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ABSTRACT

The interactions between proteins and membranes play critical roles in signal transduction, cell
motility and transport, and they are involved in many types of diseases. Molecular dynamics (MD)
simulations have greatly contributed to our understanding of protein-membrane interactions, promoted
by a dramatic development of MD-related software, increasingly accurate force fields, and available
computer power. In this chapter, we present available methods for studying protein-membrane system
with MD simulations, including an overview about the various all-atom, coarse-grained force field
for lipids and useful software for membrane simulation setup and analysis. A large set of case studies
are discussed.
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Abbreviations

Computational methods: Neu5Ac orNNNNNNNNNNNN Experimental methods and databases:
AA all-atom or atomistic AFM atomic force microscopy
AMBER assisted model building and energy refinement EPR electron paramagnetic resonance
CHARMM chemistry at harvard macromolecular mechanics cryo-EM cryo-Electron microscopy
COM center of mass EPR electron paramagnetic resonance
CLI command line interface FCS fluorescence correlation spectroscopy
CG coarse-grained FRAP fluorescence recovery after photobleaching
ELBA FF electrostatic-based FF FRET Förster resonance energy transfer
FF force field HDX-MS hydrogen-deuterium exchange MS
GROMOS groningen molecular simulation package MS mass spectroscopy
GUI graphical user interface NMR nuclear magnetic resonance
HMMM highly mobile membrane mimetic OPM orientations of proteins in membranes
LJ Lennard-Jones PDB protein data bank
MD molecular dynamics
MM molecular mechanic
MM/PBSA molecular mechanics Poisson-Boltzmann surface area
OPLS optimized parameters for liquid simulations
PME particle-mesh Ewald
QM quantum mechanics
RESP restricted electrostatic potential
TMD targeted MD
UA united atom
vdW van der Waals
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Lipids, membrane and related structures: Neu5Ac orN Proteins, cofactors and other biomolecules:
ALA α-linolenic acid A2AR adenosine A2A receptor
ARA arachidonic acid Aβ amyloid beta
CHOL cholesterol ABP actin-binding protein
CL cardiolipin AD Alzheimer’s disease
DB double bond apo A-1 apolipoprotein A-1
DCLE 1,1-dichloroethane APP amyloid precursor protein
DGDG digalactosyldiacylglycerol AQP1 aquaporin-1
DHA docosahexanoyl acid aSyn α-Synuclein
DLPC dilauroylphosphatidylcholine ATP adenosine triphosphate
DMPC, DMPG dipalmitoylphosphatidyl-choline, -glycerol β2AR β2-adrenergic receptor
DOPC, DOPS dioleoylphosphatidyl-choline, -serine CcO cytochrome c oxidase
DLPC dilauroylphosphatidylcholine COX1 prostaglandin H2 synthase
DPPC, DPPG dipalmitoylphosphatidyl-choline, -glycerol δ-OPR delta opioid receptor
DSPC, DSPE distearoylphosphatidyl-choline, -ethanolamine DNA deoxyribonucleic acid
DVPC, DVPS divalerylphosphatidyl-choline, -serine hDAT human dopamine transporter
ER endoplasmic reticulum hIAPP human islet amyloid polypeptide
ER-phagy ER-autophagy process EGFR the epidermal growth factor receptor
GPI clycosylphosphatidylinositol FGF fibroblast growth factor
GPL clycerophospholipid Glc glucose
GPMV giant plasma membrane vesicle GluA2 AMPA-sensitive glutamate receptor 2
GUV giant unilamellar vesicle GluT1 glucose transporter 1
GluCer glucosylceramide GPCR G-protein-coupled receptors
HB hydrogen bond GRP1 general receptor of phosphoinositides 1
LD lipid droplet GTP guanosine triphosphate
LPC lysophosphaditylcholine HDL high-density lipoprotein
LPS lipopolysaccharides Kir2.1 inwardly rectifying potassium
MGDG monogalactosyldiacylglycerol Kiv1.2 voltage-dependent Shaker K+ channel 1.2
PC, PE, PG phosphatidyl-choline, -ethanolamine, -glycerol LC3 light chain 3
PI phosphatidyl-inositol LIR LC3-interacting region
PIP phosphatidylinositol-(3,4 or 5)-monophosphate NADH nicotinamide adenine dinucleotide
PIP(4,5)2 phosphatidylinositol-4,5-biphosphate Neu5Ac or NANA N-acetylneuraminic acid
PIP(3, 4,5)3 phosphatidylinositol-3,4,5-triphosphate OMPF Outer membrane porin F
POPA, POPC phosphatidyl-inositol Pgp P-glycoprotein
POPA, POPC palmitoyloleoylphosphatidyl-acid, -choline PH pleckstrin homology
POPG, POPS palmitoyloleoylphosphatidyl-glycerol, -serine RHD reticulon-homology-domain
PS phosphatidyl-inositol T2D type 2 diabetes
PUFA polyunsaturated fatty acid TM transmembrane
SAPC stearoylarachidonoylphosphaditylcholine TMH transmembrane helix
SDPC stearoyldocosahexaenoylphosphaditylcholine TLR4 toll-like receptor 4
SM sphingomyelin
SOPC stearoyloleoylphosphocholine
sn-1 acyl chain of GPLs at the position 1 of glycerol
sn-2 acyl chain of GPLs at the position 2 of glycerol
RVFV Rift Valley fever virus
TG triglyceride
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1 Introduction

The complexity of biological systems constitutes one of the greatest fascinations for the research world, a complexity
most easily exemplified in biological membranes. The interest in membrane structures has progressively risen in the
last 50 years for various reasons, including the realization that about ∼50% of drug targets are membrane proteins [1,2].
Thus, developing new drug compounds against membrane proteins requires an understanding of the membrane-based
macromolecular targets both in terms of composition and the specific and nonspecific interactions formed within the
matrix constituted by biological membranes. The kingdom of life can be divided into prokaryotes (bacteria and archaea)
and eukaryotes (animals, plants and fungi), which exhibit different kind of cell structure and can be seen in Figure 1A.

[Insert Figure 1 here]

Figure 1: Illustration of cell structures and membrane model. (A) Comparison between eukaryotic and prokaryotic
cells. In prokaryotes, like bacteria and archaea, the cell exhibits no compartmentalization, thus, only the plasma
membrane exists as barrier shielding the single circular DNA molecule as well as small plasmids along with all other
metabolites in cytoplasm. Bacteria also have a cell wall of branched peptidoglycans in addition to the cell membrane.
Most eukaryotes feature a membrane-bound nucleus and other organelles like ER, mitochondria and the Golgi apparatus.
In contrast to animals, plant cells have intracellular chloroplasts for photosynthesis, huge water vacuoles and a cell
wall that contains plasmodesmata for a special cell-cell communication with the neighbor cells (not shown). (B) The
fluid mosaic model describes a lipid bilayer which separates two different environments (intracellular/extracellular or
luminal/cytosolic). The bilayer contains lipids that provide a structural scaffold for the membrane system. Integral and
peripheral proteins, that may contain post-translational modifications (e.g. glycosylation by several sugars, leading
to glycoproteins or -lipids) are found in membranes, serving as transporters and channels for substrates as well as
receptors for transmembrane signal transfer. In the last years, the lipid-raft theory has become popular, in which
the membrane is separated in non-raft (disordered region, Ld) with polyunsaturated glycerophospholipids (GPLs)
and raft-like regions (ordered region, Lo) with high contents of cholesterol (CHOL) and sphingomyelin (SM) in the
outer leaflet. Furthermore, proteins and lipids with glycosylation modification as well as glycosylphosphatidylinositol
(GPI)-anchored proteins are enriched in Lo regions.

Membranes are characteristic of individual biological cells as well as their subcellular structures. For instance,
they determine cell identity and in the eukaryotic cells membrane constitutions differ for differing organelles like the
endoplasmic reticulum (ER), mitochondria, vesicles or chloroplasts in plants. In contrast prokaryotes (bacteria or
archaea) are unicellular and feature a plasma membrane and no organelles (Fig. 1A). By serving as a barrier between
the cell and its environment as well as between subcellular compartments, membranes are crucial for cell survival and
most cellular processes. In eukaryotes as well as in the prokaryotes, the plasma membrane defines the cellular barrier,
controlling the transport of molecules across the membrane structure and aids in signal transmission, e.g. in response
to stress. In the eukaryotes, lipids and proteins synthesized in the ER and Golgi, respectively, are packaged inside
and transported to their destinations by membrane-bound vesicles. Membrane bound nucleus stores the cells genetic
information as DNA (deoxyribonucleic acid), while the mitochondria produce energy in form of adenosine triphosphate
(ATP) required for cellular processes and regulation. Vesicles transport nutrients, lipids and proteins to the different cell
compartments or extracellularly secrete certain important substrates. Lysosomes, which are also membrane bound, host
different hydrolytic enzymes for the degradation of various classes of biomolecules (e.g. proteins, lipids and ligands of
receptors). An exception are the human erythrocytes (red blood cells) for the transport of oxygen and carbon dioxide
via carrier protein hemoglobin throughout the body. In these cells, the nuclei and most of other organelles are missing
to provide more space for hemoglobin.

Most archaea are extremophiles which can live in non-physiological conditions, e.g. very high or low temperatures,
at high salt concentrations or low pH values. Bacteria exhibit a cell wall, consisting of branched peptidoglycans and
no membrane lipids, after the plasma membrane and can split in two subclasses: Gram-positive bacteria have a thick
cell wall and are positive to the Gram stain test with crystal violet which can be seen under the microscope, while
Gram-negative bacteria exhibit a thin peptidoglycan cell wall that is sandwiched together with the periplasm between the
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inner cytoplasmic cell membrane and an additional outer membrane. The outer membrane protects the Gram-negative
bacteria from many antibiotics and contains lipopolysaccharides (LPS) which can have toxic properties.

The sum total of the lipid components of a cell, referred to as the lipidomics, are required together with the protein
constituents for each cell to fulfill its cellular functions and to provide the right environment for the chemical reactions
unique to each cell. The plasma membrane in multicellular organisms exhibits a relative lipids to proteins composition
of roughly 1:1 ratio, with the more precise ratio depending on the cell type. The membrane lipid bilayer is crowded with
about 15-30% of proteins [3] that are asymmetrically distributed laterally within the membrane structure and between
the two leaflets. This contributes to the high complexity of biological membranes. The complex and dynamic structure
of membrane systems was described by the fluid-mosaic model (Fig. 1B) first introduced by Singer and Nicolson [4].
This model illustrates the organization of heterogeneous sets of components, including the lipid bilayer, integral and
peripheral proteins (enzymes, channels and transporters), and modifications, like glycosylation of proteins and lipids.
Over four decades, the model has successively been extended to a more complex model, capturing important phenomena
such as membrane curvature, lateral and vertical heterogeneity of lipids and proteins distribution, differential occupancy
of transmembrane, peripheral and extra-membrane proteins as well as the cytoskeleton structure of the cell [5–7].

In the following sections, a short overview of the complexity of biological membranes is provided, including a
brief introduction of the different types of lipids, proteins and their modifications found in membranes. Afterwards, in
section 2, we examine the contributions of all-atom and coarse-grained force fields for modeling protein-membrane
assemblies using molecular dynamics (MD) simulations. In section 3, we present the general setting up and analysis of
protein-membrane MD simulations. And finally in section 4, we present selected case studies employing atomistic
and/or coarse-grained force field-based MD simulations in studying different aspects of membrane-protein systems.

1.1 Lipid diversity – The scaffold of biological membranes

Biological membranes bounding cells and organelles typically comprise a lipid bilayer, forming a scaffold and usually
consisting of more than a hundred lipid species. The dynamic barrier formed by this structural scaffold plays an
important role for communication between different cells, between the intracellular and extracellular environments of a
cell, as well as between an organelle’s lumen and the cytosol. The lipid membranes additionally regulate the transport
of substances, like nutrients into the cell and potentially toxic components out of the cells. Lipids are also involved in
signaling processes, serving as energy resources, post-translational modifications and recruitment of proteins.

The diverse roles played by the membrane largely derive from the structural features of the lipids. Biological lipids
share a common amphipathic character, containing a long hydrocarbon or acyl tail, that is distinctively hydrophobic,
and a hydrophilic head group, which may possess a net charge. This amphipathic nature allows for a thermodynamically
efficient spontaneously formation of a bilayer driven by the hydrophobic effect within a predominantly aqueous
environment [8]. The inability of the non-polar hydrocarbon chains to form hydrogen bonds with water contributes
to the orientation of the hydrophobic tail away from water molecules, a process that is associated with an entropic
term. The entropy S term defines the disorder of a system and is connected to the free energy change ∆G, the absolute
temperature T and the enthalpy change ∆H according to the equation 1.

∆G = ∆H − T∆S (1)

The lack of hydrogen bonds between the hydrophobic lipid tails and water would impose a cage-like ordering of water
molecules around the hydrophobic parts of lipids, which would cause a decrease in ∆S of water (i.e. ∆S would become
negative) and thus lead to a positive and thermodynamically unfavorable ∆G. In order to minimize contact with water
and thus the entropic decrease, the hydrocarbon chains self-assemble and orient away from the aqueous medium. This
effect is known as the hydrophobic effect and constitutes the fundamental mechanism governing the formation of lipid
membrane structures. By this orientation the polar head groups interact with water molecules and other polar head
groups that together form the contact area with the aqueous environment. This picture of membrane lipid assembly
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represents a highly simplified representation of the membrane structure, with structural peculiarities present for different
types of lipids. An overview of the different types of membrane lipids found in biological membranes is presented in
Figure 2.

The glycerophospholipids (GPLs, popularly referred to as phospholipids) represent the major component (up to
∼75%) of most biological membranes. Like the name suggests, the head group of GPLs contains a phosphate and a
glycerol group. The phosphate group is esterified with the sn-3 position of glycerol, while the sn-1 and sn-2 positions
form ester bonds with fatty acid (or acyl) chains, constituting the lipids’ hydrophobic tail (Fig. 2A). Usually, GPLs bear
a total of one, two or four fatty acid chains, with each chain containing between 12 and 24 carbons and sometimes
featuring up to four double bonds. For instance, palmitic acid, an hexadecanoic acid that exhibits 16 carbons and no
double bonds (DB), codified as 16:0 to represent the Ncarbons : NDB ratio, whereas oleic acid has 18 carbon atoms
and one double bond at the carbon atom 9 (i.e., octadecenoic acid) and is therefore labeled as 18:1∆9. Unsaturated
fatty acids in cis conformation introduce kinks in the chain and cause voids in the hydrophobic part of the membrane
(packing defects) with the result that the bilayer is more fluid and flexible. In Table 1 the common fatty acids found in
biological membranes are listed [9].

Table 1: Some native saturated and unsaturated fatty acids found in biological membranes. The melting point
for each fatty acid is given to assess the phase state at room temperature. Normally, the saturated fatty acids are solid
and unsaturated species exhibit the liquid state at room temperature.

Symbol Condensed formula Common name (Systematic name) Melting point (◦C)

12:0 CH3(CH2)10COOH Lauric (n-Dodecanoic) 44.2
14:0 CH3(CH2)12COOH Myristic (n-Tetradecanoic) 53.9
16:0 CH3(CH2)14COOH Palmitic (n-Hexadecanoic) 63.1
18:0 CH3(CH2)16COOH stearic (n-Octadecanoic) 69.6
20:0 CH3(CH2)18COOH Arachidic (n-Eicosanoic) 76.5
24:0 CH3(CH2)22COOH Arachidic (n-Tetracosanoic) 86.0

16:1 CH3(CH2)5CH Palmitoleic (16:1ω9) -0.5
=CH(CH2)7COOH

18:1 CH3(CH2)7CH= Oleic (18:1ω9) 13.4
CH(CH2)7COOH

18:2 CH3(CH2)4CH= Linoleic (18:2ω6, LA) -5
CHCHCH2CH=CH(CH2)7COOH

18:3 CH3CH2CH=CHCH2CH= Linoleneic (18:3ω3, ALA) -11
CHCH2CH=CH(CH2)7COOH

20:4 CH3(CH2)4(CH=CHCHCH2)3 Arachidonic (20:4ω6,ARA) -49.5
CH=CH(CH2)3COOH

22:6 CH3(CH2CH=CH)6(CH2)2COOH Docosahexaenoic (22:6ω3, DHA) -44

[Insert Figure 2 here]
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Figure 2: Structure of membrane lipids. (A) GPLs or phospholipids represent the major components of membranes.
The chemical structure of a phosphatidylcholine (POPC) molecule is shown, containing the polar head group indicated
in blue, the glycerol backbone in orange, and two hydrophobic acyl chains in green. The positively charged atoms are
shown in dark blue and the negatively charged atoms in red. Additionally, the different kinds of head groups, typically
found in cell membranes, are displayed and in their corresponding abbreviation and net charge given in parentheses. (B)
Sterols consist of a planar, four-ring system shown in orange, a hydrophobic acyl chain in green, and a polar hydroxyl
group in blue. The common sterols cholesterol and ergosterol are shown. (C) Sphingolipids represent another class
of lipids in eukaryotic cell membranes. Similar to GPLs, sphingolipids exhibit a polar head group (choline, serine,
or ethanolamine), which is bound to the sphingosine backbone shown in orange, and a hydrocarbon chain with a
typical length of 16 to 26 carbon atoms fused to sphingosine via N-acylation (ceramide). (D) Glycolipids exhibit a
sugar as polar head group instead of a phosphatidyl moiety in GPLs and play an important role in plant organelles
like chloroplasts. The sugar head can contain one or two saccharides, e.g. mono- and diacylgalactosyldiacylglycerol
(MGDG, DGDG). (E) Another and complex class of sphingolipids comprises the gangliosides, containing sphingosine
as backbone bound to an acyl chain and sugar acids as polar head group. One or more of the sugar groups are a sialic
acid (N-acetylneuraminic acid, NANA). To show the complexity of gangliosides, GM1a, where G refers to ganglioside
and the M is for monosialic, is chosen as example. (F) Lipid A is an example for lipopolysaccharides (LPS).

The class of polyunsaturated fatty acids (PUFAs), which exhibit more than one double bond, include the essential
omega-3 (ω3) and omega-6 (ω6) fatty acids. Here, the number following the omega characterizes the position of the
first double bond with respect to the terminal methyl group in the chemical structure. For example, in the (ω3)-PUFAs
the first unsaturation bond appears at the third carbon atom from the end of the acyl chain. For humans, linoleic (18:2ω6,
LA) and α-linolenic acid (18:3ω3, ALA) belong to the essential PUFAs, which have to be obtained via food like seeds,
nuts and oils and from which longer PUFAs like arachidonic (20:4ω6, ARA) and docosahexaenoic acid (22:6ω3, DHA)
can be synthesized. However, the biosynthesis of DHA from ALA is rather endogenous and so limited in humans to a
maximum of 4% [10], thus, DHA is mainly derived from food like fish oil. Many of the PUFAs are located in biological
membranes. For instance, DHA is contained in the retina and in brain membranes, where it has a modulation function
on membrane proteins, the transport of choline, glycine and taurine, as well as on the response of rhodopsin [11] (see
section 4.2.1 for a case study, in which DHA is involved in Alzheimer’s disease).

