include
synthesis of longer and more saturated fatty acids which then
impacts on acyl chain disorder and increased rotational and
lateral diffusion of molecules, as increased uidity is associated
with increased temperature.70 This model which describes the
membrane as a medium of regions with differing viscosity,
therefore, provides a useful model to describe on-going
dynamic changes in membrane properties.

However, while technologies continue to improve for the
analysis of the changes in lipid compositions, the changes in
structural and physical properties inmembranes that impact on
cellular process are less-well characterized. Our understanding
of membrane structure needs to integrate the regulation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The dynamic parameters for individual lipids and bulk membrane assembly, and the different extrinsic properties that can influence the
dynamic behavior of membranes.
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membrane phase equilibria in terms of changes in lipid
congurations that impact on bilayer formation, membrane
thickness and lipid packing. This phase regulation cannot be
obtained from only considering the overall membrane viscosity
(uidity).

In addition, advances in theoretical and molecular model-
ling techniques have proven to be a valuable tool in under-
standing lipid membrane structure, composition, and function
at resolutions scaling from isolated lipid molecules to large
(bilayer and other types of) assemblies. While the pioneering
lipid simulations of the 1980s were limited to picosecond
timescales and overly simple hydrocarbon systems, the current
state-of-the-art can now explore complex biological phenomena
involving millions of molecules in realistic cellular environ-
ments that evolve over microseconds of molecular
dynamics.71,72 Through multiple scales of well-designed molec-
ular models, a wide gamut of physical, structural, and
mechanical properties (Fig. 2) are able to be systematically
explored as a function of dynamics and extrinsic factors
(Fig. 3).73,74 Considerable developments in lipid specic inter-
atomic interaction potentials (forceelds) have greatly
improved the quality and reliability of molecular dynamics
simulations when evaluated against experimental properties, in
particular lipid diversity, temperature dependence, and phase
behavior.75 It cannot be understated how benecial and exciting
sophisticated visualizations and animated graphics have
become, catalyzing the understanding and interpretation of
complex membrane systems.76 This is especially true for the
qualitative and quantitative analysis of: lipid diffusion and
uidity;77 membrane packing defects;78 and lipid domain phase
separations.15,79 Furthermore, there is a diverse range of
computational techniques that enable the exploration of real-
istic simulations of biological membrane curvature and shapes
known to be linked to many cellular functions. These encom-
pass both lamellar and non-lamellar membrane models with
a range of chemical compositions and intrinsic curvatures,
including planar, rippled, local membrane protrusions/tubules,
© 2024 The Author(s). Published by the Royal Society of Chemistry
positively and negatively curved assemblies, micelles, bicelles,
vesicles/liposomes, and various other shapes (up to and
including full viral envelopes).72,80–84

In summary, the physical, structural and mechanical prop-
erties described above are all interrelated and inuenced by the
lipid composition and extrinsic variables. They clearly paint
a complex picture of membrane structure in terms of how the
structural and physical properties are inuenced by changes in
composition and extrinsic stress. At the same time, it is also
evident that the extent of changes in membrane physical
properties can be tolerated by the cell within a threshold level of
changes depending on the mechanism, which can occur via de
novo synthesis, assimilation of exogeneous lipids (e.g., biolm,
culture media), enzymatic modications of existing lipids, lipid
degradation or production of membrane vesicles. Thus,
membrane lipid compositions are tightly regulated to maintain
the optimum physical properties and stability for membrane
protein function and the connection between lipid composition
and the membrane physical and structural properties is
remarkably dynamic.
4. The dynamic relationship between
lipid chemical structure, lipid
composition and the physical
properties of membranes
4.1 Role of lipid head groups in modulating membrane
properties

The membrane surface charge and potential are regulated by
the relative ratio of charged to neutral head groups. The
maintenance of membrane surface charge is critical for the
electrical potential of the membrane, which regulates bacterial
cellular and membrane behaviour in membrane transport, cell
mobility, cell division, environmental sensing and antibiotic
resistance.85 The phase behaviour is also modulated by the head
groups, although the main phase transitions are closely related
Chem. Sci., 2024, 15, 3408–3427 | 3413
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to the type of fatty acyl chain.86 The lamellar gel (Lb) to lamellar
liquid-crystalline (La) phase transition (Fig. 1D) is the main
phase (gel-uid) transition (Tm) of lipid bilayers, which has been
studied in terms of cooperativity, order of lipid molecules, the
role of head groups and acyl chain conformation. The Lb–La
phase transition is accompanied by a lateral expansion with
a decrease in bilayer thickness and an increase in the area per
lipid molecules. Furthermore, the phase transition is connected
to the acyl chain trans–gauche isomerization, intermolecular
interactions, the polar forces between the hydrophilic moieties,
the lateral pressure in a bilayer due to steric repulsions, elec-
trostatic interactions, and the hydrophobic effect. All these
parameters of membrane order–disorder are also affected by
temperature (thermotropic), hydration (lyotropic), pressure
(barotropic), pH and ionic strength.

The structural contribution of each lipid to membrane order
is commonly guided by in vitro trends from individual lipid Tm
values and the head groups have a signicant role in the ther-
motropic phase transition (Table 1). For a model membrane
composed of the same acyl chain length for different head
groups, the Lb–La phase transition temperature decreases in the
order of PA > PE > PS > PC = PG > PI. While the Tm values of CL
are similar to those of PE, the variation in the ratio of lipid head
groups impacts on the phase behavior of a membrane.
However, this thermotropic effect of different head groups on
the lipid lamellar phase remains to be characterised for specic
lipid compositions of bacterial membranes. The exact contri-
bution of individual head groups to the membrane order, lipid
packing and phase behavior of the natural membrane in vivo is
not well-known and is assessed by the thermotropic phase
transition of model membranes prepared from the native
bacterial membrane lipid extract. For example, the Tm values of
the order-to-disorder phase transition for vesicles of a wild type
E. coli lipid extract was 38 °C which increased to 55 °C for a PE-
decient E. coli lipid extract in the presence of 50 mM Ca2+.23,87

Bacterial membranes are highly asymmetric in terms of lipid
distribution within the plane and transverse to the bilayer. PE
and PG are distributed differently and form domains in E. coli,
while CLs are found localized in the cell poles and septa of E.
coli and B. subtilis [ref]. Although spontaneous, lipid micro-
phase separation, location-specic lipid synthesis associated
with membrane proteins, and intrinsic curvature are all
considered important for asymmetric lipid distribution.
However, the mechanisms by which CL, PE and PG-rich
domains form in the bacterial membrane are uncertain.
Table 1 The Lb–La phase transition temperature (Tm in Celsius) of mem

