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Abstract

Biological membranes and their diverse lipid constituents play key roles in a broad spectrum of
cellular and physiological processes. Characterization of membrane-associated phenomena at a
microscopic level is therefore essential to our fundamental understanding of such processes. Due
to the semi-fluid and dynamic nature of lipid bilayers, and their complex compositions, detailed
characterization of biological membranes at an atomic scale has been refractory to experimental
approaches. Computational modeling and simulation offer a highly complementary toolset with
sufficient spatial and temporal resolutions to fill this gap. Here, we review recent molecular
dynamics studies focusing on the diversity of lipid composition of biological membranes, or
aiming at the characterization of lipid-protein interaction, with the overall goal of dissecting how
lipids impact biological roles of the cellular membranes.
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Introduction

Biological membranes define the physical boundaries of living cells and their internal
compartments. Composed of a myriad of diverse molecular constituents, ranging from
phospholipids and other small amphiphilic/hydrophobic molecules, to peptides and proteins,
many components of biological membranes have been shown to directly participate in a
multitude of cellular processes, e.g., signaling, transport, cell-cell communication, and
chemical catalysis. Moreover, a considerable fraction of cellular processes take place at the
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membrane or its proximity, where the membrane serves as a platform for signaling partners
to convene, assemble and function.

At least 1/3 of human genes encode membrane or secretory proteins, and approximately 1/2
of drug targets are membrane proteins. The function of these proteins depends not only on
their localization in the membrane but also quite often regulated by specific interactions with
certain lipid molecules. As a result, investigating lipids and characterizing their functional
roles are now an integral part of modern structural and functional studies of membrane
proteins. However, even with the significant progress made over the last decade in structural
biology of membrane proteins, lipids and membranes continue to pose a major challenge to
detailed experimental structural studies. This is mostly due to the highly dynamic nature of
lipid bilayers, compounded by the diversity of the molecular constituents commonly found
in biological membranes. Computational modeling methods, in particular molecular
dynamics (MD) simulations, have served as a powerful complementary approach to
experiments in this regard and have been used quite effectively to fill the gap in our
structural description of biological membranes.

In this article, we review recent molecular simulation studies of biological membranes,
where the focus has been on the characterization of functional roles of diverse membrane
lipid constituents, most importantly in the context of structure, dynamics, and function of
membrane-associated proteins.

Heterogeneous Lipid Composition of Biological Membranes

The majority of MD simulations of biological membranes and membrane proteins have been
limited to homogeneous bilayers of a single lipid type, particularly glycerophospholipids
such as POPC (most representative of eukaryotic cells), and POPE (for bacterial
membranes). These bilayers, however, do not emulate realistic biological membranes, as
other membrane components including sphingolipids, sterols, glycolipids (Fig. 1), play
essential roles in not only maintaining membrane integrity and properties but also in its
function. Several membrane building tools, e.g., CHARMM-GUI [1], LiripBuiLbEeR [2],
INSANE [3], and MemProTMD [4]), paired with continuously improved contemporary lipid
force fields [5], have now enabled the construction and simulation of heterogeneous
membrane systems of diverse lipid compositions.

Cholesterol (CHL), a sterol, and sphingomyelin (SM), a sphingolipid, are major lipids,
besides glycerophospholipids, in the cytoplasmic membranes of animal cells. These lipids
not only have cellular regulatory functions but also modulate membrane structure and
properties. Several extensive MD studies have shown that their presence affects the packing
and thickness of the membrane, as well as its phase-transition temperature [6-9]. At certain
concentrations, CHL and SM increase lipid ordering and decrease surface area, consequently
increasing membrane condensation [10]. These effects were also found by MD studies to
modulate transport properties, e.g., the permeability of small molecules, even nonpolar
gases, through a lipid bilayer [11] and membrane dipole potentials [12]. Membrane lipid
composition also plays a substantial role in the function of its occupants, and through
various mechanisms (Fig. 2). For instance, an MD study reported composition-dependent

Curr Opin Struct Biol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 3

partitioning of several key neurotransmitters that correlated with the membrane-relative
position of their respective protein binding sites and the charge of lipid and neurotransmitter
molecules [13].