The complexity of the GPLs derives not only from the diversity of their head groups but also from the structural
varieties of the acyl chains in terms of length, stereochemistry, degree of saturation and hydroxylation of the lipid
tails, and the presence of other lipid types. As a consequence, different combinations of the head group structures and
acyl chains can lead to different polymorphic shapes of lipids (Fig. 3). In the crystalline liquid state (lamellar phase
or Lα, Fig. 3A), biological membranes adopt the shape of a lipid bilayer, which enhances mobility of the membrane
components and passive permeability for water and other small molecules. In this phase, the acyl chains can exist in the
all-trans or one of the two gauche conformations. The latter causes a kink in the acyl chain and thus generates space in
the hydrophobic bilayer region, increasing its passive permeability. In contrast, the non-native ordered gel phase of a
lipid bilayer (Lβ) forms when most of the acyl chains adopt the very rigid all-trans state. Generally, GPLs contain an
unsaturated fatty acid with one or two double bonds at the sn-2 and a saturated or mono-unsaturated fatty acid at the
sn-1 position of glycerol [12, 13]. GPLs with only one acyl chain at the sn-1 position are called lysophospholipids and
act as signaling molecules for the activation of membrane proteins. They are also involved in the generation of micellar
structures, in which the polar head groups orient to the water phase and the acyl chains associate in the core (Fig. 3B).

The classification of GPLs is based on the head groups and the fatty acid content. The simplest GPL is phosphatidic
acid (PA), which is negatively charged at physiological pH and exists as an intermediate during the biosynthesis of other
lipids. It is generally not highly present in biological membranes. Mammalian cell membranes are mostly populated
by GPLs with phosphatidylcholine (PC) head groups, in which the phosphate is connected with the alcohol choline.
Interestingly, PCs are almost absent in prokaryotic cells. Under physiological conditions, PC is zwitterionic (+N(CH3)3,
PO−4 ) with a zero net charge. Zwitterionic phosphatidylethanolamines (PE) are found in all cell membranes, but in
higher quantities in prokaryotic cells. In contrast, they are almost restricted to the inner leaflet of the plasma membrane
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(cytosolic side) in eukaryotes. The polar group of PE (+NH3, PO−4 ) displays stronger intramolecular interactions
than PC and is more non-polar in the aqueous phase, with the result that an hexagonal HII arrangement (Fig. 3C) is
more stable in an inverted orientation than in a micelle. In the inverted orientation, the polar PE groups are oriented
towards the core region, whereas the acyl chains are extended outwards into the surrounding water. PE is the major
GPL class in bacteria cell membranes together with phosphatidylserin (PS), phosphatidylglycerol (PG) and cardiolipin
(CL or diphosphatidylglycerol). While the head group of PS is negatively charged (+NH3, PO−4 , COO−) and is mostly
located in the inner leaflet of eukaryotic and prokaryotic cells, PG (also negatively charged) and CL (four fatty acid
chains, twice negatively charged) have only been found in mitochondrial membranes of eukaryotes and in most of the
bacterial plasma membranes. The localization of CL to mitochondria suggests the evolutionary fusion of prokaryotes,
as endosymbionts, with eukaryotic cells in the past. Phosphatidylinositols (PI) represent another class of GPLs that
have been found to be involved with lipid and cell signaling, as well as regulation of membrane proteins and membrane
trafficking [14, 15]. PIs show a high diversity in the head group structure, especially since the hydroxyl groups of
inositol can be phosphorylated at positions 3, 4 and 5 to generate any of three PI monophosphates (PI(3)P, PI(4)P,
PI(5)P), three bisphosphates (PI(3,4)P2, PI(3,5)P2, PI(4,5)P2) or one triphosphate (PI(3,4,5)P3). PIs are mostly absent
in prokaryotic cells.

[Insert Figure 3 here]

Figure 3: The polymorphism of lipid assemblies in aqueous solution and the lipid composition of certain or-
ganelles. (A) The lamellar phase describes the typical lipid bilayer which is found in biological membranes. It can exist
in two major states: First, the crystalline liquid phase (Lα) with the unsaturated and saturated acyl chains in gauche
conformation providing free spaces within the hydrophobic part to accommodate protein conformational changes and
a certain degree of passive permeability. The second extreme phase is the gel phase (Lβ , not shown), involving all
saturated acyl chains in trans conformation and the barest minimum levels of flexibility. This phase is generally not
favored in biological membranes. The lipids PC, SM, PS, CL, PA, PG and PI can form lipid bilayers as they have
a rectangular shape. (B) Micellar and HI shapes are induced by lipids with one acyl chain (lysophospholipids), in
which the bulky polar groups are oriented towards the surrounding water, while the acyl chains associate with one
another at the core. Lysophospholipids and detergents exhibit an inverted cone shape. (C) Lipids with polar head
groups much smaller in comparison to the acyl chains (e.g. PE) or in low pH conditions (e.g PA and PS under pH 3)
or in the presence of divalent cations like Ca2+ (CL, PA) favor the inverted micellar or HII structure [16]. Here, the
polar groups form an own aqueous phase inside the inverted micellar structure and the acyl chains face the water phase.
Figure A, B and C are reprinted with the permission from Lladó et al. [17]. Copyright 2014 Biochimica et Biophysica
Acta (BBA)–Biomembranes. (D) The bar plot represents the relative abundance of each class of GPLs/SM in organelles
based on composition data from different sources [18], for lipid droplets from murine hepatocytes [19] and Escherichia
coli [20]. The bar for other lipids (OT) includes PG, PA and lysophospholipids (e.g. lysophosphatidylcholine, LPC), if
it not otherwise mentioned. All data are given in mol%. Additionally, the molar ratio of cholesterol (CHOL) to GPLs is
shown for certain organelles [18].

The next class of membrane lipids are sterols, which play an essential role in eukaryotic cell, however, they are
not found in bacteria and archaea. Cholesterol, also abbreviated as CHOL, is the major component in mammalian
cells, which are not able to grow without cholesterol. The chemical structure of cholesterol (Fig. 2B) consists of four
fused rings with a double bond in ring B, a hydrocarbon chain at ring D, and a polar hydroxyl group at ring A, leading
to a planar conformation with an amphipathic character. The hydroxyl group interacts with the polar head group of
GPLs and sphingolipids and is orientated to the water side, whereas the planar ring system and the hydrocarbon chain
are in contact with the acyl chains. Interestingly, although ergosterol from Yeast shares a very similar structure with
cholesterol, they cannot replace each other. The fundamental role of cholesterol is the maintaining and controlling
the membrane fluidity by increasing the membrane packing and thickness. Thus, cholesterol decreases the packing
defects in the hydrophobic part and encourages the all-trans conformation in GPLs, which leads to a decrease of the
membrane permeability for ions and small molecules. Furthermore, cholesterol modulates membrane proteins in special
conformations by decreasing the free volume in the membrane and mostly inhibits these proteins or can directly bind
membrane proteins. Moreover, cholesterol can cause lateral membrane phase separation between cholesterol enriched
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and poor regions in order to regulate membrane proteins. The concept of lipid rafts will discussed later in this chapter
(see section 1.3).

Similar to GPLs, the sphingolipids in eukaryotic cells represent a further major component of biological membranes.
Instead of a glycerol backbone, sphingosine serves as scaffold, in which the acyl chain is N-linked and the head group
is O-linked. Sphingomyelin (SM, 2C), consisting of phosphatidylcholine and stearic acid, is the major sphingolipid in
biological membranes (e.g. in human blood cells and membranous myelin sheaths of nerve cell axons) and is normally
located in the outer leaflet membrane of cells. Like PC, SM is able to form bilayers in aqueous environment and
interacts with cholesterol to build lipid rafts [21, 22] (see section 1.3). Instead of a phosphatidyl group at the position
1 of glycerol, one neutral sugar (typically, galactose, glucose and lactose) can be covalently bound via glycosidic
linkage to form cerebrosides. Additionally, the sugar group can be connected with a sulfate to build the sulfatides. They
are found in all kind of species, especially located in brain membranes of mammalians [23]. Figure 3D shows the
distribution of GPLs and SM over the organelles.

Another class of sphingolipids is given by the complex gangliosides, which are based on the sphingosine backbone
and a complex sugar acid head group. They play important roles in cell recognition and regulation of membrane proteins
and are highly populated in nerve cells[ [24]]. An example is the negatively charged GM1a (Fig. 2E), containing an
N-acetylneuraminic acid (common abbreviations are Neu5Ac or NANA), N-acetylgalactosamine, two galactose and one
glucose (Glc) moiety. It is located in the outer leaflet of nerve cells and is involved in the development of Alzheimer’s
disease [25, 26] (see also section 4.2.1).

In the plant kingdom, glycerolglycolipids like mono- and diacylgalactosyldiacylglycerol (MGDG, DGDG) have a
major role in regulation of the photosynthesis in chloroplasts (Fig. 2D), whereas Lipid A (Fig. 2E) represents a basic
component of the outer membrane in Gram-negative bacteria. The chemical structure of Lipid A reveals a glucosamine
backbone, containing six acyl groups with chain length between 12 and 14 carbon atoms, as well as two phosphate
groups. Lipid A represents the basic part of the lipopolysaccharides (LPS) which contains a core region and a long
polysaccharide moiety termed O-antigen. As Lipid A is the main component of the outer membrane, Gram-negative
bacteria have a greater intrinsic resistance to antibiotics. In addition, Lipid A acts as endotoxin upon destruction of
bacteria cells which provokes immune response in host cells.

The final lipid class, that we want to briefly introduce, are the tetra-ether bolalipids of the archaea, which feature an
ether-linkage between glycerol instead of the ester-linkage typical for eukaryotes and prokaryotes. Moreover, this kind
of lipids occurs as dimers by the covalent binding of the end of acyl chains of two lipids to form one molecule with two
polar head groups and one or two connected tails. Due to the ether-linkage and the connecting tails, they form highly
stable membranes that can sustain incredibly hostile environments, such as extremely high temperatures and pressures,
low or high pH values [27].

With their different head groups, the charge behavior of membrane bilayers has an important impact on the regulation
of membrane proteins, an effect which depends on the concentration of Na+, Ca2+ and Mg2+ for anionic GPLs (e.g.
CL and PA). The existing potential difference between the two leaflets of the membrane is also very important for
survival at the cellular level. Changes in membrane potential are employed in signal transduction by nerve cells and in
regulating both cardiac automaticity and contraction by cardiomyocytes. For more information on lipid composition of
membranes, the reader is referred to the books [9, 16] or the reviews [12, 28, 29].

1.2 Membrane proteins – The complexity of biological membranes

We have already examined the complexity of membranes deriving from the diversity of lipids, especially from the
different combinations of head groups and acyl chains. Now we want to present the complexity of biological membranes
deriving from different classes of membrane proteins, which are known to perform diverse and essential functions.
Membrane proteins are involved in protein-lipid interactions for cell-cell recognition, molecular transport across
membrane barriers, energy synthesis, maintenance of concentration gradients, signal transduction, as well as formation

10



Computer Simulations of Protein-Membrane Systems A PREPRINT

of vesicles (see Fig. 4A for an overview and specific examples). Membrane proteins can be broadly divided into two
classes:

1) Peripheral proteins directly interacting with the membrane or with integral membrane proteins.

2) Integral proteins embedded within the membrane or associating with a lipid anchor.

Peripheral proteins are usually not in full contact with the hydrophobic part of the membrane and can be washed
off by changing the ionic concentration or pH of the system. In contrast, integral proteins directly interact with the
hydrophobic core of membranes with a part of their structure. Examples include lipid anchorage via post-translational
lipidation of amino acids, and interactions involving hydrophobic sequences in transmembrane (TM) α-helices or
β-barrel structures (Fig. 4B-D). Membrane proteins with TM α-helices (TMH) are generally found in the plasma
membrane and the inner membrane of bacteria cells, while β-barrels (e.g. outer membrane porin F from Escherichia
coli, OMPF) are located in outer membranes of Gram-negative bacteria, cell walls of gram-positive bacteria, as well
as the outer membrane leaflets of mitochondria and chloroplasts. Membrane lipids can influence membrane proteins
via direct binding that allosterically affects the conformational preferences. Furthermore, membrane proteins can
exhibit post-translational modifications in form of sugars and GPLs, as seen for instance in glycosylphosphatidylinositol
(GPI)-anchored proteins, which have functional roles in membrane protein transport, cell adhesion, cell wall synthesis,
and cell surface protection. We will discuss different protein-lipid interactions in the case studies in section 4.

1.3 Lipid rafts – The regulation and organization of biological membranes

In the 1970s, membranes were shown to exhibit lateral heterogeneity using an experimental protocol that extracted
membrane proteins and lipids in detergents. Within the past few years, the theory of lipid rafts developed by Simons
and Ikonen has become established [30] and involves the accumulation of less flexible lipids for the building of ordered
nanodomains, called rafts (Lo, <200 nm, especially via cholesterol, PC and SM), surrounding disordered and more
fluid lipid areas (Ld, polyunsaturated acyl chains). This activates membrane proteins in terms of conformational
changes or oligomerization. Cholesterol has been observed to play a key role as at concentrations below 10 mol%
of cholesterol no domain separation was reported between the phases. This was demonstrated for ternary membrane
systems using in vitro methods and in both synthetic giant unilamellar vesicles (GUVs) and giant plasma membrane
vesicles (GPMVs) [31, 32] extracted from cells, as well as via MD simulations [33, 34]. Until now, no experimental
technique is available to visualize the process of raft formation in living cells since conventional optical microscopy is
limited to a resolution of ∼250 nm. Nevertheless, there are evidences for their existence originating from the presence
of lipid raft markers which are located in lipid rafts as well as from other biophysical methods (see references [22, 35]).

Functional raft-like domains are involved in cellular processes like immune signaling. For instance, the SRC
family kinases are located in raft-like domains, where they phosphorylate immune receptor complexes, whereas the
phosphatases reside in non-raft domains. Another example is the host-pathogen interactions featured in bacterial or
viral infections, involving the binding of specific bacterial toxins and viruses to special membrane proteins in raft-like
domains [22]. With the help of microsecond-scale MD simulations, a three-component raft-like system of cholesterol
and PC with saturated and unsaturated acyl chains has been successfully built. However, it remains to elucidate the
mechanism of assembly of membrane components in different phase domains since this has not been unambiguously
shown in living cells with the attendant level of structural complexity.

[Insert Figure 4 here]
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Figure 4: Membrane protein functions and examples of membrane proteins. (A) Membrane proteins interact
with lipids in biological membranes in different ways: (1) A peripheral membrane protein binds with a lipid-specific
hydrophobic anchor (PS here). (2) An integral protein, contributing to TM signaling, binds ligands from the outside.
(3) A membrane protein binds to and promotes the fusion of a vesicle with the cell membrane. (4) An integral protein
induces local curvature via hydrophobic mismatch. (5) A peripheral protein binds a lipid, while its globular domain
interacts with the membrane surface. (6) Protein channels regulate ion transport across the membrane via interaction
with cholesterol. (7) Phospholipid scramblase transports lipids across the membrane. Figure is adapted with the
permission from Muller et al. (2019) [36]. Copyright 2019 American Chemical Society. (B) The structure of the
transmembrane Na+K+-ATPase (PDB code: 4HYT [37]), which actively (via ATP hydrolysis) pumps three Na+ ions
extracellularly and two K+ into the cytoplasm against its concentration gradient. The pump maintains membrane resting
potential, regulates cellular transport and modulates cell volume. Cholesterol is displayed as yellow sticks. (C) The
crystallographic structure of the human β2-adrenergic receptor (PDB code: 3D4S [38]), a G-protein-coupled receptor
(GPCR) expressed in pulmonary and cardiac myocyte tissue featuring cholesterol (shown as yellow sticks) binding sites.
(D) The porin OMPF (outer membrane protein F, PDB code: 3POX [39]) shows a β-barrel conformation, which is
highly expressed in the outer membrane of E. coli. It serves to facilitate the selective entry of hydrophilic molecules (e.g.
water molecules, shown as blue spheres) into the periplasm. The 3D structures were generated with PyMol version 1.8.

Another driving force to organize membrane domains derives from the hydrophobic interactions between TM proteins
and the different kinds of lipids. In the case of hydrophobic mismatch, which is the difference between the thicknesses
of the hydrophobic regions of a TM protein and of the biological membrane, it spans leading to unfavorable exposure
of hydrophobic surfaces to water, membrane sorting and orientation of membrane proteins are affected [22, 40]. TM
proteins and surrounding lipids can adapt to the hydrophobic mismatch by different means. When the hydrophobic
part of a TM protein is longer than the hydrophobic bilayer thickness, the protein might aggregate in the membrane to
minimize the exposed hydrophobic area, it could tilt to reduce its effective hydrophobic thickness, or adopt a different
conformation. Lipids in turn can modulate the membrane thickness by stretching their acyl chains or even assemble
into another membrane state. When the hydrophobic part of a TM protein is too small to match the hydrophobic
bilayer thickness, again this might result in protein aggregation or changes to its orientation or conformation. Lipids, on
the other hand, could decrease the effective bilayer thickness by becoming more disordered or disrupting the bilayer
organization to form an inverted non-lamellar structure.