18 : 1/18 : 1 16 : 0/18 : 1 12 : 0/12 : 0 14 : 0/14 : 0 16

PA −4 28 31 52 65
PE −16 25 29 50 63
PS −11 14 14 35 54
PC −17 −2 −2 24 41
PG −18 −2 −3 23 41
PI 21 41
CL 25 52 62

3414 | Chem. Sci., 2024, 15, 3408–3427
What has also not been characterised is the distinct
composition of lipid head groups, their role in the formation of
domains enriched in certain lipids, and whether they are
localized in an ordered or non-lamellar (hexagonal) phase.
Moreover, how these clustered lipids and properties are nely
tuned for cell-division and resisting the action of AMPs has yet
to be established. For example, PE- and PG-enriched domains
have been observed in the membranes of both E. coli and B.
subtilis and PE-rich domains have a higher degree of membrane
order compared to PG-rich domains.17,88
4.2 Role of lipid fatty acid in modulating membrane
properties

Acyl chains of lipid molecules have diverse roles in regulating
membrane protein activities and maintaining membrane
function and integrity. As described in Section 2, the acyl chains
of membrane lipids exhibit high levels of structural and
compositional complexity, which directly correlates with the
pleiotropic behaviour of membrane properties. This complexity
arises from the substantial variations in the acyl chain length,
modications in number, position and cis–trans stereoisomers
of double bonds, cyclopropane and methyl branching (Fig. 1A
and B).

Complex systems for modifying lipid fatty acid proles have
evolved in cells to respond to altered growth conditions and
various environmental changes, ensuring adjustment of the
membrane physical and structural properties within an optimal
range. Various innate mechanisms for modifying the lipid fatty
acid proles to modulate both viscosity and phase changes are
present in bacteria.

There are a range of basic mechanisms that regulate the
degree of unsaturation and length of fatty acid acyl chain in all
cells, while cyclisation, branching and isomerization are
responsive mechanisms peculiar to specic cell species. The
rate of chemical restructure of lipid acyl chains can vary from
minutes to days, depending on the regulatory enzymatic
mechanisms and the rate and extent of disturbance of the
membrane structural integrity and physical properties. The
cells can also regulate the fatty acid compositions with more
than one mechanism or can switch between different response
modes that depend on the growth conditions and environ-
mental factors.

Lipid acyl chains of 12 to 24 carbons in length are generally
synthesized and incorporated into a bacterial membrane.6,89–94

Fatty acids with 16–18 carbons are the most abundant in
brane phospholipids

: 0/16 : 0 18 : 0/18 : 0 20 : 0/20 : 0 22 : 0/22 : 0 24 : 0/24 : 0

75
74 86
68
55 66 75 80
55

73
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Table 2 The effect of asymmetric acyl chains in C1/C2 positions of
glycerol backbone on the Lb–La main phase transition temperature (in
Celsius) of phosphatidylcholine (data from Handbook of Lipid Bilayers,
2nd edn, 2013 (ref. 98)). Glycerophospholipids with longer sn-2 than
sn-1 acyl chain have higher Tm values (blue) than those lipids with
longer sn-1 acyl chain than sn-2 (grey)
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membrane lipids while exceptionally long fatty acids, known as
mycolic acids of 60–90 carbons, are present in the outer
membrane of Mycobacteria.95 The acyl chain length is the main
determinant in modulating the membrane thickness and phase
transition. In addition to the acyl chain length, the specic fatty
acid structures and the sn-1 and sn-2 position of glycer-
ophospholipids have signicant impact on the phase behavior
and transition temperature [Table 2] and have different regu-
latory roles in homeophasic adaptation. Unique chemical
structures of lipid fatty acids have been characterized for
different bacteria. Even-number straight-chain saturated and
unsaturated fatty acids are synthesized by E. coli and S. pneu-
moniae while odd-number branch fatty acids are predominantly
found in many G(+) bacteria, such as B. subtilis and S.
aureus.93,96,97

4.2.1 Unsaturated fatty acids. The production of unsatu-
rated fatty acids (UFAs) and incorporation into membrane
lipids are important in membrane homeostasis in bacteria. The
presence of unsaturated phospholipids increases the proba-
bility of trans–gauche isomerization and, therefore, lowers the
temperature of themain Lb–La phase transition. Fine tuning the
ratio of saturated to unsaturated fatty acids (SFA/UFA) is thus
one of several mechanisms used by bacteria to alter the lipid
packing to maintain a consistent liquid-crystalline state and
equilibrium between a lamellar and non-lamellar membrane.

Bacteria are able to introduce unsaturation into the
membrane lipids by one of three different mechanisms, which
are: (1) de novo synthesis via incorporation of the desired acyl
chain into the glycerol backbone, (2) conversion of the saturated
chain to the desired unsaturated lipid, or (3) incorporation of an
exogenously derived acyl chain (which cannot be synthesized by
the bacteria). It is not well understood why certain bacteria
utilize a specic mechanism but the rate of changes required
for survival will dene the mechanism used.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The changes in the SFA/UFA ratio are the primary focus of
the homeoviscous response of membranes for cells under
temperature stress, such as in E. coli and B. subtilis. For
example, in E. coli, the introduction of a double bond at the 10-
carbon intermediate by fatty acid synthesis through de novo
synthesis produces palmitoleoyl (16 : 1 D9), and cis-vaccenoyl
(18 : 1 D11) chains as the dominant acyl chain together with
saturated palmitoyl (16 : 0) in the membrane lipid extract.93

The physical state of the cell membrane is thusmodulated by
the incorporation of a mixture of fatty acids into phospholipids
with different phase transition temperatures. In E. coli grown at
37 °C, the total UFA content was 45 mole% which then
increased to 60 mole% in E. coli grown at 17 °C.93 This increase
in UFA was associated with a doubling of the amount of cis-
vaccenoyl (18 : 1D11) chains and 10% drop in the fully saturated
palmitoyl (16 : 0) chains. However, the fraction of unsaturated
palmitoleoyl (16 : 1 D9) remained unchanged in the inner
membrane with variable temperature. Thus, the extent of
unsaturation was accompanied by an increase in the average
chain length of the lipid acyl chains under cold stress, which
presumably assists in maintaining a more stable membrane at
lower temperatures.

The incorporation of a cis-double bond introduces a 30° kink
in the acyl chain, which decreases the packing order in a lipid
bilayer as commonly characterized by 2H solid state (ss)-NMR
and the steady-state anisotropy of uorescence probes such as
diphenylhexatriene (DPH). This packing disorder in a lamellar
structure is more pronounced when the cis-double bond is
located in the middle of the acyl chains.99 Introducing the
double bond into the fatty acids not only affects the packing
order of hydrophobic core of bilayer, the acyl chain unsatura-
tion can further increase the non-lamellar propensity of PE due
to the relatively small head group size versus the lipid length
and volume.93 This will impose more negative curvature stress
on the membrane creating lipid packing defects.