Other important membrane lipids include, but are not limited to, lipopolysaccharides (LPS)
and cardiolipins (CL). LPS, the most challenging lipid to model and simulate, is found in the
outer leaflet of the outer membrane of Gram-negative bacteria, while CL is a major
constituent of mitochondrial inner membranes of eukaryotes and the cytoplasmic membrane
of prokaryotes. Due to the rise in antibiotic resistance, and the role of the outer membrane as
a major permeation barrier, efforts have been made to understand the effects of LPS at
molecular levels. An atomistic MD study showed that the crowding of LPS affects the
diffusion of ions through OmpF porins [14]. A coarse-grained (CG) MD study of the
antibiotic PMB1 correlated its antibacterial properties, at least in part, with the ability to
alter the structure of the LPS-containing outer membrane [15]. A CG builder of bacterial
membranes with LPS recently implemented in CHARMM-GUI has facilitated the modeling
and simulation of the heterogeneous outer membrane systems [16]. A further study
simulated CG models of a bacterial envelope comprising both outer and inner (cytoplasmic)
membranes and associated membrane proteins, and revealed the influences of proteins on
lipid distributions in the membrane and membrane morphology [17].

Coupling of Physical Properties of Membranes and Biological Function

The physical properties of membranes play vital roles in biological function, and
computational techniques have begun to be used to illuminate the molecular bases of these
roles. Most prominently, membrane curvature has been explored by MD in a variety of
ways. MD can be used to determine the mechanism by which proteins induce curvature in
membranes. For example, a recent study used CG MD to establish the structural basis by
which the membrane proteins of dengue virus sculpt an otherwise spherical membrane into
an icosahedral shape [18]. Another CG MD study demonstrated that ENTH domains,
proteins involved in endocytosis, act cooperatively to transform thermal undulations of the
membrane into larger scale, organized curvature [19]. MD can also be used to discover
unexpected functionally relevant curvature. In an exemplary study, atomistic MD was used
to suggest that polymyxin B, a ubiquitous antimicrobial peptide, disrupts the function of
bacteria, in part, by inducing curvature in their outer membranes [20]. Finally, MD can be
used to understand how lipids themselves stabilize curvature. For example, using CG MD, a
recent study showed that a hemifusion diaphragm (HD), an intermediate state in the
fundamental process of membrane fusion, relaxes to three distinct states (double bilayer,
fusion pore, and metastable HD) depending on the proportion of lipids in the bilayer whose
geometry favor negative curvature [21].

Beyond curvature, computational techniques can be used to explore the functional
implications of other physical properties of the membrane, such as its thickness. For
example, osmotic-gradient experiments in combination with atomistic MD have shown that
the permeability of AQP4, the primary water channel in the mammalian brain, diminishes
with decreasing bilayer thickness [22]. Atomistic MD simulations, in conjunction with /in
vivoand in vitro experiments, have also suggested that thicker membranes make
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oligomerization of Irel, which plays an important role during viral infections and in certain
types of cancer, more energetically favorable (Fig. 3) [23]. MD can be used to elucidate how
drugs affect the thickness of the membrane. For instance, in conjunction with X-ray
diffraction experiments, atomistic MD was used to show that caffeine, used medically as a
drug adjuvant, increases the thickness of the membrane, perhaps explaining observed
improved drug effectiveness when taken with caffeine [24]. MD is not the only
computational technique that can be used to investigate membrane thickness. A recently
developed continuum elastic model made predictions of the protein-induced changes in
membrane thickness consistent with atomistic MD results at a fraction of the computational
cost, paving the way for rapid characterization of membrane deformations at much larger
scales [25]. Overall, computational techniques provide otherwise unobtainable insight into
the fundamental molecular mechanisms derived from the membrane’s physical properties
that generate basic biological function.

Membrane as a Platform for Protein Function

Interaction with the membrane is essential for peripheral membrane proteins (Fig. 2) to
perform their biological functions and is facilitated by several elements, such as charge-
charge interactions, protein structural features and hydrogen bonding effects.