1.4 Role of MD simulations in investigating protein-membrane systems

The biological membranes, as discussed in the preceding sections, in composition, organization as well as protein-lipid
interactions are highly complex systems. Thus, this complexity constitutes a unique kind of challenge for structural
study. While experimental methods can be used to detect protein-lipid interactions, unraveling structural mechanisms at
the atomistic level often remains problematic. Many membrane proteins are involved in disease pathologies (e.g. cystic
fibrosis, Parkinsonism, Alzheimer’s disease, atherosclerosis and cancer) and to properly understand the molecular events
associated with such disease states, their structural dynamics needs to be resolved. For drug development purposes,
there is also continual need to investigate protein-lipid interactions [41]. For atomistic insight into protein-lipid
interactions, experimental techniques like X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and
cryo-electron microscopy (cryo-EM) are often used. X-ray structures in the 1-3 Å resolution range represent an often
dynamic system with single snapshots and the crystallization process sometimes involves harsh treatments capable of
generating non-native protein conformations. Furthermore, flexible regions (e.g. loops) cannot be detected by X-ray
crystallography. On the other hand, NMR can describe protein dynamics but it is limited to small protein systems
of ∼50 kDa. Cryo-EM has in recent years become an important tool for investigating protein-lipid association in
membranes systems with a resolution of 2-4 Å [42]. MD simulations provide a computational complement to these
experimental techniques. Every resolved protein structure is available in the RCBS Protein Data Bank (PDB) [43, 44]
(https://www.rcsb.org), while the orientation of membrane proteins in biological membranes is provided by the
Orientations of Proteins in Membranes (OPM) database [45] (https://opm.phar.umich.edu/).
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The history of lipid bilayers studied by MD simulations with no explicit water molecules began in the 1980s with
investigations of few lipid molecules [46–48]. After about a decade, MD simulations were successfully employed in the
study of increasingly complex and more realistic lipid bilayers, including PCs and PSs with explicit solvents [49–53],
and including embedded proteins [54–57]. These initial studies, however, were limited to conformational sampling on
the picosecond time scale. Following the developments in hardware and software, MD simulation have increasingly
begun to capture the structural dynamics of larger macromolecular systems, like ribosomes [58], protein-membrane
systems (e.g. transporters and channels) [59, 60], virus membranes [61], and lipid rafts [33, 34]. By overcoming the
resolution limits of the experimental methods and exploring the fine molecular details of macromolecular events, MD
simulations can now serve as molecular microscope [36, 62] to investigate lipid-lipid and protein-lipid interactions
of more realistic cell membranes on sub-millisecond time scale (Fig. 5A). Different MD simulation techniques apart
from traditional all-atom (AA) models have been developed for this purpose. These include coarse-grained (CG) force
fields [63, 64], the highly mobile membrane mimetic (HMMM) model [65], and multiscale models 5B). To decrease
the calculation time during the MD simulation, CG models represent multiple atom groups as fewer pseudoparticles
(so-called beads), while the HMMM model employs a membrane core of organic solvent combined with truncated
lipids for the head group region for increasing the lateral diffusion of membrane lipids. However, these approaches
imply a loss in resolution such that in CG model small protein conformation changes cannot be captured, while the
HMMM model is restricted to modeling peripheral protein-membranes systems [65]. Multiscale methods comprise the
use of different levels of representation in performing MD simulations, e.g. starting with CG simulations to extract
different large scale conformations, which are then converted to atomistic structure to study at a better resolution [66].

In the next section 2, the different all-atom and coarse-grained models for lipids are discussed, while section 3
describes how to set up and analyze MD simulation of membrane-protein systems. In section 4, we describe different
case studies of selected AA- and CG-MD simulations to grant a perspective into how MD simulations are employed in
studying interaction between lipids and different membrane proteins. The presented systems include associated and
integral membrane proteins in interaction with lipids.

[Insert Figure 5 here]

Figure 5: Length- and time-scale of experimental and MD simulation methods. (A) Application of methods
to analyze the dynamics of chemical and biological processes. The effective length and time scales of QM/MM
(quantum mechanics/molecular mechanics), AA and CG/multiscale simulations are displayed in the shaded boxes.
The experimental techniques nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR), Förster
resonance energy transfer (FRET), fluorescence recovery after photobleaching (FRAP), atomic force microscopy
(AFM), and magnetic and optical tweezers are indicated by the dashed boxes. (B) The resolution of different MD
simulation techniques in protein-lipids interaction studies is shown. In the upper panel, the chloride ion channel (ClC,
PDB code: 1OTS [67]) is represented in different resolutions, while in the lower panels a PS lipid and a short α-helix
are displayed with different resolution. All-atom resolution implies explicit treatment of all interactions, whereas in CG
simulation certain atoms have been merged into fewer beads. Multiscale simulations involve combining of multiple
levels of resolutions either at the same time or in sequence. The highly mobile membrane mimetic (HMMM) model
uses truncated lipids and a membrane core of organic solvent for increasing the lateral diffusion of membrane lipids.
Figures are A and B reprinted with the permission from Muller et al. (2019) [36]. Copyright 2019 American Chemical
Society.
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2 Lipid force fields

In this section, three groups of lipid FFs will be reviewed. The all-atom (AA) FFs represent the most detailed description,
where all atoms of a molecule are described in an explicit manner. The united-atom (UA) FFs merge the non-polar
hydrogens connected to heavy atoms to one interaction site. For instance, the methyl (CH3) and methylene (CH2) groups
will each be displayed by a single site, resulting in a decrease of interaction sites from 4 to 1 and 3 to 1, respectively.
This leads to lower costs of computing time, while still reaching a similar accuracy as with the AA FFs. The next level
of reduction is the summarizing of 3-4 heavy atoms into a single interaction site (known as bead), which is typically
called a coarse-grained (CG) model. Important FFs that were developed for lipids are listed in Table 2 and are shortly
discussed in this section.

Table 2: All-atom (AA), united-atom (UA) and coarse-grained (CG) force fields for lipids.
Developer Lipid FF Resolution Published years

CHARMM22 (C22) [68, 69] AA 1996/1997
CHARMM27 (C27) [70] AA 2000

CHARMM CHARMM27 (C27r) [71, 72] AA 2005
CHARMM36 (C36) [73, 74] AA 2010
CHARMM36 united atom FF (C36-UA) [75] UA 2014
GAFF [76, 77] AA 2007/2008

AMBER Lipid11 [78] AA 2011
Lipid14 [79] AA 2014

Jambeck & Lyubartsev Stockholm (S)lipids [80, 81] AA 2012/2013
OPLSA OPSL-UA [82, 83] UA 1999/2000

OPSL-AA [84] AA 2014
GROMOS (Berger) [85] AA 1997
GROMOS (Chiu) [86] UA 1999

GROMOS GROMOS (45A3) [87] UA 2003
GROMOS (53A6) [88] UA 2004
GROMOS (53A6-CPK) [89–91] UA 2009/2011
GROMOS54A7/54B7 [92] UA 2011

MARTINI MARTINI [63, 64] CG 2004,2007
Shinoda, DeVane & Klein SDK [93, 94] CG 2007

2.1 Atomistic force fields for lipids

2.1.1 General description of classical force fields

MD simulations capture the different types of interactions defined by a potential energy function U(rN ), called the force
field. An MD simulation is based on Newton’s second law of motion (Eq. 2) for a system of interacting particles, with
the interactions being defined by U(rN ), according to which velocities and positions are calculated for every time step.
The parameters needed for the definition of U(rN ) are derived from either quantum mechanical (QM) calculations or
spectroscopic data. Equations 3 and 4 show the basic form of an AA-FF, which is divided into bonded and non-bonded
interaction contributions and approximate a QM energy surface as a function of the atomic coordinates:

F = −∂U(rN )

∂ri,n
= mi · v̇i,n

with i = 1, 2, 3, ..., N atoms; n = x, y, z; m = mass
(2)
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U(rN )bonded =
kij
2

(rij − rij,0)2︸ ︷︷ ︸
bonds

+
kijk

2
(θijk − θijk,0)2︸ ︷︷ ︸

angles

+
Vn
2

(1 + cos(nΦijkl − Φijkl,0))︸ ︷︷ ︸
torsion

+
kijkl

2
(Φijkl − Φijkl,0)2︸ ︷︷ ︸
improper torsion

(3)

U(rN )non-bonded = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

︸ ︷︷ ︸
Lennard-Jones

+
1

4πε0εr

qiqj
rij︸ ︷︷ ︸

Coulomb

(4)

For computational efficiency, classical FFs employ some approximations in the treatment of bonded and non-bonded
interactions. The bond lengths, angles and improper torsion angles are often described by harmonic potentials, and for
this reason, and unlike to QM descriptions, bond cleavage is not possible in classical MD simulations. With harmonic
potentials even small deviations from the equilibrium values (rij,0, θijk,0, Φijkl,0) can cause considerable increases
in the energy of the system, which also depend on the force constants (kij , kijk, kijkl). To model the rotation around
bonds in accordance with thermodynamic data, a cosine function of the dihedral angle is typically used, where Vn is the
force constant belonging to the torsion, Φijkl,0 is the angle where the potential passes through its minimum value, and
n is the multiplicity, which indicates the number of minima as the bond is rotated through 360◦.

To describe van der Waals (vdW) and electrostatic interactions, the Lennard-Jones (LJ) 12/6 potential and Coulomb’s
law are employed, respectively. The attractive term of the LJ potential

(
r−6
)

represents the component of the
interactions based on London dispersion forces originating from induced dipole-dipole interactions. The repulsive
term

(
r−12

)
derives from the overlap of electron orbitals and describes the Pauli repulsion at short ranges, which can

be efficiently calculated by squaring the attractive term. For each combination of atoms i and j, the well depth εij
and collision diameter σij are required for the calculation of the LJ potential, in addition to the inter-atom distance
rij . The last important contribution to a FF is the electrostatic interaction between atoms, which is calculated using a
Coulomb potential that depends on the distance rij and the partial charges of the atoms qi and qj as well as contains the
permittivity of vacuum ε0. With equations 3 and 4, electrons are not explicitly considered. The atomic partial charges
are derived from the electron distribution in a molecule as determined by QM calculations. In this approximation, the
continuous function of the electron density becomes distributed point charges. Moreover, the partial charges, which
are dependent on molecular conformations, are usually also fixed in most of the FFs. The interested reader is referred
to chapter 1 of this book, which provides a more detailed discussion of classical FFs, including polarizable FFs that
go beyond the fixed-charge approximation. In most MD simulation employing periodic boundary conditions, the
particle-mesh Ewald (PME) method [95, 96] is employed for treating the sum over electrostatic interactions, which are
long-range interactions and thus require special care in periodic systems. In this method, the electrostatics interactions
are divided into two parts: (1) a short-range contribution and (2) a long-range contribution. While the short-range
contribution is calculated in real space in combination with a cutoff value (0.8–1.2 nm), the long-range contribution
is computed using a Fourier transformation. This approach guarantees rapid convergence of the electrostatic energy
calculation as compared with that of a direct summation.

The FF expression in Equations 3 and 4) was proven to be robust from thousands of application in the past years,
principally because it is sufficiently accurate in most cases for describing biomolecular interactions in a computationally
efficient manner. The parameters needed as input for a FF are either derived from QM calculations or by empirical
fitting to reproduce experimental observables, which are common strategies used for the parameterization of FFs.
Moreover, atom types are defined to represent the different atoms and their chemical environment in the FF. As the
different FFs usually followed diverse kind of parameterization strategies, so they can employ slightly different atom
types along with distinct values for the force constants as well as equilibrium distances and angles.
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2.1.2 Experimental observables for the validation of lipid force fields

To study lipids and membrane proteins, various experimental techniques like X-Ray, NMR and different fluorescence
spectroscopy methods were constantly developed and improved, with which characteristic properties of membranes can
be determined. For instance, X-ray spectroscopy can be applied for the determination of membrane thicknesses, areas
per lipid, electron density profiles, and lateral diffusion constants. To prove the phase state of a bilayer, structural and
dynamic properties of the acyl chains are measured by NMR spectroscopy (e.g. area per lipid and order parameters).
Moreover, various fluorescence spectroscopic techniques are available for determining the lateral diffusion of bilayer
lipids, where the components of interest are marked with a fluorescence molecule for the measurements. Thus, besides
expensive QM calculations experimental observables can be used to validate and improve lipid FFs. Here, we briefly
discuss a set of membrane properties which are commonly used for benchmarking lipid FFs. Some of these observables
are presented in Figure 6. For more details on membrane properties used for the validation of FFs, we recommend the
reviews by Poger et al. [97], Leonard et al. [98], and Moradi et al. [99].

[Insert Figure 6 here]

Figure 6: Membrane properties commonly used for the validation of lipid force fields. (A) The average area per
lipid (AL) is computed by dividing the area of the xy-plane of the simulation box by the number of lipids per leaflet.
(B) A representative probability distribution for the area per lipid. (C) The membrane thickness can determined by the
mean distance between the head groups, marked by the positions of the phosphorus atoms, of the outer and inner leaflet
of the bilayer (DHH ). (D) An example for the electron density along the bilayer normal, from which the membrane
thickness DHH can be calculated. (E) A typical SCH order parameter profile for a saturated acyl chain as obtained from
an MD simulation. (F) Changes of lateral diffusion coefficient Dl of DPPC (•) and cholesterol (◦) molecules depending
on cholesterol (CHOL) concentration. Figure F is adapted with permission from Falck et al. [100]. Copyright 2004
Elsevier. Figures are A and C are adapted with permission from Goossens et al. [101]. Copyright 2018 American
Chemical Society. Figures B, D and E are adapted with permission from Moradi et al. [99]. Copyright 2019 Royal
Society of Chemistry (Creative Commons Attribution 3.0 Unported Licence).

Area per lipid. The first quality check of a lipid FF can be easily done by the calculation of AL (Fig. 6A). It
is related to the degree of fluidity of the membrane in a certain phase and, at the same time, a good indicator for
whether equilibrium of an MD simulation has been reached. This common membrane parameter can be determined
experimentally using X-ray or neutron scattering factors, volumetric methods, as well as NMR spectroscopy. From MD
simulations, it can be calculated with Equation 5:

AL[nm2] =
BxBy
n

(5)

Here, the lateral dimensions Bx and By of the simulation box (unit cell) are along the x- and y-axes, respectively, while
n is the number of lipids per leaflet. However, this equation can only be used for homogeneous membranes with one
lipid species. In the case of mixed bilayers, the membrane area must be partitioned into segments, for example by using
two-dimensional Voronoi tesselation [102, 103] or grid-based methods based on atomic vdW radii or not [100,104],
where the size difference between the different lipids and sterols are taken into account. AL is tightly related to other
membrane properties, like acyl chain ordering, compressibility, and molecular packaging. The time-average of AL can
be used to judge the equilibrium state of a bilayer during an MD simulation. An equilibrated bilayer shows only small
fluctuations around an average value of AL. However, this can only be assessed if the MD simulation is conducted
in the NpT ensemble where the simulation box dimensions are allowed to fluctuate. In this ensemble, the number of
molecules N , the pressure p, and the temperature T are constant, which is a more realistic ensemble than the NV T
ensemble (where the volume V is kept constant) for comparison to experiments [99]. A higher value of AL corresponds
to a more disordered state, whereas low AL values reflect highly packed lipids in the membrane. The probability
distribution p(AL) for the area per lipid molecule can also be calculated (see Fig. 6B for an example distribution),
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allowing to determine the minimum, maximum and average values of AL, which can be important for processes such as
lateral diffusion [99].

The comparison of AL obtained from MD simulations to experimental values can be difficult because this quantity
cannot directly be determined by experimental techniques. Nonetheless, several methods exist to estimate AL from
experiments, for instance by using volumetric data and the electron density profiles of homogeneous bilayers [105], or
the lipid volume VL and the Luzzati thickness DB [106], or the average NMR order parameter of C–D bonds of the
acyl chains [107]. Depending on which method and bilayer model were used, the resulting AL values can significantly
vary, which in turn generates some uncertainty with regard to the true value of AL for a lipid bilayer in a given phase.
Moreover, the determination of AL is affected by thermal fluctuations in the lateral and transverse directions of lipid
bilayers. In the last decades, it occurred that different AL values for the same kind of bilayer were obtained with the
same experimental technique or calculated by the same researcher group. Nevertheless, AL determined from simulation
studies using the same FF usually result in very similar values as opposed to those derived from experiments, which can
be explained by the fact that the FFs were parameterized to produce a certain AL value (see Tab. 1 in reference [97]).
It should further be considered that undulations or fluctuations in the lipid bilayer structure, which may result from
insufficient sampling or from simulations artifacts (e.g. due to finite system size or periodic boundary conditions) may
also cause uncertainties in AL. As a consequence, AL alone is not sufficient to evaluate the quality of a lipid FF or to
assess the degree of fluidity of a lipid bilayer; it should be considered together with the electron density profile across
the bilayer and the bilayer thickness for judging the phase state of a membrane.

Membrane thickness and electron density profile. While AL facilitates information about the lateral structure of
a lipid bilayer, the membrane thickness provides information on the orthogonal direction (Fig. 6C). Generally, the
membrane thickness is in range of 3 to 5 nm. There are three slightly different quantities commonly used to represent
the thickness of a membrane: (1) the head-to-head thickness (DHH ) derived from the distance between the averaged
z-positions of the phosphorus atoms of opposing leaflets, (2) the bilayer thickness obtained from the water density
probability at half-maximum (DB), and (3) the hydrophobic thickness (2DC ) calculated from the half-maximum of the
density of the atoms in the hydrophobic acyl chains. The quantity DHH can be determined by X-ray scattering as the
distance between the two maxima of the electron density profile of the lipid bilayer (see Fig. 6D). With this approach,
the accuracy of DHH is limited by the Fourier truncation error. For measuring DB , neutron scattering experiments can
be applied by making use of the high contrast between the protiated lipid and deuterated water accurately defining the
bilayer thickness, which is correlated to the penetration of the lipid bilayer by water molecules. Both DHH and DB can
be easily determined from MD simulations. DHH is usually computed as the average distance between the phosphate
planes of the two leaflets. DB is calculated using Equation 6 (with the bilayer normal in z-direction and d being the
simulation box length in that direction) as the distance between the points along the membrane normal, where the water
density probability pw(z) is one half:

DB [nm] = d−
d/2∫
−d/2

pw(z)dz (6)

The third measure for the membrane thickness, 2DC , refers to the thickness of the hydrophobic core of a bilayer [97]
and is determined based on the positions of the CH2 groups in each leaflet of a lipid bilayer. These positions can be
derived from X-ray or neutron scattering data, or from NMR making use of the carbon-deuterium bond order parameters
in the acyl chain. However, 2DC is highly dependent on the underlying approximations (e.g. for the volume of a
methylene group or the estimate for the average tilt of the acyl chains with respect to the bilayer normal), thus the
outcomes can significantly differ and are only comparable to the values determined from MD simulations as long as the
same assumptions are employed [97]. Together with AL, the membrane thickness allows one to assess the state the
bilayer in question. In fact, a decrease in AL is almost always relates to an increase in the lipid bilayer thickness, which
is further accompanied by a stronger ordering of the acyl chains in the membrane.
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An electron density corresponds to the probability of the electrons being present at a specific location. With the help
of X-ray crystallography, the electron density of a membrane can be experimentally estimated. In MD simulations,
where electrons are not explicitly considered, the time-averaged positions of electrons can be inferred with good
accuracy from the atomic positions. Figure 6D shows a typical electron density profile across a membrane, which is
characterized by following observations: The profile exhibits a global minimum in the middle of the bilayer (near the
terminal CH3 groups of the acyl chains), two maxima corresponding to the positions of the head groups (phosphate
groups) in each leaflet, and a local minimum reflecting the water layer outside the membrane. The thickness DHH is
defined as the distance between the two maxima of the electron density profile, which changes upon the insertion or
interaction of a molecule with a membrane. In the case of mixed membranes involving cholesterol, the peaks of the
phosphate groups are slightly shifted depending on the cholesterol concentration, whereas the rest of the profile exhibits
no significant changes [99]. The electron density profile is symmetric if the two leaflets have the same composition
and when the bilayer is in its equilibrium state. The main aspects of an electron density profile are required to be
reproduced by a FF, like the overall profile shape and the position of the peaks corresponding to specific groups of
atoms (e.g. head groups, glycerols, carbonyls, methylenes in the hydrocarbon chains). In addition, these profiles can be
also calculated from the mass density across the bilayer, which shows how the mass is distributed along the membrane
z-axis and exhibits the same shape as the electron density distribution. In the case of a typical hydrated membrane
system, the mass density is high at the beginning of the lipid chain, similar to the the mass density of several soft
polymers (0.9–1.3 g cm-3). At carbon position 9, the density is reduced to the one of liquid hexadecane (0.753 g cm-3)
and it is considerably lower in the middle of the membrane (0.60 g cm-3). This shows that the acyl chain region of the
bilayer in the liquid crystalline phase is far from being homogeneous.