The degree of unsaturation through de novo synthesis in E.
coli and other anaerobes can be modulated by growing cells in
the exponential phase when the fatty acids are produced. As the
growth of cells enters stationary phase, the production of fatty
acids ceases and the double bonds are converted into cyclo-
propane, with an additional carbon, while still keeping the 30°
kink. These cyclic fatty acids exert similar effects to unsaturated
fatty acids on the bilayer packing order and are more resistant
to oxidation as the acidity is raised in the stationary phase (see
Section 4.2.3 below).

The maintenance of optimal viscosity in a membrane is
critical for the physiological function of cells. In one study, the
membrane viscosity was controlled by the extent of fatty acid
unsaturation where a 10-fold decrease in viscosity (20 to 2 poise)
occurred when the unsaturation increased from 20% to 60% as
estimated by the diffusion coefficient of nitrobenzoxadiazole-
conjugated phosphatidylethanolamine (NBD-PE) in E. coli
inner membrane vesicles using uorescence recovery aer
photobleaching (FRAP).100 Furthermore, membrane viscosity
can also be maintained by different combinations of unsatu-
rated, cyclic and straight chain fatty acids at different growth
phases. The cellular respiration rates are also regulated by the
Chem. Sci., 2024, 15, 3408–3427 | 3415
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membrane viscosity and tightly controlled by the unsaturated
fatty acid composition.

In contrast to the de novo synthesis of fatty acids, fatty acid
unsaturation can be incorporated via the introduction of
a double bond into the existing membrane phospholipids
(Mechanism 2), which occurs in some bacteria under cold
stress. In bacilli, pseudomonads, mycobacteria and cyanobac-
teria, a cis-double bond is introduced into the saturated fatty
acyl chain of membrane phospholipids by a multi-component
membrane desaturase under aerobic conditions.101–104 This
has been well characterized in B. subtilis where the activation of
desaturase is related to changes in membrane structure upon
cooling whereby membrane thickness increased with higher
packing order.101 The cis-double bond was introduced only at
a specic site on the SFA. Insertion at the D5 position was
exclusively found in B. subtilis and B. megaterium and a D10
desaturase additional to D5 desaturase inserting a cis-double at
D10 position was used by B. cereus to generate mono/
diunsaturation at D5 or/and D10.102,105 The proportion of UFA
in B. cereus can change from 27% predominantly D10-UFA at
37 °C to 45% with both D5 and D10-UFA at 25 °C due to
increased D5 desaturase expression and activity.105 As no lipid
synthesis is required, this way of modifying the existing satu-
rated acyl chains allows rapid adjustment of the SFA/UFA ratio.
However, modulation of membrane properties by desaturation
involves activation of desaturase gene transcription and trans-
lation and, once the membrane properties have adapted to the
cold stress, the desaturase expression is down-regulated. This
type of machinery that is sensitive to membrane thickness and
packing order highlights the sophisticated regulation of
membrane properties via enzyme activity and gene expression
in homeoviscous adaptation. As no enzyme induction and
synthesis is necessary for the de novo synthesis of UFA, and only
the rate of enzyme turnover is changed, the rate of fatty acid
synthesis can occur rapidly. However, for anaerobic fatty acid
biosynthesis the incorporation of UFA into membrane lipids is
the rate-limiting step in modulating the membrane properties.
While the unsaturated palmitoleic (16 : 1 D7) and oleic (18 : 1
D9) acids predominantly synthesized in E. coli growing at low
temperature, the different double bond positions (16 : 1 D5 and
16 : 1 D10) introduced by the desaturase represent additional
mechanisms by which membrane viscosity can be modulated.

Membrane lipid unsaturation can also be regulated by
uptake of exogeneous unsaturated fatty acids to result in
changes in membrane properties (Mechanism 3). The fatty acyl
chain compositions of E. coli membrane lipids were strongly
affected by the exogeneous fatty acids which made up 45% of
the total membrane FA.106 Signicantly different Tm values were
measured for E. coli cultured with different fatty acid supple-
ments.107 The exogeneous fatty acids are phosphorylated and
deposited in the membrane in exchange for a new fatty acid.
Exogeneous UFAs can replace only 50% of the membrane lipid
fatty acids in S. aureus with a concomitant reduction of branch-
chained fatty acids in the membrane.97 In contrast, all
membrane lipid fatty acids can be replaced by exogeneous UFA
in S. pneumoniae. The types of exogeneous fatty acids in
different sources, such as human serum and skin homogenate,
3416 | Chem. Sci., 2024, 15, 3408–3427
can also impact onmembrane properties and integrity and alter
the resistance to the fatty acid synthesis inhibitors.92,108 For
example, the incorporation of oleic acids and serum UFAs
increased the membrane order as indicated by an enhanced
DPH anisotropy due to an increase in the proportion of SFA and
decrease in branched-chain fatty acids (BCFAs).97,109–111 While
the UFAs from skin are known to be toxic to S. aureus, the
incorporation of serum UFAs into S. aureus membrane
increases resistance to FASII inhibitors.112

Incubation of wild-type and methicillin-resistant S. aureus
strains with exogenous UFA in serum resulted in 25% UFA
being detected in membrane lipids. The presence of UFA would
be expected to increase the membrane uidity. However, the
anisotropy of DPH was enhanced in S. aureus incubated with
serum, consistent with increased membrane order. This
increase in DPH anisotropy can be related to an accompanying
increase in the content of carotenoid pigment (staphyloxanthin)
in the membrane.111 A similar increase in the DPH anisotropy
was also observed for wild-type and fakA mutants of S. aureus
incubated in media with 0.01% oleic acids. This was not due to
incorporation into phospholipids. Rather, the increased
membrane order was likely due to the reduced BCFA/SFA ratio
in both the WT and fakA mutant, with a signicant amount of
UFA incorporated into the WT S. aureus while no UFA was
detected in the fakA mutant.110

The isomerisation of UFA from cis to trans conguration
plays an important role as an adaptation response to heat
stress, the presence of organic solvents, heavy metals, osmotic
stress, and exposure to antibiotics and AMPs, by increasing the
lipid packing order in membrane and thereby reduced perme-
ability. The cis–trans isomerisation is catalysed by a periplasmic
cis–trans isomerase which converts the cis-palmitoleic (C16 :
1D9cis) and cis-vaccenic acid (C18 : 1D11cis) of phospholipids
within the inner membrane of some G(−) bacteria including
G(−) Pseudomonas sp., Vibrio sp. and G(+) Enterococcus faecalis
FA2-2.113–115 The amount of trans-UFA is low in the membrane of
these bacteria under normal conditions. The degree of cis–trans
isomerisation in G(−) bacteria varied with the extent of the
stressors such as the toxicity, hydrophobicity, and concentra-
tion of toxic organic compounds and the duration of nutrient
deprivation. The trans-UFA can reach up to 40% of total fatty
acid in Pseudomonas sp., and 20% of total fatty acids in Vibrio
sp. and Colwellia maris sp. However, although the growth phase
and temperature inuence the cis–trans isomerisation, the low
amount of trans-UFA in E. faecalis is not affected by the extent of
stressors and the bulk physical properties are not signicantly
altered by the low level of trans-UFA. Such a transformation
contributes signicantly to some G(−) bacteria survival by
increasing the lipid order and packing when a rapid response is
required to resist environmental stress.