Charged lipids and their counterions are often needed for the membrane binding of
peripheral membrane proteins. For instance, Tim receptors are functionally associated with
phosphatidylserine (PS) lipids. A combined MD and X-ray reflectivity study on one of its
members, Tim1, demonstrated the role of Ca2* ions in PS recognition and revealed two
potential CaZ*-PS binding states, resulting in differential insertion depths of the protein [26].
The membrane binding of the blood coagulation Factor X is Ca?*-dependent, and a detailed
MD analysis identified two potential sites of PS binding to the bound Ca2* ions and the
GLA domain [27].

In some cases, the membrane association of peripheral membrane proteins is lipid-specific,
and often relies on the presence of multivalent anionic lipids, such as phosphatidylinositol
bisphosphate (PIP,). Growth and proliferation factors, such as Brag2 and KRas4b, are
among the proteins extensively examined by recent MD studies. CG simulations found that
the pleckstrin homology and Sec7 domains of Brag2 prefer binding to PIP, over monovalent
lipids (e.g., PS) [28]. This specific binding potentially maintains the function of Brag2,
which activates the ADP ribosylation factor GTPase. For KRas4b, a combined atomistic MD
and fluorescence anisotropy study demonstrated its preferential binding to PIP, over PS
[29]. The long-lived salt bridges formed between KRas4b and PIP, were suggested to
provide an anchoring platform for the interactions between KRas4b and its signaling
partners.

Peripheral membrane proteins often anchor to the membrane via specific structural elements
providing lipid interactions. In cytochrome P450 3A4, a major metabolizing enzyme, an MD
study showed that a positively charged motif of its catalytic domain binds favorably to
anionic lipids, deepening its membrane immersion and potentially facilitating substrate
delivery (Fig. 2) [30]. In KRas GTPases, which preferentially target anionic lipids, a
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simulation study showed that its membrane binding involves a polybasic motif, comprising
six lysine residues, in addition to the farnesylated CAAX motif and helices of the catalytic
domain [31]. A comprehensive MD study with replica-exchange umbrella sampling
calculations was able to rationalize the difference in the experimentally observed binding
rates of two synaptotagmin (Syt) vesicle-fusion proteins, Syt-1 and Syt-7 [32]. The presence
of more basic residues in Syt-7 deepens its membrane insertion, which is in line with its
slower dissociation relative to Syt-1.

Protein-membrane association can be mediated by water-mediated hydrogen bonding. A
clear example is the membrane binding of the C1b domain of protein kinase C, in which a
Markov state model analysis of atomistic MD trajectories revealed a shallower membrane
insertion of the bryostatin-bound complex in contrast to the ligand-free one [33]. This
binding state was found to be stabilized by extensive hydrogen bonding networks formed by
structured water molecules bridging the protein and lipid molecules.

Lipid Modulation of Integral Membrane Proteins

Specific lipid-protein interactions are essential components in cellular signaling,
metabolism, and trafficking. Several lipids, such as CHL, CL, PIP,, and glycolipids, are
known to directly mediate activities of integral membrane proteins (Fig. 2) such as G-protein
coupled receptors (GPCRs) and ion channels [34]. CHL modulates the structure and ligand
binding properties of GPCRs. An extensive atomistic MD study of the 5, adrenergic
receptor found that the incorporation of CHL into a lipid bilayer reduces the conformational
flexibility of signaling helices, thereby hampering the transitions between the inactive and
active states [35]. The observed diffusion of CHL into the ligand binding pocket in a recent
MD study on the adenosine Apa receptor [36] indicates direct CHL actions on agonist and
antagonist binding.

PIP,, an anionic lipid in the inner leaflet of mammalian plasma membranes, is required for
the activation of K;, channels. Despite their strong binding, PIP, does not seem to influence
K;r2.2 clustering [37]. The binding energy of PIP, to tetrameric K;2.2 can be estimated with
replica-exchange umbrella sampling [38]. As another example, PIP, binding promotes the
clustering and activation of EGFR, which is inhibited by ganglioside lipid GM3 from the
outer leaflet of the membrane. The binding energies of these lipids to an EGFR dimer were
also calculated using CG-based umbrella sampling [39]. Through extensive modeling and
MD simulations, the PIP, binding site was characterized in human dopamine transporter,
where the binding induced the cytoplasmic opening of the transporter [40].