Acyl chain order parameters. Lipid bilayers can be characterized by their degree of orientational lipid order.
Experimentally, the measurement of the carbon–deuterium (or hydrogen) bond order parameters SCD (SCH) can be
accomplished by NMR spectroscopy using 2H (deuterium) selectively labeled lipids. More recently also 1H–13C labeled
lipids have been employed. The order parameters SCD depend on a combination of local, molecular, and collective
motions as well as static disorder, and the decomposition the overall value into individual contributions is difficult.
2H NMR spectroscopy has been widely applied to determine the SCD values of the acyl chains of GPLs, which have
become an important target property to validate lipid FFs. The order parameter SCD of a C–D bond of an acyl chain
measured by NMR can be directly compared with values for SCH calculated from a simulation using the following
equation:

SCH =
1

2
〈3 cos2(θz)− 1〉 (7)

Here, θz is the (time dependent) angle between the C–H bond vector and the bilayer normal (experimentally the
magnetic field or z-axis of the simulation box). The angular brackets denote a time and ensemble average. The order
parameter adopts values between −0.5 and 1, where a value of −0.5 means that the two vectors are perpendicular to
each other, while a value of 1 implies that the two vectors are parallel. The order parameters do not only depend on the
orientation, but also (dis)order of the system. For instance, SCH = 0 can either arise from C–H bonds isotropically
disordered with respect to the bilayer normal, or all corresponding bond vectors are perfectly oriented at the magic
angle relative to the bilayer normal (that is 54.7◦, corresponding to cos2(θz) = 1/3).

The general focus is on the values of SCD as a function of the position of the carbon atom in an acyl chain, but
SCD (or SCH in simulations) can be also determined for other lipid moieties, like the glycerol or the head group. The
SCH order parameter profiles that are obtained for saturated acyl chains look qualitatively similar to the one shown
in Figure 6E. It is characterized by some degree of disorder in the alkyl groups close to the water interface, which is
followed by an increase in order with a order maximum at about the middle of the acyl chains. Towards the center of
the membrane, corresponding to increasing C atom number positions along the acyl chain, the disorder increases (i.e.,
decreasing SCH). This results from the greater degree of conformational flexibility of the acyl chains in the core region
of a membrane. Furthermore, the length of an acyl chain influences the SCD values, with longer chains reducing the
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order parameter. Similarly, temperature affects SCH, with lower temperatures implying an increase in SCH due to the
closer packing of the lipids.

Differences between the experimental and calculated order parameters can be a result of incomplete sampling during
the MD simulation in question. Moreover, membrane undulations and fluctuations in both experiments and simulations
can contribute to the value of SCD (SCH). In simulations, large enough lipid bilayers are required to limit the artifacts
due to a finite system size and periodic boundary conditions. If a UA-FF was used during an MD simulation, the C–H
bond vector needs to be reconstructed. This is done based on the positions of three successive CH2 groups and assuming
tetrahedral geometry for the central C atom. It should be noted that this calculation only holds when the hydrogen
atoms of a methylene group are equivalent and, more importantly, it is not valid around unsaturated bonds due to their
different geometry.

Membrane area compressibility. Compressibility, which describes the relative volume change of a given substance
in response to stress, is extensively studied for lipid bilayers. Membrane area compressibility, in particular, indicates the
resistance of a lipid bilayer to isotropic area dilation and is defined by an area compressibility modulus KA:

KA[Nm−1] = A

(
∂γ

∂A

)
T

=
AkBT

σ2
A

=
ALkBT

Nlσ2
A

(8)

Here, γ represents surface tension, A is the average total area, kB is the Boltzmann constant, T is the temperature, AL is
the area per lipid (see above), Nl is the number of lipid molecules and σ2

A is the mean square fluctuation of AL. As the
area compressibility modulus is inversely proportional to the area fluctuations, KA is a reliable parameter to estimate
the rigidity of a lipid bilayer.

Lateral diffusion coefficient. In the last several years, lateral diffusion processes in biological membranes have been
studied with experimental and computational methods, but the underlying molecular mechanism is still unknown. The
lateral diffusion of lipids and proteins depends on the neighboring molecules. It is a fast and spontaneous movement
relative to translational motions between the two leaflets, where special membrane proteins, called flippases and
floppases, are required for this lipid transport. The experimental techniques for determining lateral diffusion constants
range from fluorescence techniques (e.g. FRAP, FRET and fluorescence correlation spectroscopy, FCS) to EPR and
NMR spectroscopy (e.g. 1H, 2H, 19F and 31P). As for other membrane observables, the resulting values for the lateral
diffusion constants can vary even of one uses the same method, as it is sensitive to experimental conditions, like the
temperature, hydration content, pH, ionic strength and experimental setup [97]. Furthermore, EPR and fluorescence
methods have to use labeling molecules (e.g. spin labels or fluorophores) for tracking the lipid diffusion. Here, the
measured lateral diffusion coefficient derives from the labeling molecules instead from the lipid itself, which is not
negligible in some cases depending on the type of labeling, its concentration, and whether the measurement was done in
a bilayer or monolayer [97]. Neutron scattering can be used for fast, short-range diffusion (motions for 0.1–10 nm in
< 1 ns), while the other techniques sample slower, medium-to-long-range diffusion processes (motions of > 0.1µm on
the ns-to-ms time scale) [108].

For the movement of lipids and other membrane molecules during MD simulations, the Einstein relation based on the
average lateral mean squared displacement (MSD) 〈[∆r(t)]2〉 can be used for computing the lateral diffusion constant
by applying the following equation:

Dl[cm
2s−1] =

1

2nf
lim
t→∞

〈[∆r(t)]2〉
t

(9)

Here, the nf denotes as number of translational degrees of freedom (nf = 2 for an in-plane motion or in the xy-plane)
and r(t) is the center of mass (COM) position of the molecule under study at time t. In general, the MSD is calculated
as average over all lipids. As for experimental methods, the resulting lateral diffusion constants can vary as they depend
on the applied FF, system size, the cutoff scheme for the truncation of long-range electrostatics, the time step, and the
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frequency used to update the non-bonded pair list. Thus, the comparison between the results from several studies is
difficult; Table 2 in reference [97] lists some lateral diffusion constants obtained from simulations. Flack et al. [100]
studied the influence of cholesterol on the lateral diffusion of lipids using 100 ns MD simulations of a DPPC bilayer
with varying amounts of cholesterol, which demonstrated that the lateral diffusion coefficients of both DPPC and
cholesterol decreased with increasing concentrations of cholesterol (see Fig. 6F). In general, the lateral diffusion can be
evaluated only in the liquid crystal state [99].

2.1.3 Comparison of the atomistic lipid force fields

In chapter 1 of this book, the historical development of the different protein FFs was described in detail. Thus, we
concentrate here to give an overview about the FFs that are available for studying protein-membrane systems, including
to list their advantages and shortcomings.

CHARMM. The CHARMM (Chemistry at Harvard Macromolecular Mechanics) all-atom force field originates from
the lab of Martin Karplus at Harvard University and has an active community who developed a huge set of FFs with a
focus on biomolecules, such as lipids [73,74], carbohydrates [109–112], nucleic acids [113,114] and proteins [115,116].
Additionally, a general force field, known as the CHARMM General FF (CGenFF) [117] allows simulations with other
biomolecules and drugs that conform to the general parameterization scheme applied in CHARMM. In addition to
the common FF terms (see Eqs. 3 and 4), the intramolecular interactions include the so-called Urey-Bradley term for
covalent angles, which is a cross term connecting the motions of bond angles and lengths:

U(r, θ) = kub,i(i+2)

(
ri(i+2) − ri(i+2),0

)2︸ ︷︷ ︸
Urey-Bradley

(10)

The Urey-Bradley term with force constant kub,i(i+2) applies to atoms atoms i and i + 2 connected by two bonds.
However, this term is only used for older CHARMM parameters but not for newer ones. The parameterization strategy
of CHARMM is based on fitting to reproduce experimental and ab initio QM data at the HF/6-31(g) level of theory
of small model compounds (e.g. alkanes for the acyl chain) that are transferable to larger molecules (e.g. to lipids)
with some further optimization. Furthermore, it is recommended to use the modified TIP3P water model – even though
better water models like TIP4P are available – when employing the CHARMM pairwise additive FF [98], since the
parameters for interaction of biomolecules with water were optimized for this water model and the usage of another
water model could lead to imbalances in the electrostatic and solvation energies. Another peculiarity of CHARMM
is that this FF applies force-based cutoffs in which the force is smoothed to zero at a cutoff of 1–1.2 nm, affecting
the overall potential. Therefore, this cutoff value must be used when using CHARMM. Moreover, the non-bonded
interactions of atoms that are separated by four bonds, so-called 1–4 interactions are not scaled, which in turn implies
that the dihedral potential parameters depend on the electrostatic and the LJ parameters. Thus, optimization of these
coupled parameters is typically carried out in an iterative fashion, in which the dihedral parameters are fitted to the
obtained LJ and electrostatics parameters per iteration step.

The first CHARMM parameters for lipids were published with the CHARMM22 parameter set (denoted as C22) [69]
by the Pastor group. They were updated with the release of the CHARMM27 parameter set (C27) [70], which was
the first widely available and thus used AA-FF for lipids. For a DPPC lipid bilayer C27 produced a good agreement
with experimental deuterium NMR order parameters (SCD) for the acyl chains and the electron density profiles [70].
However, further investigations revealed non-negligible disagreements with experiment (e.g. for the AL value) [118]
as well as for dynamical properties obtained from NMR relaxation times, indicating that probably the C27 torsional
barriers were too high [119]. For fully saturated lipids it was shown that the bilayers often exhibited a gel phase at
conditions corresponding to liquid crystalline phases. To circumvent this problem, many MD simulations with C27
were performed in the NV T ensemble [120] with a fixed AL value or under non-zero surface tension [121], as under
these conditions the trans conformation of the acyl chains is more preferred than the gauche conformations [122]. There
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was an update to the C27 parameter set [71, 72] (called C27r) , but the problem with wrong the phase state of the lipid
bilayers was still present and also the correct AL could not reproduced with MD simulations at zero surface tension
(NpT ensemble) [71, 123].

Five years later, the CHARMM36 parameter set (C36) was published [74] by Klauda et al. and verified with MD
simulations of bilayers involving six saturated and monounsaturated lipids (DLPC – 12:0,12:0, DMPC – 14:0/14:0,
DPPC – 16:0/16:0, DOPC – 18:1/18:1, POPC – 16:0/18:1 and POPE – 16:0/18:1). Partial atom charges and torsion
potentials were reparamterized by using ab initio computations, as well as revision of some Lennard-Jones parameters
for matching with semi-empirical QM results of small bilayer assemblies, solvation free energies, and SCD near the
membrane interfacial region. Moreover, the description of the lipid head group structure and dynamics was improved in
the same manner like as in the work by Sonne et al. [124] and compared to NMR data. Properties as average AL at
zero tension (γ=0), structure factors, dipole electrostatic potential indicated good agreement with experiment and better
than with the C27r parameter set [74]. The key improvement was that the C36 lipid FF accurately matched the X-ray
and neutron form factors, bilayer and hydrocarbon thickness as well as SCD of POPC and POPE bilayers. To sum up,
the C36 FF allows to accurately represent bilayer properties of fully saturated and monounsaturated lipid molecules
in the NpT ensemble [74]. In the last years, different kind of lipids were added to C36 using the same parameter
strategy, such as a variety of acyl chains (PUFAs [125], branched [126] chains and chains with cyclic moieties [127])
and head groups (PA, PG, PI and PS) [73, 128, 129], sterols (cholesterol [130], ergosterol [131] and plant sterols [132]),
sphingolipids [133] and ceramides [134] as well as glycolipids [135] and LPS [128, 136] making use of the CHARMM
carbohydrate FF.

To accelerate the sampling during an MD simulation, the C36-UA FF was developed based on the C36-AA lipid
parameters [75], in which the acyl chains have the UA representation, while the head groups are described in an explicit
manner. It performs well for lipid membranes and micelle formation of a surfactant. MD simulations of DMPC, DPPC,
POPC, DOPC and DMPC/CHOL bilayers produced good values for the AL, X-ray and neutron form factors, and acyl
chain order parameters SCD [75]. However, the Klauda lab reported general issues (unpublished data) with too high
values for the density of alkanes and too small values for the hydrophobic bilayer thickness; furthermore the head
groups needed additional parameterization [98].

AMBER. A long time, no proper parameters for lipids were available for the AMBER FF (Assisted Model Building
and Energy Refinement), although some attempts were done to simulate bilayers. However, the AL values for DMPC
and DOPC bilayers modeled with the Generalized Amber Force Field (GAFF) [137] with the extension to lipids [76]
were underestimated [77] compared to the experimental values. A certain surface tension had be applied to obtain
the correct lipid area. In contrast to CHARMM, in AMBER the 1–4 LJ and Coulomb are scaled by a factor of 0.833;
moreover, restricted electrostatic potential (RESP) method [138, 139] is used for the calculation of the partial charges of
whole molecules. With the goal to develop a lipid FF that is comparable to C36FF, the Lipid11 FF [78] was developed,
in which a careful reparameterization of LJ and charge values to improve modeling of lipid bilayers was undertaken.
Bilayers of DOPC, POPE, and POPC were tested, but again a surface tension term had to be applied to obtain good
agreement with experimental scattering profiles and NMR SCD data. In an alternative approach, modifications to
the GAFF LJ parameters for the simulation of acyl chains were made to generate accurate and stable simulations of
pure lipid bilayers of DLPC, DMPC, DPPC, DOPC, POPC and POPE, yielding the GAFFlipid FF [140]. For all six
lipid types tested it achieved a higher level of agreement between simulation and experiment for numerous structural
properties, like AL, volume per lipid, bilayer thickness, order parameter, and head group hydration. Based on the
GAFFlipid parameters, the Lipid11 FF was updated yielding the current standard AMBER lipid FF, named Lipid14 [79],
which allows the simulation of a number of lipid without an additional surface tension term. Same as for C36, the
Lipid14 FF has been tested by simulating bilayers of six different lipid types (DLPC, DMPC, DPPC, DOPC, POPC,
and POPE) and no longer requires a surface tension to be applied for keeping the lipid area. Membrane properties,
such as AL, isothermal compressibility, bilayer thickness, and NMR SCD parameters, favorably agree with experiment,
reaching the same level of accuracy as C36. The only shortcoming is that SCD for the head group and order splitting
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for carbon-2 on the sn-2 chain were not tested. Lipid14, which works well with the tensionless NpT ensemble, can
be combined with the AMBER FFs for proteins, nucleic acids, carbohydrates [141], and small molecules, and was
extended to mixed membranes including cholesterol [142]. There is also an update to the Lipid17 FF for anionic head
groups and polyunsaturated acyl chains [143]; however, it has not been applied yet, leaving it open how well it performs.

Slipids. Around the same time when the C27r FF was updated to the C36 FF and based on the suggestions in these
papers [122, 124], a new AA-FF with name the Slipids (Stockholm lipids) for fully saturated phospholipids [144] and
monounsaturated lipids [80] was published, which was extended a year later to include the lipid head groups PG, PE,
PS and SM as well as cholesterol [81]. As starting point the recent C36 parameter set and following optimizations
performed: (1) The partial charges, LJ and torsion angle parameters of all lipid tails were updated by using high-level
ab initio calculations, whereas the parameters for covalent bonds and angles along with some of the torsion angle and
LJ parameters were used from C36. (2) The head group parameters were improved using QM calculations at a low
level of theory and the water dielectric constant readjusted using the TIP3P water model. (3) Scaling factors for the
LJ/Coulomb parameters for the 1–4 interactions were introduced, using a value of 0.5 between hydrogens of the lipid
carbon chain and varying values for the rest, which is based on the AMBER FF with scaling factor of 0.833. (4) The
RESP method [138, 139] was applied to determine the partial charges, as done for the AMBER parameters. For testing,
the resulting Slipids FF was applied to DLPC, DMPC, DPPC, POPC, SOPC, POPE, and DOPE bilayers [80, 144] as
well as to mixed membranes with cholesterol [81]. A good agreement to the experimental values of many membrane
observables, like AL, NMR order parameters and structure factors was obtained. The most important aspect is that the
parameters are able to reproduce structural properties of single and double component membranes without employing a
surface tension, therefore, it allows to study complex systems containing many different lipids and proteins in a fully
atomistic resolution in the NpT ensemble. Due to the parameterization close to the AMBER strategy, it is compatible
with the AMBER FFs for proteins, which was tested for a WALP23 peptide (modeled by three versions of the AMBER
protein FF) [80], and for drug-related compounds in combination with lipid bilayers [145, 146].

OPLS-AA The development of the OPLS-AA FF (Optimized Parameters for Liquid Simulations All Atom) by
Jorgensen et al. was mainly done for organic liquids to reproduce the experimental values for thermodynamic and
partitioning properties [147, 148]. Quite recently, lipids were parameterized [84] along with other biomolecules
[149–151] for this OPLS-AA FF. The partial charges were obtained with the similar route as followed for AMBER FFs
and the optimization of dihedral angles was accomplished as for the C36 lipid FF, using small molecules to represent
the PC lipid head groups. Only a single 200 ns MD simulation of a DPPC bilayer at 323 K was performed for the
parameterization that showed good agreement with experimental SCD and X-ray form factors [84]. Furthermore, the
inclusion of the dihedral optimization for the lipid head groups reproduced similar values as NMR for this region of
the lipid. Since then, the OPLS-AA FF was extended to lipids with chain unsaturation [152], cholesterol [153], ether
linkages [154], and PE [154]. However, further developments are necessary to obtain the lipid diversity available in
C36 and the AMBER FFs. There is also a OPLS-UA FF, which was initially developed for DMPC and resulted in good
agreement with the experimental value of AL at 303 K [82]. It was extended to cholesterol [83] and epicholesterol [155],
but lacks further lipids necessary to simulate more realistic biological membranes.