Overall, the multiple effects of fatty acid unsaturation on
membrane physical properties and physiological functions
require further study to explore various aspects of regulatory
mechanisms for optimal unsaturation in different cellular
states and in response to environmental stress. Moreover,
further understanding of the inuence of host fatty acids on the
bacterial membrane properties is required to further establish
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the resistance mechanisms to antimicrobial drugs in a host
environment.

4.2.2 Branched-chain fatty acids (BCFA). While the
production of UFAs and regulation of the UFA/SFA ratio is
important in modulation of membrane physical properties,
branched-chain fatty acids (BCFAs), including iso-, anteiso- and
u-alicyclic fatty acids with or without double bonds and
hydroxylation, are another major lipid fatty acid family that
remodels the membrane viscosity and phase equilibria for
homeoviscous adaptation.116 Regulation of the BCFA/SFA ratio
in maintaining membrane properties mainly occurs in the
adaptive response by G(+) bacteria. The major BCFAs are odd-
numbered iso- and anteiso-fatty acids with one methyl group
at the penultimate and antepenultimate positions from acyl
chain terminus, respectively (Fig. 1). The difference in the
physicochemical properties of normal, iso-, and anteiso-fatty
acids in membrane lipids is related to the enzymatic prefer-
ence for incorporation into phospholipid sn-1 and sn-2 posi-
tions. In B. subtilis, n-C15 acid is incorporated mostly into the
sn-1, anteiso-C15 acid is incorporated exclusively into the sn-
2, and iso-C15 acid is found in either sn-1 or sn-2 of
phospholipids.117

S. aureus has a deciency in UFAs and, therefore, utilises
predominantly BCFA lipids with an acyl chain length of 15 to
modulate the membrane in response to environmental
stimuli.111,118,119 Since anteiso-branching perturbs the lateral
packing of lipids to a greater extent than iso-branching, for lipid
fatty acids with an equivalent carbon number, anteiso-
branching lowers the gel to liquid-crystalline phase transition
temperature more than iso-branching, while cis-unsaturation in
the centre of the hydrocarbon chain is most efficient in lowering
the phase transition temperature.99,120 Membranes enriched in
anteiso-BCFA lipids are more disordered with a lower DPH
anisotropy than those of iso-BCFA lipids in which anteiso-BCFA
promotes lower viscosity than the corresponding iso-BCFA in
vivo.121 Depletion of BCFA in B. subtilismutants has been shown
to be accompanied by the accumulation of SFAs with a gradual
increase in viscosity and leading to growth arrest. The effect of
such drastic changes in the SFAs in the membrane properties
on cell growth cannot be explained by uidity alone. The
increase in the membrane rigidity can also change the bilayer
thickness, the membrane permeability and electron transport
chain function.100 In S. aureus, increases in both anteiso- and
iso-BCFA in membrane lipids is exploited to maintain optimum
molecular diffusion under cold stress, while in B. cereus only the
proportion of iso-BCFA decreased in membrane lipids, causing
increase in the anteiso/iso ratio and promoting the membrane
uidity for growth at lower temperatures.

Multiple modes of regulating fatty acid compositions are
utilized by bacteria to adapt to deleterious environmental
effects on membrane structural integrity and physical proper-
ties. However, there is no universal mechanism for regulating
the compositions of membrane lipid species and fatty acids and
switching between different regulation modes has been devel-
oped for optimal growth.

Microorganisms are exible in their fatty acid requirement if
the minimum demand of unsaturated fatty acids, for example,
© 2024 The Author(s). Published by the Royal Society of Chemistry
are satised. Exogenous fatty acids from the host, even those
not synthesized by a microorganism, are incorporated into
cellular lipids so that variations in the physical properties of
phospholipids are minimized under the stress.92,108,110 Although
BCFAs and SCUFAs both increase membrane uidity, these fatty
acids impact differently on cellular morphologies,87 and adap-
tation to cold stress.111,122,123 Expression of virulence factors is
signicantly different in serum grown organisms,124 and there
are global changes in gene expression when S. aureus is grown
in blood.125 S. aureus grown in serum or blood have different
membrane lipid compositions than cells grown in laboratory
media and this may have a signicant impact on the expression
of virulence factors and pathogenesis of the organism. Due to
the ability of a pathogen to adapt and undergo dramatic alter-
ations when subjected to a host environment, the membrane
properties of bacteria grown in vivo can, therefore, be very
different from when it is grown in vitro. This distinction may
have a huge impact on critical cellular attributes that control
pathogenesis and resistance to antibiotics.126

4.2.3 Cyclic fatty acids (CFA). Membrane properties are
also modulated by cyclopropane fatty acid (CFAs) lipids.
Conversion of lipid UFAs to CFAs in a bacterial membrane
increases membrane stability under conditions of acid stress
and in the stationary phase, although this effect is not well
understood due to the interplay between environment and
growth phase. The formation of CFAs in E. coli is a post-
synthetic modication of the PL bilayer coupled with the
cessation of net PL synthesis and occurs predominantly as
cultures enter the stationary growth phase.127 Substantial
changes in the lipid acyl chain have been characterized for E.
coli membranes collected during stationary phase where up to
40% of membrane lipids contain cyclopropane fatty acyl chains,
which are more resistant to oxidation and acid stress. Conver-
sion of UFA to CFA is also accompanied by an increase in bilayer
thickness,128 changes in the thermotropic behavior of lamellar
phases and ordering of chain packing. The conversions of UFAs
to CFAs was absent in E. coli growing exponentially at pH 4.2
(ref. 129) but CFA formation was apparent at the stationary
phase, indicating that the UFA to CFA conversion is activated
selectively depending on the growth conditions.

In addition to the production of CFAs in cells growing under
acid stress and at early stationary phase, the biosynthesis of
CFAs can also be induced by other conditions such as high
temperature, reduction of respiratory components, limitation of
ammonium or phosphate, acid pH, anionic detergents at low
concentrations, high NaCl and nucleotide (ppGpp, pppGpp)
concentrations, low oxygen tension, and adequate levels of Mg2+

ions and sulfate.130 CFAs have biophysical properties similar to
UFAs with higher stability towards acidity and oxidation. While
the cyclopropane group adopts the same 30° kink in the acyl
chain as UFAs, the effects on the membrane order are still not
clear as opposite effects on membrane ordering have been
shown by determining the phase transition temperatures in
model membranes and acyl chain order with NMR.130,131

Depending on the conguration, the conversion of a double
bond to a cyclopropane causes pronounced effects by reducing
the angular uctuation along the sn-2 acyl chain but no
Chem. Sci., 2024, 15, 3408–3427 | 3417
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Table 3 Summary of key interlinked parameters associated with membrane lipid compositional changes affecting the structural and physical
properties of membranes