As a key mitochondrial lipid, the roles of CL on the respiratory chain have been extensively
explored by CG simulations. The formation of a supercomplex composed of cytochrome bc,
and cytochrome c oxidase relies on bridging CL molecules that simultaneously bind both
proteins [41], whereas the Fy domain of ATP synthase binds CL selectively but only
intermittently, which possibly allows its rotation in the membrane during ATP synthesis
[42]. The import of ADP and the export of ATP are facilitated by the adenine nucleotide
translocase (ANT). Not only does ANT selectively bind CL [38, 43] but CL binding also
initiates its oligomerization [43]. In addition to mitochondria, bidentate CL binding was
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found to be essential for the oligomerization of multiple bacterial membrane transporters
[44].

Non-specific lipid binding can also directly control the function of a membrane protein. For
example, ion permeation through a subfamily of K* channels (K2P) could be blocked by a
protruding phospholipid tail that accesses through an opening at the middle of the
membrane, termed lateral fenestration [45-47]. Conversely, increased hydration brought
about by lipid head groups could constitute a hydrophilic pathway, either allowing ions to
enter the channel of the P2x receptor [48] (Fig. 4, left), or directly establishing a conducting
pathway at the lateral surface of the channel/scramblase n(hnTMEMZ16 [49] (Fig. 4, right).

Protein-Mediated Lipid Flip-Flop Across the Bilayer as a Major Signaling

Mechanism

The transmembrane movement of lipids is critical to diverse cellular and physiological
regulatory processes, including cell activation, blood coagulation, and apoptosis. Flip-flop
rearrangement of phospholipids is an extremely slow process in intact lipid bilayers. The
process, however, can be significantly accelerated through binding of molecular entities that
deform the structure of the bilayer, a phenomenon captured in many simulation studies.
Multiscale MD simulations have elucidated the role of local defects on spontaneous lipid
flip-flop. For example, multi-gs MD simulations of antimicrobial peptide translocation
revealed numerous lipid flip-flop events due to perturbation of the lipid headgroups and
increased hydration in the hydrophobic core of membrane around the peptides, thus allowing
lipid to more readily transverse (Fig. 2) [50]. Another CG study found that membrane
partitioning of toxic anticoagulant brodifacoum causes bilayer thinning and permeabilization
that promotes lipid flip-flop, which potentially plays a role in triggering cell death [51]. In
addition, atomistic umbrella sampling simulations on the flip-flop of PS showed that
membrane oxidation decreases the energy barrier for translocation [52]. In contrast, the
presence of diacylglycerol increases the ordering of acyl chains and bilayer thickness,
thereby increasing the energy barrier for lipid flip-flop [53]. Moreover, a simulation study
found that positive transmembrane potential specifically reduces the free energy barrier of
lipid flip-flop on the extracellular leaflet of the membrane, which may have substantial
implications for biological activities that are associated with the disruption of cell
membranes under physiological conditions [54]. Notably, by shifting the free energy profiles
to account for membrane thickness differences among force fields, the free energy for
membrane defect formation and lipid translocation can be reconciled among different force
fields [55]. For fast-diffusing steroids, such as CHL, CG MD studies found that adding
fullerene [56] or increasing the length of CHL aliphatic side chain [57] significantly reduced
the flip-flop rate.

An extreme example of lipid translocation across perturbed lipid bilayer is the case of
protein-mediated, physiologically relevant lipid transport catalyzed by effective machineries,
such as scramblases, flippases, and floppases. Recent atomistic MD studies on nhnTMEM16
scramblase (Fig. 4, right) [49, 58] and opsin GPCR [59] observed spontaneous diffusion of
phospholipids between the two leaflets via a surface-exposed hydrophilic aqueduct provided
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by the proteins. Moreover, both MD simulations and continuum modeling on nhTMEM16
demonstrated a significant deformation of membrane structure induced by the protein, which
decreases the effective membrane thickness near the aqueduct and greatly reduces the energy
barrier against lipid translocation [49, 58]. In line with the observation on nhTMEM16 and
opsin, simulations of bacteriorhodopsin [60] and P4-ATPase flippase [61] identified surface-
exposed hydrated paths, potentially facilitating lipid translocation. With the advancements in
non-equilibrium and enhanced sampling methods, atomistic descriptions of lipid
translocation via active transporters are foreseeable in the near future.