GROMOS. GROMOS (Groningen molecular simulation package) [87] uses the UA approach to represent each
non-polar CH, CH2 and CH3 group of hydrocarbons as a single particle, thus reaching an about threefold acceleration in
comparison to AA FFs. The main objective in the development of GROMOS FFs is the reproduction of thermodynamic
properties of model compounds (small molecules representing biomolecular fragments), like enthalpies and free
energies of solvation in polar and apolar environments. Therefore it became a popular choice for the simulation
of membrane proteins. GROMOS FFs applied for bilayer simulations can be split into two groups: (1) using the
original GROMOS non-bonded parameters (e.g. 45A3 [87], G53A [88], and G54A [156] parameter sets) and (2) the
Berger modification [85] (also called Berger lipid FF), in which the Ryckaert-Belleman potential was implemented
for describing torsion rotations of the hydrocarbon chains of lipids. Several studies with the 45A3 parameter set (e.g.
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DPPC) [87] and Berger lipids (e.g DOPC and DMPC) [118, 121, 157, 158] revealed that the GROMOS FF did not
properly reproduce a number of experimental properties, like the electron density profile, structure factor, and AL.
Moreover, with GROMOS FF, MD simulations cannot produce the proper gel phase of bilayers at temperatures below
the melting point [159]. Based on further ab-initio computations and fitting to thermodynamical data for liquid alkanes,
the 43A1-S3 parameter set [160] showed better results for AL than the previous versions and was updated to the G53A6
parameter set [88], which exhibited very good agreement with experimental membrane properties of DPPC bilayers
(AL and volume per lipid, electron density profiles, bilayer thickness and hydration, SCD of acyl chains). Furthermore,
it reproduces the structural and hydration values of common GPLs of varying length and degree of unsaturation of the
acyl chains (e.g. DLPC, DMPC, DOPC and POPC) in a liquid crystal phase [161]. In addition, the G53A6 parameter
set can be applied for the MD simulation of PC bilayers in the liquid-crystalline phase. The G53A6 FF was further
improved with the Kukol parameters [89] and the parameters by Piggot [90] (known as the CKP parameter set) for
saturated and unsaturated PC and PG lipids and later also for PG, PE, and CL [91]. Although it is known that the Berger
parameters are not the best choice for reproduction of experimental lipid properties, they are still used in many recent
papers in combination with older versions of the GROMOS FF or AMBER FFs. Finally, the last update is the G54A7
parameter set for a number of lipid types [92]. In addition to the G53A6 FF, the G54A7 parameters include bacterial
lipids with branched fatty acids in their lipid chains [162], with cyclo-propane moieties [163], as well as hopanoids and
sterols [164]. However, the number of different lipids that has been tested for this FF is rather limited.

2.1.4 Limitations of atomistic lipid force fields

In spite of great hardware and software developments, which facilitated MD simulations of large protein-membrane
systems on the microsecond time-scale and with atomistic resolution, the sampling of protein conformations can become
problematic due to high energy barriers separating the different protein states. Enhanced sampling techniques, such as
metadynamics or umbrella sampling may provide a means to overcome free energy barriers during MD sampling; they
are discussed in detail in chapter 4 of this book. However, these methods are not often applied on lipid bilayers, except
for surface tension replica exchange [165] adaptive biasing force [166] and metadynamics [167]. Another approach is
given by reducing the degrees of freedom that need to be sampled, leading to CG-FFs, which allow to simulate larger
systems for longer times compared to AA-MD simulations and are discussed in more detail in the next section. Before,
we briefly introduce the highly mobile membrane-mimetic (HMMM) model, which is not a CG model but nonetheless
accelerates lipid dynamics by modeling the acyl tails in the membrane center as a fluid organic solvent.

The HMMM model. At physiological temperatures, the lateral diffusion of lipids in a membrane is typically on the
order of 10−8 cm2 s-1, which can prevent the membrane association of peripheral proteins or spontaneous lipid mixing
to occur in AA-MD simulations given their typical time scale of hundreds of nanoseconds. It would require at least
orders of magnitude greater sampling to reach diffusive equilibration. A workaround to this problem was presented by
Ohkubo et al. with the development of the HMMM model [65], which uses an organic solvent layer to describe the
hydrophobic core of the membrane while maintaining an atomic description of the lipid head groups and shortened GPL
acyl tails. This leads to an acceleration of the lipid diffusion without sacrificing the atomistic level of detail for the head
groups, which are essential for protein-membrane interactions. In the HMMM model, the GPLs are truncated in the acyl
chains. The resulting space in the membrane core is then filled with an organic solvent, most often 1,1-dichloroethane
(DCLE) to reproduce the characteristics of the hydrophobic core of lipid bilayer (Fig. 5B, left panel).

In the original HMMM model study [65], the authors demonstrated the efficiency and robustness of their approach.
They uses the CHARMM36 General FF parameters [117] to perform the simulations. First, they demonstrated that the
HMMM model is indeed able to form and maintain bilayers. To this end, an initial biphasic solvent box, containing water
and DCLE was set up, and 54 divalerylphosphatidylserine (DVPS, 5:0, 5:0) molecules, which were chosen to present
the head groups and shortened acyl chains of PS lipids in this particular HMMM model, equally distributed in that box.
A fully formed bilayer formed within 20 ns of MD and was stable in the remainder of that 40 ns simulation. Comparison
to a DOPS (18:1,18:1) membrane simulated under the same conditions confirmed that the HMMM model was able to
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reproduce the atomic distribution of various chemical groups in the membrane, in particular in the head group region
that is often essential for protein binding. Furthermore, the extent of hydration and the degree of counterion penetration
was similar compared to the full-membrane system. As a second test, a set of five simulations were performed to
calculate the lateral diffusion constant of the lipids in the HMMM model and its dependence on different configurations.
The lateral diffusion constants of the DVPS molecules were found in the range of 10−5–10−6 cm2s-1, presenting an
increase of one to two orders of magnitude in comparison to the full-membrane system. This improvement enables
more efficient sampling of head group configurations, e.g. during the binding and insertion of peripheral proteins. To
test this, the authors employed the HMMM model for studying the membrane association of the coagulation Factor
VII GLA domain, which is involved in the membrane binding of different peripheral proteins. The GLA domain is
a common membrane-anchoring domain in coagulation proteins and predominantly binds to PS-rich regions of the
cellular membrane, resulting in an increase of the catalytic activity of these proteins. At the time of the original HMMM
model study, classical AA-MD simulations failed to reproduce the association of the GLA domain to membranes, while
this event was sampled within 50 ns of MD simulations using a PS-HMMM model [168].

Since its publication, the HMMM model has been applied to various of membrane-associated proteins, including
coagulation factor GLA domains [169], cytochrome P450 [170], and TM domains [171]. Furthermore, the free
energies from AA and CG simulations for the partitioning of amino acids into the interfacial membrane region could
be reproduced by the HMMM model [172]. The application of the HMMM model to study membrane association of
amyloid peptides [173, 174] is discussed in section 4.2.1 of this chapter. Despite its various successful applications, it
should be noted that the HMMM model also exhibits several limits. First, it cannot be applied for accurately representing
the energetics and processes at the membrane core because the behavior of DCLE significantly differs from that of
acyl chains in the lipid bilayer core [172, 175]. Second, simulations of TM proteins with the HMMM model are still
difficult as the DCLE solvent destabilizes multihelix TM domains in the core region [175]. Finally, it still remains to be
shown whether the HMMM model can also reproduce the characteristics of membranes involving other lipids, such as
sphingolipids and sterols.

2.2 Coarse-grained force fields for lipids

To fully understand membrane systems, it is desirable for MD simulations to be able to study relevant time scales,
which in practicality are beyond what most existing resources can currently handle at the atomistic level. For instance,
subcellular processes involving lipid bilayers such as domain formation, spontaneous lipid aggregation into full micellar
and vesicular structures, particle insertion, and other dynamical phenomena occurring at large time and length scales
require CG models [75, 176, 177].

In CG models, a certain number of atoms whose physical and chemical properties can be averaged to achieve the FF
design philosophy is chosen and treated as a single particle (Fig. 7A). This reduces the degrees of freedom, and thus
the computational effort for the integration of Newton’s equation of motion (Equation 2). With this, sampling larger
time scales becomes increasingly possible, while bigger lipid systems (both homogeneous and mixed) that are closer to
realistic biological membranes can be studied. CG-based MD simulations can more effectively sample conformational
landscapes of molecular systems, in effect because they transform the typically rugged energy landscape into a much
smoother surface; the level of smoothness depends on the degree of CG (Fig. 7B). The higher the degree of CG-level,
the smoother the energy landscape and the more efficiently different conformational and energy states can be simulated.
By using smooth potentials, most currently available CG models are able to employ integration steps much greater than
the 2 fs time steps commonly employed in all-atom simulations. For instance, in MD simulations using the MARTINI
FF time steps of 10–20 fs are typically used. However, this scale up in conformational sampling efficiency comes
with a cost: atomistic resolution is lost and so is information about properties deriving directly from individual atomic
constitution.
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CG-FFs stand between AA-FFs and continuum models with respect to the level of resolution, speed of sampling
the phase space, level of approximation, as well as properties that can be investigated. There is always a trade-off in
resolution associated with the different scales of simulation, from QM to AA- and CG-MD, and to continuum models.
The trade-off relates to different degrees of neglect in the explicit treatment of electronic (AA) and atomic properties
(CG), and in each case it is deliberately accommodated in order to achieve more extensive sampling of time- and
length-scales relevant to some biomolecular properties. And in the case of CG models of membrane systems, the
founding philosophy of a particular model dictates both resolution and extent of sampling. Each CG model represents
an attempt to address specific aspects of the membrane and it is important for the user to decide which CG model
has been designed to provide answers to the kind of research questions that are being asked. Parameter sets available
for most CG models are either the result of a top-down approach, a bottom-up approach, or a mix of both. In the
top-down approach, the goal is to develop FFs that can satisfactorily reproduce specific sets of experimental data. In the
bottom-up approach, the CG model employs building blocks capable of reproducing atomic level properties obtained
from AA-MD simulations or from experimental. It is also possible to mixed up both approaches. The developers of the
MARTINI FF adopted the bottom-up approach. MARTINI represents the currently most widely employed CG model
for studying membrane systems. Although originally designed in 2003 for lipids [178], this FF has since gone through
developments both vertically (improvement in parameters for studying the same class of system) and horizontally
(development of parameter sets for studying new system classes). The MARTINI FF has since been extended to most
major biomolecules like proteins [179], carbohydrates [24], and nucleic acids [180, 181]. Therefore, our focus in this
chapter is the MARTINI FF because of its wide extensibility to a range of other macromolecular systems.

[Insert Figure 7 here]

Figure 7: MARTINI mapping and elastic network approach for proteins.
(A) The AA-to-CG mapping underlying the MARTINI FF. Balls and sticks are used for the AA representation, while
the CG beads are shown as large spheres. Each bead merges four heavy atoms with the associated hydrogen atoms. The
mapping is exemplarily shown for DSPC lipid, a fragment of a protein chain, and a water molecule. (B) Comparison
between AA and CG energy landscapes. Coarse-graining smoothens the energy landscape, facilitating a more efficient
exploration of the energy landscape in an MD simulation. Figures A and B are reprinted with permission from Kmiecik
et al. [66]. Copyright 2016 American Chemical Society. (C) The AA-to-CG mapping for common lipids in MARTINI,
overlaid on the corresponding AA structures (hydrogen atoms are removed for clarity). The CG beads are displayed as
transparent vdW spheres. Figure C is reprinted with permission from Muller et al. [36]. Copyright 2019 American
Chemical Society. (D) Schematic representation of the dummy bonds (red) in the elastic network approach used in
MARTINI to keep the secondary structure of a protein (displayed with yellow CG beads) in its initial assignment. The
water beads ae shown as blue spheres, while the membrane bilayer is not shown for clarity. Figure D is reprinted with
permission from Goossens et al. [101]. Copyright 2018 American Chemical Society.

2.2.1 The MARTINI CG model

The all-atom to coarse-grained mapping. One of the implications of coarse-graining is the replacement of the
atomic representation with few pseudo-particles (called beads) and pseudo-bonds. The MARTINI model generally
employs a mapping scheme that represents four atoms with one CG bead; there are some special situations that require
the assignment of fewer atoms to a bead. The speed up achievable with the MARTINI model is immediately apparent if
one considers the implication of the reduced degree of freedom. In AA-FFs, atom types are required to more accurately
describe different chemical environments (see chapter 1 and also section 2.1 of this chapter). For instance, in the
GROMOS53A6 UA-FF, the seventeen atoms commonly encountered in biomolecular systems have specially defined
parameter sets. Carbon, oxygen, nitrogen, and hydrogen have 15, 9, 7, and 3 atom type definitions, respectively; in
total, there are 53 atom types for all seventeen atoms. This directly leads to 53!/(2! · (53− 2)!) = 1378 combinations
of non-bonded atom type pairs. By mapping four heavy atoms into one CG bead, the MARTINI FF in its current
implementation (version 2.2) has four essential bead types which are apolar bead C (modeling hydrophobic groups like
butane), polar bead P (for modeling groups that are readily soluble in water such as ethylene glycol), non-polar bead N
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(for modeling groups which are partly polar and partly apolar like propyl alcohol), and charged bead Q (for modeling
explicitly charged groups like ammonium). A greater resolution is achieved by having subtypes for each of the four
bead types: P1-5 and C1-5 represent increasing level of polar and apolar features, respectively, while Qd/Nd, Qa/Na,
Qda/Nda, and Q0/N0 describe the hydrogen bonding (HB) ability of charged and non-polar beads based on whether
they are HB donor (d), HB acceptor (a), HB donor and acceptor (da), or unable to participate in HB formation (0). In
total, 18 distinct types of CG beads are natively available in the MARTINI FF translating to 18!/(2! · (18− 2)!) = 153

possible combinations of non-bonded bead pairs.

To correctly treat certain chemical groups, MARTINI employs special beads that are parametrically different from
the eighteen bead types. First, smaller beads are required to correctly model structural peculiarities, especially in ring
systems where two or three atoms are mapped to one CG bead. Such beads are distinguishable in the topology by
having an S prefix (e.g. SP for a small polar bead) with the LJ parameters scaled down. The normal MARTINI CG
beads employ a vdW radius of σ = 0.47 nm (see Eq. 4), while a value scaled down by 91.5% is employed for the S
beads, but only when computing interactions with another bead of the S subtype. Similarly, the ε value (corresponding
to the LJ well depth and binding energy between two atoms/beads, see Eq. 4) associated with the main bead types is
scaled by 0.75 when computing the interaction between two small beads. Second, specially big antifreeze particles,
called BP4, with their vdW radius scaled up to σ = 0.57 nm and to ε = 5.6 kJ/mol for all interactions with P4 beads of the
MARTINI CG water model were introduced. The large particle size of the BP4 beads as well as the strong interaction
with water beads disrupt the otherwise neatly ordered lattice packing of the similarly sized water beads, which in earlier
MARTINI version caused the water to freezing at temperatures higher than the freezing point of real water [64].

The detailed presentation of the few bead types illustrates the basis of simulation speedup and improved sampling of
the phase space achievable with a CG model like the MARTINI FF. Improved efficiency is obtained in many more ways,
including simplified representation of bond types and the use of a uniform bead mass of 72 amu (equivalent to the mass
of four water molecules). AA-FFs often use different force constants, equilibrium bond lengths and angles for treating
bonded potentials (section 2.1). Instead, the MARTINI FF uses a 1.25× 103 kJ mol-1 nm-2 harmonic force constant and
a 0.47 nm equilibrium length for its pseudo-bonds. However, the FF retains the flexibility of tuning both force constant
and equilibrium distance in cases, where more accurate description of molecular topology is desired. A particularly
large increase in computational efficiency is achieved by the use of short range potentials. The potential energy function
employed by the MARTINI model closely mirrors the generally adopted expression in most AA-FFs (the full potential
energy function is presented in Eq. 3 and 4), i.e. the vdW interaction is modeled using the LJ 12/6 potential and
electrostatic interactions are modeled with the Coulombic function. Beads i and j are separated by a distance rij , εij is
the LJ well depth and binding energy between beads i and j. The LJ interaction strength is discretized into ten energy
levels (0 to IX) parameterized to reproduce oil/water partition constants and varying from a most attractive ε = 5.6 kJ/mol
inter-particle binding energy to the least attractive ε= 2.0 kJ/mol as it may occur for a charged bead interacting with a
strongly apolar bead [64]. The LJ parameter σij is the vdW radius of the bead using 0.47 nm as the default. Special
cases, involving aromatic rings require the use of CG beads with smaller bead radius, that is the S bead discussed above.
Together, these result in a distance-dependent accounting of the LJ energy, which is continuously shifted in a way that
it becomes zero at 1.1 nm cutoff. It should be noted that in MARTINI dipolar interactions, involving partial charges,
are adequately captured by the LJ interaction matrix just explained, such that only the interactions involving explicitly
charged beads of the Q type (with charges qi and qj) are modeled with a Coulombic expression. In order to correct the
increase in hydration strength resulting from some of the recently introduced bead types, the dielectric constant in the
latest version of the MARTINI FF was reduced from εr = 20 employed in the 2003 model [63] to εr = 15 [64]. The
Coulombic interactions are similarly screened to zero at 1.1 nm cutoff as done for the LJ potential.

CG mapping of lipids. Currently, the MARTINI FF provides parameter sets for different classes of lipids, which
cumulated to over ∼214 lipid models available at the MARTINI website [182]. The major classes of lipids include
mainstream phospholipids, like PC, PE, PS, PG, PA and PI, glycerols, lysophosphatidylcholine, SM, ceramides,
glycosphingolipids, glycoglycerolipids, sterols, surfactants and fatty acids. Models for other smaller lipid classes like
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cardiolipin, bolalipid, and lipopolysaccharide are also provided. Using the CG mapping protocol discussed above
and the DPPC lipid (dipalmitoylphosphatidylcholine) as an example, we have illustrated in Figure 7 the CG mapping
scheme presented in reference [183].