No Parameters

1 Changes in the ratio of lipid classes and species in each class
2 Membrane properties differentially modulated by headgroup-specic acyl chain remodelling
3 Ratio of UFA/SFA; CFA/SFA; BCFA/SFA
4 Length of acyl chain
5 Ratio of different branching structure, iso/anteiso/u-alicyclic fatty acids
6 Position of specic acyl chain structure on the glycerol backbone, e.g., unsaturated sn-2 acyl chain
7 Incorporation of exogeneous FAs
8 Cis/trans isomerization of UFAs
9 Proportion of other specic lipids altering lipid packing order, thickness and other molecular interactions
10 Enzymatic modication of lipid head group; alteration of membrane surface charge
11 Domains of different size, thickness, packing order and viscosity/diffusivity
12 Species-selective lipid degradation and production of membrane vesicles
13 Limiting/inhibiting synthesis of specic lipids
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signicant impact on the sn-1 acyl chain as shown by 2H-NMR
and molecular dynamic simulation.132,133 Furthermore, the
order of the hydrocarbon chain, as reected in a higher relax-
ation time, is higher for CFAs than UFAs of the same congu-
ration. Thus, the restricted motion and bulkiness of the
cyclopropane moiety prevents the tight packing of the lipid
bilayer which maintains the membrane in a more uid liquid-
crystalline state. However, the cyclopropane ring possesses
a higher chain order parameter which remains structurally rigid
over a broad temperature range. Overall, CFAs may increase
membrane uidity while simultaneously inducing a more
ordered state within the hydrocarbon chains compared to UFAs.
As a consequence, the cyclopropane moiety might play a dual
regulatory role in stabilizing structural and dynamic properties
of a membrane in response to environmental stressors.

In E. coli mutants, membranes decient in CFAs are more
permeable to protons, although the role of CFAs in modulating
the membrane properties is not clear. A potential function of
CFA formation is to stabilize the membrane by increasing the
lipid order to avert the enhanced membrane permeability
induced by the oxidative and acidic damage.133 Although CFAs
contributing an ordering effect to the UFAs counterparts of
a model membrane of extracted lipids, it is not known why
membranes of whole cells, with a high CFAs content, appear to
be more uid than membranes with a lower CFAs content.134

More thorough studies are required to understand how the
membrane properties and structures are modied by the lipid
CFAs (Table 3).
5. Measuring the structural and
mechanical properties of functional
membranes

The homeostatic adaptation of bacterial membrane properties
to various stress conditions is associated with spatiotemporal
modulation of membrane structures including bilayer thick-
ness, area/volume per lipid and lateral phase and domain
segregation. The variation in the lipid composition of different
3418 | Chem. Sci., 2024, 15, 3408–3427
membranes, between the membrane leaets, and the hetero-
geneous distribution in different membrane areas are all
interrelated and contribute to the maintenance of their struc-
tural stability. The loss of the integrated control of the dynamic
modulation of membrane structure and properties can lead to
growth arrest and cell death. The key to fully understanding
these complex systems is the ability to measure different
physical parameters in native membranes.

The bacterial membranes of both G(−) and G(+) bacteria
have been visualized as a low electron density layer about 5 nm
in thickness by transmission electron microscopy (TEM) and
cryo-EM.135–138 In addition to the thickness, changes in the
shape and curvature of bacterial membranes have also been
observed in relation to changes in lipid compositions, under
stress conditions and by antibiotic treatment.135,137

Although the alteration of membrane ultrastructure can be
visualised in situ by EM, the low contrast of the plasma
membrane relative to the cytoplasm provides limited resolu-
tion in order to correlate the heterogeneous lateral structure
and domains as molecular adaptation mechanisms in
response to stress conditions and antimicrobial peptides
(AMPs) and agents. To understand the interrelationship
between lipid composition and structural characteristics of
membranes, many of the comparative studies of membrane
structures have been based on various model membrane
systems rather than the native cellular state. The bilayer
thickness, area per lipid molecule and effective hydrophobic
thickness can be accurately determined by X-ray and neutron
scattering which can be correlated with the order of the lipid
acyl chains and head group dynamics analysed by NMR to
provide both the structure and physical properties of particular
lipid compositions.139 The collective in vitro structural char-
acteristics of individual lipids in membranes also provide
valuable quantitative information for building in silico models
toward understanding the contribution of each different lipid
species in response to stress and AMPs. However, the dynamic
changes in the membrane structures cannot be obtained from
the static structural parameters obtained by scattering analysis
of the multi-lipid bilayer stacks.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Understanding the impact of lipid compositions on the
dynamic organisation and structural characteristics of
membranes, therefore, rely on techniques capable of resolving
spatiotemporal changes at nanoscale resolution and at milli-
second timescales under physiological conditions. Since rst
reported in 1986, AFM equipped with various scanning modes
is now widely applied to resolve at nanoscale the dynamic
changes in bilayer thickness and coexistence of uid and crys-
talline domains in membranes so as to explore the relationship
between lipid composition and domain formation in regulation
of membrane homeostasis.140–146 The effect of different lipid acyl
chain length and degree of unsaturation on membrane struc-
ture can now be resolved to less than 1 nm differences between
liquid-disordered and ordered phases.141,147 The rate of nucle-
ation and size variation of phase-separated domains in multi-
component lipid bilayers, as a function of stress conditions
such as temperature, type and concentration of AMPs, can also
be correlated to understand the role of lipid composition on the
mechanisms of membrane destabilisation.60,148–152 By mapping
the surface topographic changes of synthetic lipid membranes
and natural bacterial membrane extracts, a broad range of
distinctive changes in membrane structure induced by AMPs
have been revealed. In addition to pore formation and carpet
mechanisms, these include lipid clustering, non-lamellar
structure, membrane thinning/thickening, monolayer extrac-
tion and nanopitting.153 This wide range of membrane disrup-
tions, which describe unique feature of vertical and lateral
changes in bilayer structure, provide new insights into the
broad spectrum of action for membrane-active peptides.

Changes in the membrane thickness and the release of
membrane vesicles can also be induced by antibacterial agents
and have been characterised by high resolution AFM.154–156

These diverse peptide-membrane structural complexes visual-
ised by AFM have shown that the changes in membrane struc-
ture induced by peptides are distinctive and complex whereby
multiple modes of action can be adopted by one peptide and
vary based on lipid composition.60

The structural characteristics and the surface architecture of
the bacterial cell surface have also been imaged by AFM and
exhibit considerable variation between G(+) and G(−) and on
the presence of polysaccharides or S-layers.157–163 A smooth
surface was characterised for G(−) bacteria due to the presence
of an outer membrane while a rough surface was found for the
thick peptidoglycan layer on the surface of G(+). The binding of
polymyxin to LPS-containing E. coli outer membranes resulted
in reduced membrane thickness, expansion of membrane area
and increased stiffness. Polymyxin also rearranged these LPS-
containing membranes into hexagonal crystalline structures.
Further exploration of the rate dependence of AMP-induced
changes on membrane structural, physical and mechanical
properties with various lipid compositions should provide
quantitative information to elucidate drug-resistance mecha-
nisms at membrane level.