Concluding Remarks and Perspective

A large body of evidence accumulated through numerous biochemical and biophysical
studies has indisputably established considerable impacts of lipid constituents of the cellular
membrane on its biological function. Lipids exert their effects either through modulating
ensemble properties of the membrane which in turn can impact conformational dynamics
and equilibria of membrane proteins, or via specific, direct interactions with membrane
proteins. Specific lipid types have been shown to be directly involved in key signaling
pathways, and the cell often relies on modulating their concentration and/or localization
within the membrane to activate or shut down such pathways. The coagulation cascade and
apoptosis are two major examples of direct roles of such “signaling lipids”. Biological
membranes and their lipid constituents, therefore, can no longer be viewed as passive
hydrophobic barriers, merely forming boundaries around the cell and its inner
compartments.

Studying the role of lipids at a detailed level poses a major challenge, to low-resolution
techniques, where lipids often manifest themselves as indistinct entities, collectively
contributing to macroscopic bulk properties of the membrane. Characterizing the
mechanisms by which lipids play their diverse roles requires sufficiently high resolutions,
both spatially and temporally. While a number of experimental techniques, e.g., cryo-EM,
X-ray crystallography, AFM, NMR, and EPR, have, in some cases, successfully provided
information on the structure and specific interaction of lipids with membrane proteins, the
dynamic nature of the lipid bilayers, and probably more importantly, the significant
perturbation often imposed on the system under experimental conditions continue to limit
the scope of such approaches. In this context, computational modeling and molecular
simulation offer the required resolutions, thus providing us with a powerful, highly
complementary approach to experiment. In particular, the technique of molecular dynamics
(MD) has been widely used to gain information on lipid structure, dynamics, and interaction
with membrane proteins.

Unraveling lipid-protein interactions and the mechanistic flavors through which such
interactions impact biological function are now a major topic in membrane protein research,
and we can only expect that this area continues to grow further in the future. Novel
experimental techniques and computational algorithms, empowered by more precise
measurements and more powerful hardware will allow us to gain a deeper and more
complete understanding of dynamics of biological membranes, specific binding modes and
sites for lipids in membrane proteins, and biological impacts of such phenomena.
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On the computational side, a major recent shift has been employing mixed lipid bilayers,
even taking into account the bilayer asymmetry, in MD studies, a trend that will soon
become mainstream and provide increasingly more realistic representations of biological
membranes, as the much needed experimental data on lipid composition of various cells and
cellular compartments become available. With the increased speed in simulations, e.g.,
through GPU-enabled calculations, we should expect atomistic simulations to be able to
capture longer time-scale phenomena, which are currently only available through CG
simulations, e.g., meaningful lipid mixing, protein-induced aggregation of specific, charged
lipids, and formation of microdomains. At the same time, the scope of CG simulations is
expected to naturally expand into modeling larger, cell-scale membranes and their behavior.

Membranes and their interactions with other cellular elements are important factors in the
morphology of cells, affecting aspects ranging from the overall shape of the cell, the
organization of the cytoskeleton, to the shapes and locations of intracellular organelles. With
access to more computing power and computational resources, we can expect to witness
modeling of cellular events with large-scale modeling and simulations of membrane systems
in the near future, for example, the budding and fusion of vesicles, the protrusion of
filopodia, or the formation of irregularly shaped organelles, e.g., mitochondria and
endoplasmic reticulum. Computational studies at these mesoscopic to macroscopic levels
will rely on developments in several directions: (a) computational capability of handling
massive simulation systems at millions to billions of atoms/particles; (b) tools to accurately
model asymmetric, mixed lipid bilayers at physiological composition, even with
heterogeneous local distributions mimicking microdomains; and (c) tools to easily generate
structures of non-planar lipid bilayers, even to directly match the geometries of irregular
organelle membranes that are observed experimentally. These advances will enable us to
study function and regulation of constituents of biological membranes within more realistic
conditions of a cell.
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Figure 1:

Heterogeneous lipid composition of biological membranes. (Top) An atomistic MD
simulation system of a membrane with a complex, heterogeneous lipid composition. Seven
different lipids, including cholesterol, cardiolipin, and a variety of phospholipids, are shown
in different colors. Spontaneous curvature of the membrane arising from thermal
fluctuations in the simulation can be observed. (Bottom) Structures of some exemplary
lipids highlighting a variety of important features (e.g., head group charge and size, tail
length and saturation, etc.) associated with lipids. Phospholipids and cholesterol (CHL) are
major constituents of cellular membranes. Sphingolipids are common signaling lipids,
cardiolipins (CL) are essential mitochondrial lipids, and lipopolysaccharides (LPS) are vital
bacterial lipids of the outer membrane.
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Figure 2:
Diverse membrane-associated proteins and various modes of lipid interactions. Various lipid

constituents and other small molecules (e.g., drugs) primarily partitioning in the membrane
are drawn schematically (see inset key). Exemplary protein components with demonstrated
significant interaction with lipids/membrane are drawn using a schematic-looking image
based on their actual structure: green: an ABC transporter, bound to a lipid to be transported,;
cyan: scramblase mediating lipids traversing the two leaflets; blue: envelope and membrane
proteins from dengue virus inducing a positive membrane curvature; olive: P2x receptor
partitioned in a cholesterol-rich lipid raft, with an increased thickness and higher lipid order;
teal: aggregation of antimicrobial peptides resulting in thoroidal pore formation; and, purple:
cytochrome P450 anchored to the membrane through an inserted helix. (Inset) A fully
atomistic model of a mesoscopic, heterogenous slice of the cellular membrane including
various membrane-associated proteins. Several different types of proteins, including both
peripheral and integral membrane proteins (shown in different colors) are included in the
model. Construction of such complex molecular systems requires methodical placement of
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proteins and lipids and careful treatment of lipid-protein interfaces to ensure optimal
packing.
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Figure 3:
Cholesterol effect on the activation of unfolded protein response. The Irel-derived sensor

peptide and the associated V535R mutant are represented by orange helices in (A) and (B)
with the amphipathic helix (AH) highlighted in red. Cholesterols and unsaturated
phospholipids (POPC and DOPC) are respectively colored in green and gray. Helicity of the
peptides was measured by circular dichroism (CD) spectroscopy (C) and together with MD
simulations shows that a conserved structure of the AH is necessary for the sensor peptide to
tilt. The presence of cholesterol thickens the membrane, and enhances the membrane
compression upon the tilting of the sensor peptide (D). The enhanced bilayer stress induced
upon the membrane compression facilitates the oligomerization of Irel, and promotes the
activation of unfolded protein response (E). The images are taken from Halbleib et al [23]
with permission from Cell Press.

Curr Opin Struct Biol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wen et al.

Page 17

3 WA :Q‘\‘.f' '\7: 4
YA \F;ﬁ‘t\"’a\;ﬁ” )

ey il

Nr
200N
4

- {

Figure 4:
Examples of most direct involvement of phospholipids in biological membrane function,

mediated by intimate lipid-protein interactions. Representative snapshots from MD
simulations on human P2x3 receptor (Left) [48] and nhTMEM16 scramblase (Right) [49]
demonstrating the direct involvement of lipids in ion translocation across the membrane.
(Left) Lipids line the cytoplasmic fenestrations of the human P2x3 trimer to allow
independent Na* egress through the lateral cytoplasmic fenestrations during the simulation.
(Right) Lipids lining the hydrophilic aqueduct on the surface of the nhnTMEM16 scramblase
play a structural role in forming a “proteolipidic” pore, which is likely to be used by ions to
cross the membrane. The P2x3 trimer and N(hnTMEMZ16 dimer are shown in surface
representations with each monomer colored in a different shade of green. The lipid
headgroups interacting closely with the protein and coordinating permeating ions are shown
in red with the tails drawn in yellow; bulk lipids are represented by orange spheres
(phosphorus atoms) and white tails. The permeating Na* ions are shown in time series
snapshots (blue spheres). The hydration of the “proteolipidic” pore is illustrated by a
transparent cyan surface.
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