As earlier discussed, the structure of most lipids is traditionally divided into a head group which is usually charged or
polar, and one or more aliphatic tail groups. The differences among the thousands of lipids in existence essentially
derive from the structural differences in the head groups and aliphatic tails. The head group of DPPC consists of
a positively charged choline (N+(CH3)3), which in the MARTINI FF is modeled with a Q0 bead (charged without
forming HB), and a negatively charged phosphate (PO4)− group modeled as Qa (charged and acting as HB acceptor).
With these assignments, the charged state and the hydrogen bonding property of the lipid head group are appropriately
captured (the charge of each bead needs to be explicitly specified in the topology parameter file). The two uncharged
C16-aliphatic chains (palmitic acid) are each represented with four C1 beads, which are hydrophobic and with the
least possible polarity. There are certain instances, however, where the chemistry of the compound demands some
degree of uneven distribution in the CG mapping. In such a situation, the exact choice of mapping will ultimately
depend on the user but importantly also on the property to be investigated. In a case where the the lipid aliphatic
tails contain uneven number of carbon atoms, e.g. for a C15 saturated system, there is the additional need to maintain
molecular symmetry in the mapping. For instance, using -C1(3)-C1(4)-C1(4)-C1(4) bead (number of atoms per bead in
parentheses) mapping for the sn-1 tail and -C1(4)-C1(3)-C1(4)-C1(4) mapping for the sn-2 tail would introduce some
level of dissymmetry in the two tails [64]. The charged PC head group and the hydrophobic lipid tail region are linked
together by a glycerol backbone, which forms an ester bond with each aliphatic tail (Fig. 2(A) and 7(A)). This glyceryl
ester bridge is represented with a non-polar HB acceptor Na bead for each of two the hydrophobic tails. Qualitatively,
this representation suffices since the otherwise electronic (polar and HB) property has been coarse-grained into the Na

linker bead. This is especially appropriate since the standard bond length has been reduced to 0.37 nm for this particular
bead in an attempt to capture its peculiarities [64]. However, if it is desirable to more explicitly reflect the polarity of the
C1 bead proximal to the polar linker bead, it is possible to tune MARTINI parameters to capture the specific property of
interest.

Because of its versatility and acceptable accuracy at reproducing experimental and atomistic MD data, the MARTINI
model has rapidly grown to become the most popular CG lipid FF that has been extended to many biomolecular
and polymer systems. This was achieved in spite of its simplicity in the treatment of chemical systems and the
unavoidable loss of atomic resolution [63, 64, 178]. By reducing the degrees of freedom in a physicochemically
meaningful manner and, by adopting a bottom-up parameterization approach focused on reproducing experimental
thermodynamic properties, the FF has been able to achieve a good degree of transferability to non-lipid biological
systems, for which it was not originally designed. Good concordance with experimental data was obtained in the values
of the partition free energy with various solvent systems as presented in Table 3 reproduced from reference [64]. In
most cases, agreement between the MARTINI model (computed from the density distribution for the MARTINI model)
was obtained within 1 kBT of experimental partition free energy values, and in some cases within 2 kBT (Boltzmann
constant: kB = 1.381·10-23 m2 kg s-2 K-1; Temperature: T = 293 K). A consequence of modeling non-bonded interaction
with the LJ 12/6 potential is an overestimation of vaporization and hydration free energies, which was also observed
for the MARTINI FF. This was shown to result in the underestimation of the water/vapor tension, especially in tested
systems containing 1600 CG beads. Nevertheless, this is not of great concern as long as it is employed in studying
condensed phases, where events are mostly governed by the partition free energies, which were correctly reproduced by
the MARTINI FF. And of course, properties dependent on the degrees of freedom approximated out by the MARTINI
FF cannot be directly investigated, expect by coupling to a multiscale modeling procedure. This is exemplified by the
relative insensitivity at reproducing thermodynamic data for 1-propanol and 2-propranol [64] in Table 3.

The MARTINI FF described here refers to version 2.2. Since 2018, the beta version of MARTINI 3 is available,
which contains topologies for over 120 lipids, includes new beads types, and revised parameters for some of the existing
bead types. However, the MARTINI 2.2 lipid parameters are mostly unaffected by the transformation to version 3; rather
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Table 3: Predicted versus experimental thermodynamics data (in bracket). Data are shown for free energies of
vaporization (∆Gvap), hydration (∆Ghyd (exp.)), and partitioning in hexadecane/water (∆GH/W ), chloroform/water
(∆GC/W ), ether/water (∆GE/W ) and octanol/water (∆GO/W ) binary mixtures for different studied building blocks
modeling different bead types. Extended data available in reference [64] from which the data was sourced.

Bead type Sample fragment ∆Gvap ∆Ghyd ∆GH/W ∆GC/W ∆GE/W ∆GO/W

C1 butane -10 (-11b) 14 (9) 18 (18) 18 (NA) 14 (NA) 17 (16)
C2 propane -10 (gas) 10 (8) 16 (NA) 15 (NA) 14 (NA) 16 (14)
C3 1-chloropropane -10 (16) 5 (-1) 13 (12) 13 13 14 (12)
C4 2-butyne -10 (-15) 5 (-1) 9 (NA) 13 13 9 (9)
C5 methyl ethyl sulfide -10 (-17) 1 (-6) 5 (7) 10 (NA) 10 (NA) 6 (9)
N0 methoxyethane -10 (-13) -2 (-8) -2 (1) 6 (NA) 6 (3) 5 (3)
Na 2-propanone -13 (-17) -9 (-16) -7 (-6) 0 (1) 2 (-1) 3 (-1)
Nd 2-propylamine -13 (-17) -9 (-18) -7 (-6) 0 (1) 2 (-3) 3 (3)
Nda 1-butanol -16 (-25) -9 (-20) -7 (-5) 0 (2) 2 (4) 3 (4)
P1 1-propanol -16 (-23) -14 (-21) -11 (-9) -2 (2) 1 (0) -1 (1)
P1 2-propanol -16 (-22) -14 (-20) -11 (-9) -2 (2) 1 (-1) -1 (0)
P2 Ethanol -16 (-22) -14 (-21) -17 (-13) -2 (-5) 1 (-3) -2 (-2)
P3 Acetic acid -18 (-31) -18 (-29) -21 (-19) -10 (-9) -6 (-2) -7 (-1)
P4 Water -18 (-27) -18 (-27) -23 (-25) 14 (NA) -7 (-10) -9 (-8)
P5 Acetamide sol (sol) -25 (-40) -28 (-27) -18 (-20) -13 (-15) -10 (8)

Q0/Qa/Qd/Qda Choline – -25 (NA) -30 (<30) -18 (NA) 13 (NA) -18 (NA)

the parameterization of the protein beads was revised as the protein-protein interactions are generally too attractive in
MARTINI 2.2 [184].

2.2.2 Other lipid CG models

Some of the other popular CG-FFs available for simulation of membrane lipids include the SDK (named after its
developers Shinoda-DeVane-Klein) FF [94], later extended as SPICA FF [185], the ELBA (stands for electrostatic-
based) FF [186], the SIRAH FF [187], and the UNRES FF [188] (see also chapter 2 of this book). The SDK CG lipid
FF was originally developed for the study of surfactants and zwitterionic lipids [94]. Developed by Shinoda, DeVane,
and Klein in 2010, it represents an extension of an earlier CG-FF by the same authors dedicated to the simulation of
polyethylene glycol surfactants [93] and has been shown to reliably reproduce water/lipid interfacial tension. The ELBA
FF was developed by Orsi and Essex and it employs two interdependent properties, explicitly modeled electrostatics
and water molecules with single-point dipoles [186]. The SIRAH FF is another commonly employed CG-FF with
parameters for a range of different molecules, including lipids, proteins and nucleic acids. The SIRAH FF is based
on a top-down philosophy that aims to correctly reproduce lipid thickness and area per lipid among other membrane
properties [187].

2.3 Which lipid FF to chose for a simulation?

Choosing the right FF for the protein-membrane system to some extent depends on the availability of the right parameters
for the desired lipids. The C36-AA, UA, GROMOS and MARTINI FF contain the largest variety of lipids as can be
seen in Table 4. Here, GROMOS currently has no FF parameters for chains with cyclic moieties, which are important
in certain bacterial membranes, but GROMOS is able to simulate the same diversity of lipids as compared to C36-AA.
Only parameters for ether lipids and lipid chains in bacteria are missing in the MARTINI FF, whereas Slipids and
Lipid14 lack the variety of lipids. With the head group as AA, the C36-UA-FF would be similar to the C36-AA,
however, it exhibits inaccuracies and can currently not be recommended for lipids other than PC and PE [98]. In
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general, the SDK FF could be an alternative to the MARTINI CG-FF, however, has currently limited number of lipid
and surfactant molecules.

Table 4: Lipid parameters availability in the different FFs. The green ticks mean that all lipids of that group are
available, orange indicates that only some of these lipids are parameterized, and a red cross shows that none of the
lipids in question are parameterized in this FF.

Lipids C36FF Slipids lipid14 GROMOS C36-UA MARTINI

PC/PE
√ √ √ √ √ √

PG/PS/PA
√

PG/PS ×
√

×
√

PI/PIs
√

× ×
√

×
√

SM/Cer
√

SM ×
√

×
√

Sterols
√

CHOL CHOL
√

×
√

Othersa √
PUFAs ×

√
×

√

a Here, the less common lipids are summarized: CL, ether lipids, glycolipids, LPS, fatty acid, surfactants and PUFAs. If a red cross
in this column, only the saturated and monounsaturated tails are available for the mentioned lipids.
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3 MD simulation setup and analysis of membrane-protein systems

Biological membranes are complex and consist of different species of lipids, proteins and sugars. Recent developments
in the field have enabled researchers to gain insights into the structure and function of biological membrane systems at
atomistic resolution. In the following sections, we first present programs and tools that are available to build protein-
membrane systems and prepare the input for corresponding MD simulations. Finally, we briefly discuss different tools
for analyzing membrane properties from membrane-protein MD simulations.

3.1 CHARMM-GUI

To build initial protein-membrane systems for MD simulations in atomistic and CG resolution, the web-based and
user-friendly CHARMM-GUI server [128], developed by Im’s group (http://www.charmm-gui.org/), has become
widely popular over the last ten years since the project started in 2006 [189,190]. Currently, there are 434 different lipids
available for the selection as a membrane component: GPLs, sterols, CLs, PUFAs, SM, detergents, ether-linked GPLs,
fatty acids, LPS and glycolipids. There is the possibility to prepare both single- and multi-component membranes,
including the option of varying lipid concentration between the two leaflets. Moreover, the files that are generated by
CHARMM-GUI are compatible with several MD engine programs [166, 190, 191], including GROMACS [192, 193],
AMBER [194], NAMD [195], GENESIS [196], OpenMM [197], CHARMM/OpenMM [198], LAMMPS [199] and
Desmond [200]. Several builder and maker programs to create protein-membrane, protein-ligand and protein-protein
systems were developed within CHARMM-GUI. Here, we concentrate on setting up protein-membrane MD simulations
via the Membrane Builder and MARTINI Maker. Membrane Builder offers different options to generate bilayers,
monolayers, nanodics, hexagonal phases and micelles with and without protein, as discussed in more detail below. At
this stage, the force field parameters of CHARMM36 or CHARMM36m have to selected, which can be converted for
use with several MD engines, including the change to another FF when running the MD simulations as explained in
section 3.2). To get further information about CHARMM-GUI, visit the http://www.charmm-gui.org/ website or
consider this review [190]. All the lipid and protein files for the different CHARMM FFs can be downloaded from the
MacKerell lab homepage (http://mackerell.umaryland.edu/charmm_ff.shtml#gromacs).

PDB loader and manipulator. Membrane Builder provides a PDB loader, which at the starting step imports a protein
structure from either the OPM [45] database or the RCBS PDB [43, 44]. In the next step, the user can decide to use
the whole or only part(s) of the loaded protein, for instance, only a certain chain or certain residues of each available
chain. Furthermore, the protein structure can be modified by the PDB manipulator to introduce cap groups, mutations,
disulfide bridges, unnatural amino acids, or post-translational modifications, including glycosylation, lipidation for a
lipid anchor, phosphorylation, or attachment of a GPI-anchor. Additionally, the protonation state of each residue can
be defined or missing residues can be added. Afterwards, the orientation of the protein in or on the membrane can be
defined by the user if one does not want to use the pre-oriented protein coordinates provided by OPM. Several options,
like protein flipping, translation along the z-axis, or rotation in the xy-plane are available. The Position of Proteins in
Membrane (PPM) server may be of help here, as it calculates rotational and translational positions of transmembrane
and peripheral proteins in membranes [201]. It is thus possible to place the protein in or on the membrane, or with a
defined distance away from the membrane. At each step, the user can check the conformation of the protein and its
position relative to the membrane. The next step is then to build the envisaged membrane type with the desired lipid
composition.

Mono- and Bilayer Builder. Mono- and bilayer membranes can be built with CHARMM-GUI, where one can choose
from 434 lipids that are currently available for creating realistic membranes. Next, the user can decide on the size of the
membrane and the ratio of the chosen lipids in each leaflet. The desired protein can then be inserted into the membrane
system, which will be done by a replacement or an insertion algorithm. In the last step, the user can choose the FF
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(CHARMM36m, CHARMM36, and most recently also AMBER lipid17), the MD software engine for which the input
files shall be generated, and the MD parameters like temperature and ensemble.

Nanodisc Builder. In many biophysical and biochemical studies, nanodiscs are used for studying membrane proteins
in solution and are often better biological membrane mimics than micelles, liposomes, or bicelles. Nanodisc are
stabilized by surrounding membrane scaffolding proteins (MSPs) to build a discoidal lipid bilayer. Most of the MSPs
are derived from the apolipoprotein A-1 (apo A-1) with the long helical structure as it generates the discoidal shape
of high-density lipoprotein (HDL), which is involved in cholesterol transport from the artery walls to the liver for
degradation. In CHARMM-GUI, the Nanodisc Builder allows to create nanodisc systems involving proteins, which can
also be insert into the nanodisc. Depending on the size of the nanodisc, users can choose from twelve different MSPs,
which are able to modulate the size of the nanodisc and includes a double-belt model for placing the MSP molecule
around the nanodisc. For more details about MD simulation of nanodiscs the reader is referred to references [202, 203].

Micelle and Hex Phase Builder. In CHARMM-GUI, it is also possible to build micelles with the option to choose
from more than 20 detergents and to insert proteins into the micelles [204]. The effects of detergents on protein structure
are poorly understand. MD simulations of protein-micelle systems can help to elucidate the behavior of membrane
proteins in certain detergents [204]. Similarly, the Hex Phase Builder can be used to assemble lipids in the hexagonal
phase state, in which the polar head groups are located inside and form a water environment in the inverted micelle
(Fig. 3C). This state can occur at high temperatures or low water concentration and has been applied in biophysical
experiments and MD simulations to obtain information on lipids at high curvature [205–207]. Protein and/or interstitial
alkane can be added to the system and all lipids are available for building this phase.

HMMM Builder. CHARMM-GUI provides the possibility to build membrane systems with the HMMM model
[65, 208], in which the lipid tails are replaced by small organic molecules, e.g. 1,1-dichloroethane (DCLE). This results
in acceleration of lipid diffusion inside the membrane by 1–2 orders of magnitude. All available lipids are supported
and it can also be chosen at which carbon position the acyl chains will be cut. There is also the possibility to convert the
HMMM model back to the full-length lipid system.

MARTINI Builder. Different CG models exist that allow to simulate large protein-membrane systems. One of them
is MARTINI [209], which is also available in CHARMM-GUI. MARTINI Builder enables the user to build solution,
micelle, nanodisc, bilayer, and vesicle systems and also systems with randomly distributed detergent or lipid molecules
for subsequent MD simulations with MARTINI. Furthermore, LPS are available and have been successfully applied
with MARTINI Builder to model realistic bacterial outer membranes [210]. In CHARMM-GUI, the standard MARTINI
version [63, 64, 179], MARTINI with polarizable water [211, 212], Dry Martini [213], and ElNeDyn [214] that applies
an elastic network to the proteins are supported. However, the generated MD input files are only compatible with the
latest GROMACS software [192]. The conversion from the CG MARTINI presentation to the AA level is available in
CHARMM-GUI via the backward.py script [215].

3.2 Setting up membrane-protein system with other programs

The CHARMM-GUI server facilitates setting up different kind of systems, but there are certain limitations. The choice
of FF is mainly limited to the CHARMM FF. Chemical modifications of proteins or lipids are restricted to the options
available in the server and it is not possible to insert several proteins or drug molecules into a membrane at the same
time at varying depth. Recently, the server has been updated to provide AMBER FF files for simulations. To overcome
the limitations with the CHARMM-GUI sever, we discuss here the set up of membrane-protein systems for other
commonly used force fields.

Simulations with AMBER. Here, users can make use of CHARMM-GUI to build the initial membrane-protein
system. For lipids, simply using Slipids FF files [80, 81, 144] is sufficient since it follows the same atom naming
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as CHARMM C36FF. For proteins, processing the protein PDB file (pdb2gmx tool in GROMACS) with the desired
AMBER protein FF should work. CHARMM-GUI and PACKMOL-Memgen [216] can be used to generate PDB
files compatible with AMBER Lipid17. Many structures, topology and pre-equilibrated mono- and multi-component
membrane patches for Slipids can be downloaded at: http://www.fos.su.se/~sasha/SLipids/Downloads.html

Simulations with OPLS-AA. There is no freely available tool for setting up membrane-protein systems with OPLS-
AA. Also, the atom naming does not follow that of CHARMM C36 lipids or AMBER Slipids, suggesting that converting
a CHARMM-GUI output to OPLS-AA is more involved. Instead, the setup of a membrane-protein system can be done
in two steps. First, tools such as MemGen [217] and PACKMOL [218] can be used to build the pure-lipid membrane
from a PDB file of a single lipid. Second, the protein can be positioned above the membrane surface using VMD [219]
or using the GROMACS tool editconf. For TM proteins, the protein may be embedded inside the membrane using
VMD, mdrun_hole [220], InflateGRO [221], InflateGRO2 [222], or g_membed [223]. However, these tools remove
lipids overlapping with the protein, which is problematic when preparing multi-component systems with varying
concentrations. Addressing the problem, Javanainen et al. [224] developed a universal protocol to insert proteins of
various topology inside the membrane without having to remove the lipids. The method is independent of any FF and
works by applying high lateral pressure. Thus, for simulations with OPLS-AA a combination of either MemGen [217]
and PACKMOL [223] for building the initial membrane patch along with the method developed by Javanainen et
al. [224] is probably the most efficient way for setting up a membrane-protein system. Topologies, structures and
parameter files for OPLS-AA can be obtained from Kulig et al. [152, 153]

Simulations with GROMOS. The GROMOS united atom membrane patch can be prepared using MemGen [217],
PACKMOL [223], MemBuilder [225] tools or by downloading pre-equilibrated bilayer patches. The MemBuilder [225]
tool already includes structure and topology files for few selected lipids. With the method by Javanainen et
al. [224], the protein can be placed into the membrane. If the protein has to be positioned above the membrane
surface, either VMD [219] or the editconf tool of GROMACS can be used. Structures, topologies and membrane
patches can be downloaded from Peter Tieleman’s webpage (http://wcm.ucalgary.ca/tieleman/downloads),
Jochen Hub’s webpage (https://biophys.uni-saarland.de/downloads.html), Mikko Karttunen’s web-
page (https://www.softsimu.net/downloads.shtml), Andreas Kukol webpage (https://sites.google.
com/site/bioherts/home/lipid-topologies), Roland Feller’s webpage (https://research.engineering.
ucdavis.edu/multiscale/downloads/), and those uploaded on the GROMACS website (http://www.gromacs.
org/Downloads/User_contributions/Molecule_topologies. Cholesterol-containing membrane structures are
available at Jochen Hub’s website at https://biophys.uni-saarland.de/downloads.html.