In addition to the resolution of topological nanostructures of
membranes, the mechanical properties of membrane and cell
surfaces can also be characterised by AFM using different
strategies.144,145,164–166 The nanomechanical properties are mostly
© 2024 The Author(s). Published by the Royal Society of Chemistry
derived from the force–distance (F–D) curve by recording the
deformation of the cantilever as the tip indents with varying
amount of force into different depths of the cell surface. The
multi-parametric stiffness (Young's modulus), elastic, and
adhesive mechanical properties provide further information in
relation to the structural and physical properties as a result of
the modulation of lipid composition bymembrane homeostasis
and drug-resistance mechanisms. For example, the role of
composition and ultrastructure of the polysaccharide capsule in
the resistance to osmotic pressure by K. pneumoniae has been
explored by F–D curve analysis of nanomechanical measure-
ments.167,168 The resulting F–D curves were tted with several
physical models representing different stages of probe inden-
tation for various depths of capsule having different properties.
These types of F–D curve analysis allow the changes in cell wall
elasticity to be mapped in response to antibiotic treatment as
shown by the changes in elasticity.169

Although the structure and mechanical properties of
a membrane can be obtained from the AFM-based indentation
of solid supported lipid bilayers, the quantitative information
has not been well related to the bending modulus for
membrane deformation with different lipid composi-
tions.157,170,171 The relationship betweenmembrane stiffness and
other viscoelastic properties and the bending/deformation of
membranes can be studied using lipid vesicles and whole
cells.169 Due to the presence of a thick wall of peptidoglycan in
G(+) bacteria and an outer membrane in G(−) bacteria, which
restricts access to the plasma membrane, enzymatic or
mechanical treatment is required to completely remove the cell
wall and outer membrane to obtain structural details of bacte-
rial plasma membranes by AFM analysis. Quantitative analysis
of size, surface structure, and viscoelastic and bending prop-
erties of membrane vesicles (<200 nm in diameter) secreted by
bacteria also contribute to understand the role of lipid
composition on the membrane mechanical and structural
stability.155,156,159,172 Further characterisation of the collective
membrane structural, physical, and mechanical properties of
bacterial membrane vesicles and cell-wall decient bacteria
(spheroplast/protoplast) will shed light on the resistance
mechanisms in relation to the bacterial surface and
membranes.
6. Changes in physical properties of
membranes associated with resistance
to AMPs

The increasing incidence of drug-resistant microbial infections
is one of the most signicant threats to global health. Solutions
to control and reduce the emergence and spread of drug-
resistant bacterial infections remain as major challenges.
Understanding the mechanisms of antimicrobial resistance
related to the emergence, transmission, bacterial tness,
persistence, and potential resistance-relapse upon withdrawing
the drug provides essential information for the design and
development of antibacterial agents and technologies comple-
mentary to conventional antibiotics for clinical use.173 Among
Chem. Sci., 2024, 15, 3408–3427 | 3419
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the various antimicrobial agents, AMPs with broad-spectrum
activity show great promise against drug-resistant bacteria.
Classic mechanisms of bactericidal action for several AMPs
have been generally related to the formation of transmembrane
peptide pores and micellization of membranes. These mecha-
nisms mainly focus on the nal structure, orientation, and
assembly of peptides in the membrane environment. However,
the changes in the physical properties and geometrical
parameters of membranes associated with the peptide binding
are less well characterised for each mechanism of action, but
are essential to development of new antimicrobial strategies.
The perturbation of a membrane upon exposure to AMPs can
cause changes in different physical properties of membranes,
including thickening/thinning, membrane expansion, specic
domain formation and redistribution, membrane curvature
deformation, and non-lamellar phases and lateral phase
segregation, which can all lead to destabilizing the membrane,
increased permeability, and loss of membrane potential.174–176

The selective antibacterial activity of AMPs is strongly
inuenced by the lipid compositions of bacterial membranes
where the negatively charged phospholipids play a prominent
role in promoting peptide binding and insertion into the
membrane, while other peptides tend to bind primarily at the
interfacial region of membrane consisting solely of zwitterionic
lipids. Following exposure to AMPs, the phenotypic changes in
membranes associated with alterations in lipid composition
and structure, and subsequently impacting on the physical
properties of the membrane, are emerging as potential mech-
anisms to counteract the action of AMPs. These physical
changes involve a change in the net negative surface charge,
thickening of the cell wall, modication of the membrane
uidity and order, and changes in the membrane thickness,
which all are interlinked and result in changes to other physi-
cochemical properties of the membrane as discussed below.
6.1 Changes in surface charge

Changes in lipid fraction and specic modication of the lipid
head group can impact on the surface charge of membranes.
For example, decreases in the percentage of PG/CL reduce the
negative charge. Aminoacylation of the PG and CL head group
with lysine or alanine and translocation from the inner to outer
leaet of a membrane, is catalysed by the multiple peptide
resistance factor (MprF) via catalysis of the transfer of the
aminoacyl moiety from Lys-tRNALys to the free distal hydroxyl
group of the glycerol moiety of phosphatidylglycerol (PG).26 This
reaction is an intrinsic resistance mechanism to AMPs rst
identied in Staphylcocci and later in other bacteria such as
Bacilli, Pseudomonas, Listeria and Mycobacteria except for
enterobacteria.35 This pathway of aminoacyl PG and CL
biosynthesis with concomitant reduction in PG molecules
thereby reduces the overall surface negative charge and gener-
ates an asymmetric distribution of lipids between the inner and
outer membrane leaets and thus reduces the ability of anionic
AMPs to bind to the membrane.

It remains unclear if the presence of Lys-PG or Ala-PG has
different consequences for cationic AMP resistance. While Lys-
3420 | Chem. Sci., 2024, 15, 3408–3427
PG has a positive net charge, Ala-PG is a zwitterionic lipid with
a less pronounced impact on the net charge of the membrane
surface and on cationic AMP repulsion than Lys-PG. Neverthe-
less, the fact that bacteria produce Ala-PG either alone or in
combination with Lys-PG indicates that it should have a distinct
impact on membrane properties and may be a means to ne-
tune the charge of the membrane in response to environ-
mental challenges as recently suggested.26,177 However, there is
no consistent correlation between lipid composition in terms of
the levels of PG, Lysyl-PG, PE and CL and AMP resistance, which
indicates that more than one mechanism evolves to confer the
apparent AMP resistance.
6.2 Impact of alteration of lipid acyl chains on molecular
packing and bilayer thickness

In addition to the changes in membrane surface charge, the
structure and composition of the acyl chains of bacterial
membrane lipids can vary greatly in response to environmental
pressures and impact on the mechanism of action of, and
resistance to, AMPs. Current understanding of the role of acyl
chain composition on AMP activity remains obscure, as changes
in the chain length, the degree of unsaturation, branched and
cyclic groups in the lipid acyl chain all have complex effects on
the physical properties of a membrane. Although changes in the
fatty acyl chain length and unsaturation alter membrane
thickness and uidity, how these changes affect AMP activity
and resistance depends on the specic mechanism by which the
AMP disrupts the membrane.

Increased levels of longer and unsaturated acyl chains in
membrane lipids have been reported for S. aureus following
exposure to platelet-derived peptide and class IIa bacte-
riocin.178,179 In contrast, increased amounts of longer SFA and
the ratio of SFA/UFA were identied in various strains of E.
faecalis displayed colinear cross-resistance to pediocin, nisin
and alamethicin.180,181 A similar decrease in the UFA with
increased membrane rigidity was identied in daptomycin
resistance E. faecium. However, it is not clear from these studies
whether the altered acyl chain lengths correlated with any
changes in the hydrophobic thickness of the membrane.

Due to the lack of probes and methods that are sufficiently
sensitive to measure the membrane thickness changes in bacte-
rial cells, the effects of acyl chain length and membrane thick-
ness on AMP activity are generally explored by use of model
membranes composed of dened mixtures of lipids with various
acyl chain lengths. For example, a linear dependence in increased
dye efflux time induced by d-lysin dependent on increasing
bilayer thickness was observed for liposomes composed
a homologous series of di-monounsaturated PCs, namely di(14 :
1)PC, di(16 : 1)PC, di(18 : 1)PC, di(20 : 1)PC, and di(22 : 1)PC.182

However, there was no clear dependence of dye efflux time on the
membrane thickness for liposomes composed of PCs with poly-
unsaturated and asymmetric (POPC, SOPC) acyl chains whose
phase transition temperatures are well below ambient. Similar
equilibrium binding constants were observed for d-lysin binding
to POPC, di(18 : 1)PC, di(22 : 1)PC and di(18 : 3)PC liposomes. As
it is harder for d-lysin to insert into thicker membranes, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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membrane thickness is one of the critical determinants in
modulating the peptide insertion into membrane.

A mismatch between the bilayer thickness and the peptide
length was shown to reduce the helical content of the AMP,
maculatin 1.1 (Mac1.1), in the presence of model membranes
composed of PC with different acyl chain lengths.183 Changes in
membrane thickness may also impact on the possible oligo-
meric state of Mac1.1 inserted into the membrane, with
a higher number of peptide monomers found in thicker
membranes. In this study, the thickness and lipid order of each
PC bilayer showed a linear dependence on the acyl chain length.
The binding of Mac1.1 exhibited a biphasic dependence
between the amount of bound Mac1.1 and bilayer thickness,
whereby the mass of bound peptide increased for PC with C14
to C16 chain length and then decreased from C16 to C22.
Signicant perturbation of 31P chemical shi anisotropy (CSA)
values was only observed for DOPC (C18) and DEPC (C22),
respectively. In the case of DEPC, the greater range in CSA
indicated different headgroup conformations or environments
in the presence of Mac1.1. Overall, the results indicated that
there is a signicant change in the bilayer order upon binding
of Mac1.1 and this occurred in a co-operative manner at higher
concentrations of Mac1.1 with increasing bilayer thickness and
order. An optimal bilayer thickness and lipid order was required
for effective membrane perturbation by Mac1.1 and an increase
in bilayer thickness and order may counteract the action of
Mac1.1 and play a role in antimicrobial resistance to AMPs.
6.3 Bilayer uidity and phase separation

The variation in the acyl chain length not only impacts on the
bilayer hydrophobic thickness, but the length and changes in
the position and number of double bonds and the presence of
branched and cyclic moieties also cause changes in the uidity
and phase separation in membranes. For example, membrane
uidity has been shown to be an important property in deter-
mining the activity of a number of AMPs, including daptomy-
cin, a non-pore forming cyclic hexapeptide, cWFW,
thrombocidin-derived peptides and the synthetic bactericidal
peptide 2.184–186 The incubation of live B. subtilis and model
membranes with a non-pore forming synthetic cyclic hexapep-
tide cWFW led to an increase in Laurdan generalized polariza-
tion as a result of a substantial increase in membrane rigidity
and formation of discrete membrane domains for antibacterial
activity. A rapid reduction inmembrane uidity (i.e., more rigid)
followed by lipid phase separation was observed in liposomes
containing CL, which was independent of the specic fatty acid
or lipid head group.186 A reduction in membrane uidity has
also been associated with daptomycin resistance in both E.
faecalis and E. faecium clinical isolates and nisin resistance in L.
monocytogenes.181,187 In addition, the UFAs were signicantly
reduced in the membrane lipids isolated from the mundticin
KS (a model of class IIa bacteriocins)-resistant E. faecium
together with an increase in the zwitterionic amino-containing
PLs and cyclopropanyl(9)-C19 : 0 lipids.188

This is in contrast to an increase in membrane uidity re-
ported in the resistance to DAP in S. aureus, and an increase in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the ratios of UFA/SFA and short- to long-acyl chains of PG in the
clinical isolates of leucocin A-resistant L. monocytogenes.189 The
decrease in membrane uidity in daptomycin-resistant E. fae-
calis could not be linked to changes in the degree of acyl chain
saturation and proportion of cyclic fatty acid.181 In contrast,
a signicant decrease in unsaturated fatty acids and an increase
in cyclopropane fatty acids were identied in DAP-resistant E.
faecium.

Factors other than the degree of saturation can also be
important for the decrease in membrane uidity. The changes
in membrane uidity with the variation in the ratio of
saturated/saturated acyl chains can also be accompanied by
changes in the composition of cyclic and branched acyl chains.
The effect of cyclopropane fatty acyl chains on the gel–liquid
crystalline phase transition of bilayers depends on lipid
composition.130 Higher phase transition temperatures were
found for more rigid bilayers when cyclopropane was present in
both the sn-1 and sn-2 acyl chains, while a lower transition
temperature was observed for more uid bilayers with cyclo-
propane present only in the sn-2 acyl chain. However, the
inuence of the steric conguration of cyclopropane acyl chains
on membrane uidity is still not clear. It has been suggested
that cyclopropane fatty acids pack less tightly than the unsat-
urated fatty acyl chains in a membrane and enhance the
uidity,133 while others have shown that the presence of cyclo-
propane fatty acids leads to more rigid membranes with
increases in the phase transition temperature.131 Overall there-
fore, regulation of cyclopropane fatty acid content is an
important mechanism by which bacteria can modify the struc-
tural and dynamic properties to control membrane uidity and
survive various environmental stresses.
6.4 Lipid packing and bilayer order