Simulations with MARTINI. The developers of MARTINI (http://cgmartini.nl/) also provide scripts to build
protein-membrane systems, along with tutorials for the different applications to set up the desired systems and how to
map new molecules from atomistic to CG resolution. Here, we briefly describe the possibilities of building membrane-
protein systems with certain scripts. First, the Python script martinize.py automatically converts a PDB file of proteins,
DNA or RNA from the AA to the CG model, where the user can decide to use standard MARTINI model for proteins, the
elastic network model, or the ElNeDyn method. The elastic network ElNeDyn [214] maintains the overall conformation
of a protein and limits the capability of changing the tertiary structure (Fig. 7D). Moreover, there is the possibility to
change the protonation state of the histidines and to define disulfide bridges. Second, the Python script insane.py [226]
enables the user to setup homogeneous and heterogeneous membranes with the possibility to place and rotate the protein
molecules above or on the membrane or move them inside.

Glycosylation. Proteins undergo several post-translational modifications, such as covalent linkage of N- and O-bound
glycans to proteins [227–229]. Similarly, many cell membranes contain glycolipids, which are decorated with sugar
head groups, e.g., gangliosides. The software doGlycans [230] can be used to glycosylate proteins, or set up glycolipids
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and cellulose structures. The tool is user friendly and provides files compatible for use with OPLS-AA, AMBER and
CHARMM. CHARMM-GUI also enables users to add glycans to the proteins during system setup [231].

3.3 MD simulation software packages

Numerous MD software packages have been developed by different research groups, whereby the most popular MD
programs are summarized in Table 5. They differ in the availability of implemented algorithms, e.g. for the integration
of Newton’s equations of motions (see Equation 2), the available thermostats and barostats, in their computational
performance, in their support of various FFs, and in their availability of analysis tools. In GROMACS and NAMD,
one can choose from a wide range of standard and custom FFs (e.g all kinds of CHARMM, OPLS-AA, and AMBER
FFs), whereas the MD engines CHARMM and AMBER only support their own FFs. Furthermore, some MD software
packages are not freely available, such as AMBER for performing MD simulations but the corresponding analyzing
package AmberTools [232] is freely available for academic purpose. Finally, the user has to consider which analysis
tools are provided by the MD programs. For example, GROMACS has the big advantage that it comes with huge
and diverse set of analysis tools, covering both analyses of protein and membrane properties, which can be easily
modified and redistributed if a given tool should not exactly exhibit the required functionality. NAMD is implemented
in VMD [219], which provides powerful visualization capabilities, a graphical user interface (GUI), dynamic atom
selections, and allows the reading of multiple file formats, including those obtained by all common MD packages.

Table 5: Common MD software packages. CLI means that the program is based on the command line, while the
programs with GUI provides a graphical interface for the users.

Software Interface License Website

AMBER [194] CLI Proprietary https://ambermd.org/

CHARMM [191] CLI and GUI Proprietary https://www.charmm.org

Desmond [200] GUI Academic https://www.deshawresearch.com/resources_desmond.html

GROMACS [192] CLI Open-source http://www.gromacs.org/

NAMD [195] GUI Academic https://www.ks.uiuc.edu/Research/namd/

LAMMPS [199] CLI Open-source https://lammps.sandia.gov/

3.4 Analysis tools for studying protein-membrane systems

Visualization and plotting tools. The most important output file obtained from an MD simulation is the trajectory
file (GROMACS: .xtc/.trr, CHARMM/NAMD: .dcd, AMBER: .netcdf ) which contains the coordinates of the atoms as
a function of time. Trajectory files can be converted between formats using the MDTraj tool [233]. Programs such
as VMD [219], PyMOL [234] and Chimera [235] visualize trajectories and provide options for measuring important
biomolecular properties. In addition, numerical output files from various analyses can be plotted, for example using
Xmgrace, Matlab [236], and GnuPlot [237].

Analysis tools. The MD simulations packages are already preloaded with several analysis tools, which can be used to
analyze the structure and dynamics of the system. Here, we list several analysis software packages, which are widely used
to characterize membrane-protein systems. The LOOS tool [238] supports dynamic atom selection and is compatible
with many MD simulation software packages. The g_lomepro tool [239] measures local changes of membrane properties
due to protein interaction and it is compatible with GROMACS files. GridMAT-MD [240] analyzes membrane-protein
properties on a 2D grid and reads GROMACS format files. The Membrainy tool [241] easily determines several
membrane properties, such as the fraction of the gel phase or the selection of annular lipids. Membrainy is compatible
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with GROMACS files and reads CHARMM36, Berger/GROMOS87, and MARTINI v2.0 FF files. The MEMBPLUGIN
tool [242] works in combination with VMD. This tool measures membrane properties and accepts input files from all
FFs and MD packages. The APL@Voro tool [103] calculates membrane properties based on Voronoi tessellation and is
compatible with GROMACS format file. FATSLiM [243] computes properties of both planar and curved membranes
and is compatible with GROMACS files. Several tools for analyzing membrane trajectories in GROMACS format are
available at Luca Monticelli’s website [244] (https://perso.ibcp.fr/luca.monticelli/tools/index.html)
to analyze membrane trajectories. In addition, MDAnalysis [245] and MDTraj [233] libraries also include features for
analyzing membrane-protein systems.
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4 Case studies for protein-membrane systems

4.1 Atomistic simulations of integral membrane proteins

4.1.1 G-protein-coupled receptors

G-protein-coupled receptors (GPCRs) form the largest family of cell surface membrane proteins and all share a multi-
pass seven-transmembrane helix (TMH) topology [246]. The activation of GPCRs occurs by extracellular binding of a
ligand, which triggers a conformational change in the receptor structure, leading to dissociation of a receptor-bound
heterotrimeric G protein subunit (Gα and Gβγ). The dissociated subunits interact with intracellular substrates to
resume the signal transduction cascade. After dissociation of the G protein, the receptor is available to bind to another
heterotrimeric G protein, thereby continuing the signal transduction [246]. Due to their role in several physiological
processes, these receptors are major targets for ∼35% of the currently approved drugs refer to those available in the
market [247]. Thus, understanding how GPCRs function at atomistic level is essential for therapeutic intervention.

Recent technical advances have enabled structural biologists to solve structures of several GPCRs, which in turn has
provided a wealth of information on ligand binding pockets, on key residues stabilizing the ligand-receptor interactions,
and on functionally important conformational changes of GPRCs, such as the rotation and movement of helices during
activation. However, GPCRs are embedded in lipid environment and our understanding on how phospholipids and
sterols, which form the major components of cell membrane, modulate the receptor function is still limited. Therefore,
insights into the lipid species interacting with the GPCRs is relevant to further understand the GPCRs activation
mechanisms. Among the membrane components, the role of cholesterol in GPCR function has been intensively
investigated [248]. In vivo studies have indicated cholesterol to be an important modulator of GPCR activity and several
functions are attributed to cholesterol in regulating GPCR functions, such as ordering of lipid membrane, stability
and oligomerization of receptor and in binding of ligands [249–252]. In addition, cholesterol is also required for
crystallization of GPCRs [38,253]. Furthermore, GPCR structures have been resolved with cholesterol and its analogues
bound to the receptor, indicating direct interactions with the receptor.

Rhodopsin is one of the best-studied GPCRs. Its interaction with lipids containing PE head group, polyunsaturated
acyl chain (docosahexaenoic acid (DHA(22:6))), and with cholesterol is known to trigger visual processes [254]. To
complement experimental findings and to gain further insights into the interactions between GPCRs and lipids, MD
simulations of various GPCRs embedded in lipid membrane have been carried out, including β1 and β2-adrenergic
receptors [255, 256], serotonin 1A and 2A receptors [257, 258], cannabinoid 2 receptor [259], rhodopsin [260], A2A
adenosine receptor [261, 262], δ opioid receptor [263], sphingosine 1-phosphate receptor [264], opsin receptor [265]
and dopamine D2 receptor [266]. Here, we will discuss key findings obtained from atomistic MD simulations for few
selected GPCRs.

β2-adrenergic receptor (β2AR). The human β2AR is primarily expressed in pulmonary, skeletal and cardiac
muscles. It is a major drug target for treatment of asthma, respiratory diseases and heart failure. Recent structural and
biochemical studies suggest that the receptor exists in multiple conformations and that binding of cholesterol affects
the conformation and signaling. Cholesterol could induce its effect either by altering the membrane properties or by
direct specific interactions with the receptor. Although structures solved with cholesterol bound to β2AR indicate
the availability of specific cholesterol binding sites on the receptor, the mechanism explaining the modulatory role of
cholesterol is still unknown. To clarify the effect of cholesterol on β2AR, Manna et al., [255] performed extensive
atomistic MD simulations (>100µs) of β2AR embedded in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/CHOL
membrane, with cholesterol concentration ranging from 0 to 40 mol%. In addition, simulations were also carried
out using the cholesterol analogue cholesteryl hemisuccinate, since it is commonly used in experiments to mimic
cholesterol. This study reported two binding sites on the intracellular side (IC1 and IC2) and one binding site on
the extracellular side (EC1) for cholesterol (Fig. 8A,B). Binding at IC1/EC1 sites are supported by with the crystal
structures [38, 253, 267], however, the relevance of the additional binding at site IC2 has to be experimentally validated.
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Cholesteryl hemisuccinate also binds to β2AR at the same sites as cholesterol, but the binding is weaker in comparison
to cholesterol. The study also shows that in the absence of cholesterol, β2AR adopts multiple conformations, whereas
with cholesterol concentration >10 mol% the structural flexibility of β2AR is reduced to one single conformation. These
studies conclude that the modulatory effect of cholesterol functions via specific interactions with the receptor and not
via modulating the mechanical membrane properties.

[Insert Figure 8 here]

Figure 8: GPCRs in action. (A-B) Cholesterol interactions with β2AR. Figure showing β2AR embedded in a lipid
membrane (line representation), highlighting two intracellular cholesterol binding sites IC1 (H1–H4) and IC2 (H5-H6)
as well as one extracellular binding site EC1 (H5–H6 and H6–ECL3–H7). Cholesterol is rendered as yellow spheres.
Figure is reprinted with permission from Manna et al. [255], , eLife Sciences Publications. Copyright c© 2016 Manna et
al., (https://creativecommons.org/licenses/by/4.0/). (C) Cholesterol gateways (yellow surface) in A2AR. Top and bottom
figures represent views from intracellular and extracellular sides, respectively. TMHs are marked from 1 to 7. Figure
is reprinted with permission from Guixà-González et al. [268], Springer Nature. Copyright c© 2017 Springer Nature.
(https://creativecommons.org/licenses/by/4.0/). (D) Lipid translocation triggered by opening on the intracellular side of
the Opsin receptor. In the left panel, final snapshot showing disruption of E249–K311 interactions and conformational
switch of Y306 inducing water pore (transparent pink spheres) and lipid penetration (rendered as licorice). In the
right panel, snapshot showing translocation of lipids as a credit-card mechanism. Transmembrane helices involved
in conformational rearrangement are labeled. Figure is reprinted with permission from Morra et al. [265], Elsevier.
Copyright c© 2017 Elsevier Ltd. (https://creativecommons.org/licenses/by/4.0/).

Adenosine A2A receptor (A2AR). The receptor is expressed across several tissues. The highest expression levels
are found in brain and intermediate levels in heart, where it regulates blood flow and oxygen consumption. A2AR
is a target for drugs in the treatment of Alzheimer’s and Parkinson’s disease. Similar to β2AR, cholesterol binding
sites have been reported from both experimental (e.g., PDB code: 3EML [269]) [267] and MD studies [261, 270].
Also, a stabilizing effect of cholesterol on the receptor has been shown [270]. However, the effect of cholesterol on
ligand binding has not been explored. To clarify this, Guixà-González et al., [268] combined both experiments and
MD simulations to understand how cholesterol depletion influences ligand binding and dynamics of A2AR. The MD
simulations revealed that on average 12 cholesterol molecules are bound to the receptor. The cholesterol molecules
were found preferentially bound to TMH 2-3, 3-4-5 and 7-1 (Fig. 8C). Of the three regions, cholesterol binding to TMH
2-3 is supported by with the experimental structure solved in complex with the ligand [267]. The bound cholesterol
molecules are required to maintain the stability of the receptor as observed in experiments. Apart from confirming the
experimentally known cholesterol binding sites, few additional sites were observed on the surface of the receptor, which
could affect ligand binding. The studies also revealed a mechanism in which the cholesterol enters the receptor interior,
thus competing with the orthosteric ligand binding site. The path taken by cholesterol to enter the A2AR interior is
identical to the retinal pathway in the opsin receptor. These studies indicate that ligand binding to A2AR receptor is
regulated by both orthosteric- and allosteric binding of cholesterol to the receptor.

Opsin receptor. These receptors are found in the photoreceptor cells of the retina and are involved in vision. Opsins
and several other class A GPCRs facilitate transbilayer translocation of phospholipids and scramble >10,000 lipids per
second when embedded in vesicles [271–273]. When reconstituted in lipid vesicles, opsins are known to accelerate the
lipid transfer to a rate of >104 l(i.e. 10,000 lipids per second per protein), which is faster than opsin unassisted lipid
transfer occurring at a rate of (∼10-5 s-1 [274]. But opsin-mediated lipid transfer is still a rare event taking ∼100µs
per lipid per protein. The lipid flipping or the scramblase activity of GPCRs is not only necessary to maintain the
photoreceptor cell homeostasis but also finds importance in various other physiological processes, such as in cell growth,
blood clotting and apoptotic cell clearance [274–277]. Recently, the molecular events facilitating the receptor-mediated
lipid scrambling were characterized by preinserting opsin into membranes composed of POPC/POPG (ratio of 9:1) and
performing extensive AA-MD simulations (>50 µs) [265]. The study revealed that TMH6 and 7 mediate translocation
of a lipid from the intracellular to the extracellular side through three steps (Fig. 8D). First, the intracellular disruption
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of TMH6-E249–TMH7-K311 interaction and conformational switch of residue TMH7-Y306. Second, the changes
observed in the first step lead to the increase of intracellular distance between TMH6 and TMH7 by∼10 Å which allows
influx of water molecules. The created hydrophilic environment favors the lipid to tilt and move towards the membrane
center. Third, the distance between TMH6 and TMH7 in the membrane center is increased by ∼5 Å, thereby creating a
continuous water channel enabling the lipid to completely flip. The lipid translocation event observed here occurs at a
time scale of ∼33µ, which is consistent with experimental lipid transfer, taking place at ∼100µs or smaller [272, 278].

4.1.2 Membrane transporters and channels

Cell membranes permit the passage of various molecules such as water, ions, amino acids, sugars and nucleotides, and
most often make use of specialized proteins embedded within membranes for permeation. The membrane transport
proteins exhibit both multi-pass TM topology (e.g. glucose transporters, GPCRs, monoamine transporter) or β-barrel
topology (e.g. porin family, amyloid channels), as can been seen in Fig. 4. Most transport proteins are selective, i.e.,
they are permeated only by a single or a few chemically similar solutes. Membrane transporters and channels are
typically grouped into two major classes of membrane proteins: (1) transporters strongly bind to the permeating solute
and undergo a structural change to pass the solute across the membrane, leading to a slow permeation rate; (2) in
contrast, channel proteins bind to molecules weakly, do not require a conformational change, hence allowing high
permeation rates.

Over the last few years, several X-ray structures of transporters and channels have been solved and the rapid growth
in the computing power has enabled MD simulations of complex biomolecules at time scales relevant to observe
physiological phenomena. Although obtaining the time scale of entire transport process is still a major challenge, MD
simulations have been successfully employed to describe the transition steps in various transport cycles. Here, we
discuss results of three well documented transporters, lactose permease (LacY), xylose transporter (XylE) and human
dopamine transporter (hDAT), and of the channel protein Kir2.1, whose functions are regulated by lipids [279].

XylE/LacY transporters. MD simulations along with Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
have proven to be robust methods to characterize dynamics of transporters in different membrane systems, such as
liposomes, micelles, bicelles and nanodiscs. Recently, Martens et al., [280] combined these methods to understand
how direct interactions with lipids modulate the conformational dynamics of secondary transporters, such as LacY and
XylE. The two transporters (XylE, PDB code: 4JA4 [281] and LacY, PDB code: 2CFQ [282]) in their inward-open
conformation were embedded into bilayers, composed of DOPE/DOPG/CL (70/20/10 mol%) and DOPC/DOPG/CL
(70/20/10 mol%) lipids, and AA-MD simulations were carried out to identify how lipids regulate the conformational
switch at the molecular level. The simulations reveal that PE lipids localize between the TMH2 and TMH11, where
they interacts with R84 and with the switch residue E153 (Fig. 9A). The interactions stabilize the transporter in
the inward-open state, preventing the conformational switch. In contrast, simulations in PC membrane shifts the
conformation by closing the intracellular side. This conformation change is initiated by movement of TMH2/3 towards
TMH10/11, which reduces the distance to ∼9 Å in the PC bilayer, whereas in the PE bilayer it is at ∼13 Å. Similar
direct interactions between E139 and PE lipids were observed in LacY simulations. This study again highlights the role
of lipids in regulating conformational changes.

Human dopamine transporter (hDAT). Belonging to the neurotransmitter transport family, hDAT are responsible
for clearance of dopamine neurotransmitter from the synaptic cleft into the cytosol, thereby terminating the dopamine
signal. Increased activity or mutations in hDAT are associated with several disorders, such as depression, psychiatric
and neurological disorders, and they also effect cognitive functions. To gain insights into the activation mechanism of
hDAT, Khelashvili et al., [283] performed extensive AA-MD simulations (>14µs) on a full-length hDAT embedded in
a lipid membrane composed of phosphatidylinositol 4,5-biphosphate (PIP2) lipids. The study reveals the molecular
details leading to the conformational shift from outward- to inward-open state (Fig. 9B,C). This shift also causes the
release of a sodium ion from its Na2 site and the destabilization of dopamine from its S1 binding site (Fig. 9D). Closer
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examination of the membrane environment shows that PIP2 mediates the association of the N-terminal segment and
the intracellular loop 4 (ICL4) by forming electrostatic interactions with N-terminal residues K3, K5, K27, K35, R51
and with ICL4 residues H442, R443, H444. The N-terminal/ICL4 association stabilizes the inward-open state. To
further validate the importance of PIP2, additional simulations were carried out by replacing PIP2 with POPE lipids.
In absence of PIP2 the stabilized N-terminal/ICL4 complex dissociates rapidly. The PIP2 induced conformation shift
and the transition mechanism reported for hDAT is similar to the activation mechanism of structurally similar Leucine
transporter (LeuT) [284].