In view of the role played by chemical composition and
geometrical properties of membranes in regulating the activity
of AMPs and the emergence of resistance to AMPs, changes in
the lateral density and packing/order of lipids induced upon
AMPs binding also induce transcriptional changes, which
modify the lipid compositions, surface charge, uidity, and
organisation of membrane to reduce the AMP activity. The self-
assembly and alignment of lipids into highly ordered structures
generates an anisotropic system with an unique optical property
and the degree of molecular order and lipid acyl chain packing
can be evaluated by the measurement of birefringence values.
This is possible using DPI which allows the real-time changes in
lipid bilayer birefringence to be measured as a function of
peptide mass bound to the membrane to reveal the kinetic
perturbation in membrane structure associated with distinctive
mechanisms of AMP action on membranes of different
compositions.19

It has also been reported that higher lipid packing/order is
related to increases in Lysyl-PG and Lysyl-PE content in the
membrane, whilst peptide binding was reduced minimally to
membranes containing 30% aminoacylated lipids. Although
anticipated that Lysyl-PG/PE would reduce the electrostatic
binding of cationic AMPs to bacterial membranes, these
Chem. Sci., 2024, 15, 3408–3427 | 3421
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ndings suggested that the presence of Lysyl-lipids also sta-
bilise the membranes rich in anionic PG by increasing the
packing order and reducing membrane perturbation by
AMPs.38,190 Increased bacterial resistance to antimicrobial
agents with noticeable increases in cis-vaccenic acid and
cyclopropane fatty acids content in the membrane is possible by
limiting membrane permeability and insertion through lipid
order.191–193
6.5 Curvature and domains

The intrinsic curvature propensities of lipids are of particular
importance for stabilizing and maintaining cell shape and
morphology during the cell division process. Among various
bacterial lipids, the physicochemical properties of inverted
conical shape lipids, PE and CL, by clustering into intrinsic
negative curvature structures (Fig. 1D), can lower the energetic
barrier to membrane curvature changes for cell division
intermediates.

The membrane physical properties can also be modied
without substantial changes in lipid composition for AMP-
resistant bacteria. Redistribution of lipids through either in-
plane diffusion or inner-outer ipping can result in the
formation of specic lipid domains and asymmetric localiza-
tion of specic lipids in the outer or inner leaet of the
membrane bilayer. This asymmetric distribution can then
impact on the membrane curvature due to different packing
parameters of lipid structures once they are localised into
domains of different size.

For example, the transfer of CL from the inner to the outer
leaet upon the interaction of antibacterial agents can also
induce a change in membrane curvature. The appearance of
these highly curved microscopic regions could be the conse-
quence of CL redistribution, uidity changes, and enhance-
ment in lipid phase separation. The formation of CL domains
and their preferential septal and polar localization have been
observed in E. coli, B. subtilis, and P. putida staining with the CL-
specic uorescence dye 10-N-nonyl acridine orange (NAO).16

The increased CL and reduced PG content in the nucleoid-free
minicell divided from the cell pole of a minCDE null mutant
analysed by mass spectrometry also supported the localization
of CL-domain in the E. coli cell pole.194

Relocation and clustering of CL into microdomains has been
observed in the P. aeruginosamembrane upon interaction of the
CL-binding aminoglycoside antibiotics 30,6-dinonyl neamine
(diNn). The insertion of diNn into the membrane of sphero-
plasts resulted in decreased uidity, increased permeability and
loss of bacterial rod shape through a decrease in length and
increase in curvature,195 which coincided with an enrichment of
CL in the membrane outer layer, leading to an increase in
membrane curvature.

In daptomycin (DAP)-susceptible E. faecalis, cell membrane
structure is preserved. However, in the absence of activation of the
LiaFSR system, CL-enriched domains are localized at sites of high
membrane curvature of the cell septa and poles. At the sub-MIC
level of Ca2+-DAP, the peptide binds to the cell membrane
sparing the septum. As the concentration of DAP increases to or
3422 | Chem. Sci., 2024, 15, 3408–3427
above the MIC, the peptide accumulates at the septum, which
induces changes in membrane architecture and impairment of
cell division, leading to cell death. In DAP-resistant E. faecalis,
activation of the LiaSR two-component regulatory system results
in redistribution of CL-enriched domains away from the septum.
In combination with a drastic reduction inmembrane PG content,
the calcium-complexed DAP cannot effectively bind to the septum
and is diverted to planner membrane sites which are rich in non-
PG negatively charged lipids. The alteration in lipid homeostasis
together with redistribution of lipid domain-inhibiting AMP oli-
gomerisation, failing to fully distort membrane structure also
confers AMP resistance mechanisms.196,197
7. Conclusions and future prospects

There is increasing interest in the properties of biomembranes
and how their physical properties are manipulated by the cell in
response to environmental stressors. Most studies have
focussed on either themolecular composition and lipidomics to
give insight into the changes in physical properties or direct
measurement of the physical properties and spatial organisa-
tion of the membrane. It is timely now to combine these
different approaches to delineate in more detail the relation-
ship between all these factors and how these changes in
membrane properties impact on the binding of membrane-
active molecules, e.g., AMPs.

The overall approaches of combining lipidomics, nano-
structure imaging andmodelling, and quantitative physical and
mechanical properties can generate more comprehensive
mechanisms for formation of membrane domains and the key
molecular factors that can lead to bacterial resistance to
membrane-active compounds. While these phenomena are
likely to occur across all species and cell types, the focus of this
perspective has been the existence and relevance of bacterial
membrane domains on the development of resistance to AMP
drugs in terms of the compositional effects on membrane
structural properties.

Various issues remain to be determined for the molecular
mechanisms of membrane remodelling, including:

� How do changes in physical properties affect membrane
lipid composition and membrane physiological function or vice
versa?

� How do bacteria sense membrane properties and lipid
composition and relay the signals to regulate the activity of
enzymes and the transcriptional levels of genes involved in lipid
remodelling?

�What are the molecular identities of various enzymes (two/
three component systems) involved in lipid acyl chain
remodelling?

� What are the roles of glycerolipids (MGDG/DGDG) and
minor lipids (prenol, carotenoids) in membrane remodelling
under stress?

� What are the roles of membrane vesicles in membrane
lipid remodelling?

� What are the mechanisms of PE, PI, PS, and CL remodel-
ling of membranes?
© 2024 The Author(s). Published by the Royal Society of Chemistry
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� What is the abundance and role of minor lipids in modu-
lating of membrane structural and physical properties?

The premier challenge is to understand the role of physico-
chemical properties of the membrane bilayer in the regulation
of protein activities and cell–cell interactions and how the
constantly changing structure impacts on processes such as
AMP action, amyloid formation and cell signalling.

Biophysical characterization and nanoimaging analyses of
membranes are now poised to make signicant advances in
understanding the tight regulation of dynamic changes in lipid
composition on the homeostatic control of membrane structure
and function. The implementation of multiparameter
approaches will have enormous impact on a broad range of
areas such as membrane protein structure–function, drug
design, cell signaling, and biomaterial science.
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