Inwardly rectifying potassium (Kir2.1) channel. Kir channels are found in several cell types, including neurons,
kidney, cardiac, endothelial, blood cells, and they are involved in maintaining the membrane resting potential, cardiac
excitability, and insulin release [285, 286]. These channels allow more readily influx of potassium ions into the cells
than outward-directed flux. The channel function is regulated by a conformational switch between the closed and
open states. Moreover, several factors are involved in the process, including proteins and lipids. Among lipids, the
negatively charged PIP2 is required to activate all Kir channels. Apart from PIP2, cholesterol is another important
molecule involved in Kir regulation. Here, we discuss how PIP2 and cholesterol regulates Kir2.1 activity. Li et al. [59]
employed atomistic targeted MD (TMD) method to observe Kir2.1 channel opening from a closed state. By comparing
X-ray structures of Kir channels, the authors recognized the conformational change of the C-linker (C-terminus region
of the inner helix) loop to a helical conformation, and the structures further revealed PIP2 binding sites on the C-linker.
Guided by the hypothesis that PIP2 could induce the conformational change of the C-linker, they carried out TMD on
the C-linker residues (K185 to T192) with a goal to change the secondary structure from a loop to a helix. The change
to the more rigid helical structure, which is stabilized by interactions with PIP2, pulls the cytoplasmic domain (CD)
∼5 Å towards the membrane, which enables contact with the TM domain. The first stage of TMD results in pushing the
channel towards an active state. To achieve the fully active state, TMD was again applied to guide the C-linker–PIP2

complex towards a partial helical conformation. The partially folded C-linker kinks, leading to a ∼8◦ rotation of the
N- and C-termini, which shifts the CD downwards, thus, reaching a full open channel. The study reports all the keys
necessary for the conformational shift, hence providing a detailed picture into PIP2-induced opening of Kir channel.

[Insert Figure 9 here]

Figure 9: Transporters and Channel Proteins. (A) DOPE-XylE interactions disrupt the charge-relay networks. In
the top panel, snapshot showing XylE (PDB code: 4JA4 [281]) in lipid membrane. Lipid acyl chains are shown as lines,
phosphorus atoms rendered as ochre spheres, sodium and chloride ions as yellow and green spheres, respectively and
protein N- and C-domains colored as pink and tan cartoon, respectively. In the bottom left panel, close-up view of
conserved network 1 connecting N- and C-domains stabilizes outward open state of XylE. In the bottom right panel,
DOPE head group interacting with residues R84 and E153 disrupts network 1 connection and prevents association of
TMH 2 and 11. Figure is reprinted with permission from Martens et al. [280], Springer Nature. Copyright c© 2018
Springer Nature. (https://creativecommons.org/licenses/by/4.0/). (B-D) hDAT undergoes PIP2 mediated conformational
shift to inward open-state. (B) Residues within 3 Å of PIP2 lipid head group are rendered as spheres. TMHs, where PIP2
aggregation is largest are labeled and shown by black arrows. (C) Snapshots showing initial formation of charge network
(top panel) being disrupted by PIP2 (middle and bottom panel) during the course of the MD simulation. (D) Snapshot
depicting spontaneous inward release of sodium ion (yellow sphere) from its Na2 site and the release pathway is shown
as orange spheres. The conformation of residues during the release process is displayed as licorice. The dopamine ligand
and chloride ions are rendered as VDW and cyan sphere, respectively. The protein TMHs are shown as white cartoon
and labeled, accordingly. Figures B-D are reprinted with permission from Khelashvili et al. [283], American Chemical
Society. Copyright c© 2015 American Chemical Society. (https://pubs.acs.org/doi/10.1021/acschemneuro.5b00179).
Further permissions related to the material excerpted should be directed to the ACS. (E) Regulation of Kir2.1 channel
activity by PIP2. PIP2 mediated change in C-linker structure (blue) during conformational change from closed–activated–
open states. Also, N-terminal and G-loop regions are displayed as red and black, respectively. This figure is reprinted
with permission from reference Li et al. [59] , Nature Publishing Group. Copyright c© 2015, Macmillan Publishers
Limited. (https://creativecommons.org/licenses/by/4.0/).
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Experimental studies have shown that cholesterol directly regulates the Kir2.1 channel activity by forming a network
of specific interactions with the protein. However, the cholesterol binding sites were yet to be located. Avia et al., [287]
combined experimental as well as several computational methods such as docking, atomistic MD simulations and
molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) calculations to shed light on the cholesterol binding
sites and their role in regulation of channel activity. Initial docking studies showed that cholesterol mainly binds at
the TM domain interfaces at three typical binding poses. Two additional poses were located at the cytosolic domain.
Subsequent MD simulations of Kir2.1 with bound cholesterol embedded in a lipid membrane revealed a rearrangement
of cholesterol into two distinct binding sites. Site 1 corresponds to the center of the TM domain, whereas site 2 is near
the cytosolic domain. To gain insights into the binding energies at these two sites, MM/PBSA approach was used,
which indicated cholesterol to bind slightly stronger at the site 1. The study concludes with the identification of two
binding sites for cholesterol on Kir2.1 channel with large cholesterol flexibility within the two sites. Furthermore,
mutation studies and functional analysis reveal that the identified binding sites may interfere with motion of the inner
helix, which is required for keeping the channel in a closed state.

4.1.3 Glycoproteins

Glycosylation is one of the significant post-translational modifications, during which glycans (oligosaccharides) are
covalently added to an amino acid. Glycosylation occurs in all species. More than 50% of eukaryotic proteins undergo
glycosylation [288,289], with implications on various function and on protein activity [290–294]. Furthermore, all cells
are covered by glycans necessary for cellular function [289]. Glycosylations are grouped into five classes [295]:

1) N-linked glycosylation: Glycans are covalently linked to Asn amide nitrogen in the sequence N–X–S/T. Apart
from Pro or D residues, X in the sequence can be any amino acid.

2) O-linked glycosylation: Glycans are linked to hydroxyl group of serine or threonine residues, without a consensus
sequence for O-glycan addition.

3) Phospho-serine glycosylation: Glycans involves a linkage of sugars GlcNAc, xylose, mannose, and fructose to
proteins by a phosphodiester bond.

4) C-mannosylation: As an unusual type of glycosylation, sugar (mannose) is linked to a carbon atom rather than to
amide or hydroxyl groups. Here, mannose is added to tryptophan in the sequence W–X–X–W where X can be any
amino acid.

5) Glypiation: Glycosylphosphatidylinositol (GPI) is formed, anchored to a lipid by glycan chain [295].

Here, we focus on the membrane receptor toll-like receptor 4 (TLR4) which is glycosylated with a core N-linked gly-
can (GlcNAc2Man3). Mobarak et al. [228] carried out microsecond time-scale simulations of LPS bound to glycosylated
TLR4 complex, embedded in asymmetric membrane composed of CHOL/SM/GluCer/PC lipids (45/25/10/20 mol%)
in the outer leaflet and CHOL/PS/PE/PC lipids (35/20/20/25 mol%) in the inner leaflet. To study the effect of Gluco-
sylceramide (GluCer) on the receptor, additional simulations were performed without GluCer in the outer leaflet and
the composition was adjusted to CHOL/SM/PC (45/35/20 mol%) in the outer leaflet and the inner leaflet lipids were
unmodified. The simulations showed LPS to induce tilting of the TLR4 extracellular domain, however, tilting was
reduced and TLR4 was stabilized upon added to a membrane with GluCer. Quantification of tilt angles showed that the
LPS/TLR4 complex tilted by ∼33◦ and 57◦ in the presence and absence of GluCer, respectively (Fig. 10A). However,
in the absence of LPS, TLR4 only tilted by 15◦ and 19◦ in the presence and absence GluCer, respectively. It was
unlikely that direct interactions between GluCer and TLR4 would reduce tilting since the GluCer head group is small
and uncharged, whereas TLR4 is a negatively charged protein. The authors speculated that the reduced tilting could be
due to altering of the membrane properties by GluCer. A subsequent analysis revealed that the electrostatic potential
of the membrane increased by 30% in presence of GluCer. Thus, the authors concluded that repulsive interactions
between the LPS/TLR4 complex and the membrane reduced the tilting of LPS/TLR4 in the presence of GluCer. In
addition, the authors observed that the effect of tilting on the extracellular side translated to the TM domains, where the
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conformation of the TM helix was altered in absence of GluCer, further emphasizing the stabilizing effect of GluCer on
the LPS/TLR4 complex.

[Insert Figure 10 here]

Figure 10: Glycoprotein and Respiratory complex IV. (A) Change in TLR4 dimer orientation. Snapshots show the
TLR4 orientation at time 0µs (left panels) and at time 2µs (middle and right panels). Presence of GluCer (purple)
in the membrane causes a change in the orientation of TLR4 extracellular domain (green). In the TLR4 dimer
structure, LPS and glycans are colored blue and red, respectively. Rest of the membrane lipids are colored white.
Figure is reprinted with permission from Mobarak et al. [228], Springer Nature. Copyright c© 2018 Springer Nature .
(https://creativecommons.org/licenses/by/4.0/). (B) X-ray structure of complex IV, Cytochrome c oxidase (PDB ID:
2DYR [296]) bound to PG, CL, PE, PC lipids (VDW representation, see legend for color code). Snapshot showing view
of dimer structure from inter membrane space and the subunits I, II and III are displayed as blue, red and grey ribbons,
respectively. The two monomers are separated by red dotted lines and the gray filled circle indicates empty region
between the two monomers. Other structural components such as heme (yellow licorice), copper ion (green spheres)
and some charged/polar residues (licorice) are shown as well. Figure is reprinted with permission from Malkamäki et
al. [297], Elsevier. Copyright c© 2019, Elsevier. (https://creativecommons.org/licenses/by/4.0/).

4.1.4 Mitochondrial membrane protein

Mitochondria are referred to as powerhouse of the cell due to synthesis of the energy carrier ATP [298]. Apart
from ATP synthesis, mitochondria are required for the production of other molecules, such as NADH (Nicotinamide
adenine dinucleotide), GTP (Guanosine triphosphate), amino acids, and lipids [299, 300]. Mitochondria carry out
many fundamental process, for instance in cellular respiration, cell and calcium signaling, as well as during stress
signaling [301–303]. Thus, dysfunction of mitochondrial activity leads to several human diseases [304]. Mitochondria
consists of a porous outer membrane and a tightly regulated inner membrane. At the inner membrane, ATP synthesis
and oxidative phosphorylation takes places in presence of membrane protein complexes. The complexes are, (1)
complex I (NADH:ubiquinone oxidoreductase), (2) complex II (succinate dehydrogenase), (3) complex III (cytochrome
c reductase) and (4) complex IV (cytochrome c oxidase) [304]. The structures of these complexes have been solved
experimentally. In combination with computational techniques, the molecular details of electron transport are well-
explored. However, how lipids regulate the activity of these complexes at the atomistic level much less understood.
CL is one of the key components of the inner mitochondrial membrane, constituting to about 20% of the total lipid
composition. CL has a highly charged small head group with four hydrocarbon tails [305, 306]. All respiratory
complex structures reveal CL binding sites [307]. Experiments have shown that the removal of CL reduces the activity
of cytochrome c oxidase (CcO) by 50% [308], whereas the activity is only mildly affected by the removal of PC
or PE lipids. Though the effect of lipids on the CcO activity is well established, little is understood on the lipids’
modulatory mechanism. Here, we discuss results from a recent study, which provides atomistic insights into the role of
the mitochondrial membrane lipid CL in the functioning of the terminal enzyme complex IV, which is essential for the
energy metabolism.

Malkamäki et al. [297] performed extensive AA-MD simulations (18µs in total) of the bovine cytochrome c oxidase
(CcO) dimer to gain insights into the dynamics of CL. The monomeric and dimeric structures were embedded into a
lipid membrane composed of POPC/POPE/CL (ratio of 5:3:2). The X-ray structure (PDB code: 2DYR [296]) revealed
that each CcO monomer has two CL binding sites, where one of the sites (site 2) is located at the interface of the two
CcO monomers, suggesting a possible role in stabilizing the dimer structure (Fig. 10B). During MD simulations, CL
occupied the crystallographically known site 1 throughout the simulations; however, at the buried site 2, CL was only
weakly bound and dissociated within 1µs. The dissociation of CL on site 2 occurred first by a movement of the CL
head group away from the site, and then by tails, suggesting stronger interactions between the CL tails and protein
hydrophobic interface. In contrast, CL at site 1, where it binds more strongly, is stabilized by strong ionic interactions.
Additional simulations in the absence of CL at buried site 2 revealed no effect on the stability of the dimer structure;
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however, removal of CL from site 1 not only destabilized the protein structure but also perturbed the strongly bound PG
and PE lipids from their respective binding sites. This destabilization would potentially lead to loss of enzyme function.
Thus, these simulation results provide an explanation at the atomistic level for the experimentally observed activity loss
of CcO upon removal of CL.

4.2 Atomistic simulations of membrane-association of proteins

4.2.1 Amyloids

Amyloid beta (Aβ) peptide: Alzheimer’s disease (AD) characterized by loss of neuronal cells is primarily linked to
neurofibrillary tangles and neuritic plaques [309,310]. Neurofibrillary tangles are associated with abnormal accumulation
of tau proteins, whereas neuritic plaques (amyloid plaques) are associated with the aggregation of amyloid-β peptide
(Aβ) [311]. So far, no consensus hypothesis of the molecular cause of AD has emerged, however, due to the presence of
Aβ peptide in amyloid plaques, Aβ is widely accepted as a key molecule in AD. Aβ exists in two isoforms, Aβ40 and
Aβ42, with the latter being more prone to aggregation and more toxic [312]. Furthermore, several studies have shown
that Aβ oligomers and not the fibrils are the causative agent of AD [313–315]. Since, Aβ peptide is a cleaved product of
the transmembrane amyloid precursor protein (APP), it is also widely accepted that Aβ interactions with the membrane
could play a role in the formation of toxic oligomers [316–321]. In spite of experimental and computational studies
exploring and proposing several possible mechanisms towards Aβ induced cell toxicity, it is still difficult to draw any
conclusion on the neurotoxicity mechanism. Here, we discuss findings from computational studies of Aβ-membrane
interactions with a focus on lipids.

Poojari et al. [322, 323], using atomistic MD simulations (>6µs) have extensively investigated the behavior of
monomeric Aβ42 in helical and β-sheet conformations and tetrameric Aβ42 in β-sheet conformations in POPC, DPPC
and POPG bilayers. In addition, it was investigated how various Aβ42 mutants (K16M, E22G, D23G and K28M) affect
membrane stability. These simulations showed that the stability of the peptide inside the membrane is influenced by
the degree of lipid acyl chain unsaturation and by the head group charge. Peptides were most stable in POPC bilayers,
whereas pronounced peptide instability was observed in DPPC and POPG bilayers. Simulations also revealed that
the β-sheet tetrameric structure increases water permeation into membranes (Fig. 11A), indicating that, indeed, Aβ42

oligomers and not monomers are the toxic species. Mutation studies revealed that the "Arctic-type" D23G mutant
exhibits a increased ability to disrupt membranes as compared to other studied mutants. However, neither wild type nor
mutant monomers leave the membrane interior in the simulated time.

In order to understand how Aβ gets released from the membrane, Lemkul et al., [324] carried out atomistic
MD simulations of Aβ40 partially embedded (residues 29-40 inside the membrane) in POPC, POPS, POPC/POPE,
POPC/SM/CHOL/GM1, POPC/SM/CHOL membranes. The partially inserted Aβ40 peptide anchors itself to the
membrane through hydrogen bonding and electrostatic interactions with the lipid head groups. The interactions stabilize
the peptide at the initial inserted depth in POPC, POPS, POPC/POPE and POPC/SM/CHOL membranes.

[Insert Figure 11 here]
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Figure 11: Amyloid beta (Aβ) peptide. (A) Aβ42 β-sheet tetramer increasing water translocation by perturbing
the POPC head group arrangement. Pink spheres refer to peptide residues involved in HB formation with water
molecules. POPC phosphorous atoms are shown as tan spheres and lipid tails not shown for clarity. Figure is
reprinted with permission from Poojari et al. [322], Elsevier. Copyright c© 2012 Elsevier B.V. All rights reserved,
Elsevier. (https://creativecommons.org/licenses/by/4.0/). (B) GM1 lipids inducing the release of Aβ40 peptide from
the membrane interior. GM1 lipids are rendered as lines, phosphorous atoms as transparent orange spheres and rest
of the lipids are not shown for clarity. Figure is reprinted with permission from Lemkul et al. [324]. Copyright
2011 The Protein Society (https://creativecommons.org/licenses/by/4.0/). (C) SM mediated β-sheet formation in
the Aβ42 peptide termini. SM lipids below the peptide are shown as blue licorice. For SM lipids further away,
only the phosphorus atoms as blue sphere is displayed. POPC lipids are shown in tan. Rest of the lipids are not
shown for clarity. Figure is reprinted with permission from Owen et al. [325], Elsevier. Copyright c© 2018 Elsevier
B.V. (https://creativecommons.org/licenses/by/4.0/). (D) High DHA (healthy brain) content in the membrane favors
deeper absorption of both Aβ1-28 (green) and Aβ26-40 (purple) peptides, whereas as low DHA content (AD brain)
prevents deep absorption and promotes aggregation of the peptides into toxic oligomers on the membrane surface. This
figure is reprinted with permission from Ntarakas et al. [326], Springer Nature. Copyright c© 2019 The Author(s).
(https://creativecommons.org/licenses/by/4.0/). (E) SAPCω6 and SDPCω3 membranes stabilize the helical dimer
structure of Aβ29-42 with Gly-side and Gly-out orientations, respectively. However, with β-sheet dimer structures,
SDPCω3 reduces the β-sheet content. The change in orientation and secondary structure observed here is not sufficient
to explain the SAPCω6 triggered increase in Aβ production. Figure is reprinted with permission from Lu et al. [327],
American Chemical Society. Copyright (2019) American Chemical Society..

In membranes containing GM1 lipid, Aβ40 C-terminal residues (29-40) lose their α-helix structure and become more
disordered (Fig. 11B). The C-terminal residues approach the polar interface were they form stable interactions with the
GM1 sugars, glucose (Glc) and N-Acetylneuraminic acid (Neu5Ac). The interactions would eventually promote release
of the peptide from the membrane interior, thereby exposing aggregation-prone hydrophobic regions of the peptide.
The results provide mechanistic insights into the GM1-mediated release of membrane inserted Aβ40.

Membrane mediated aggregation and disruption of cell membrane is one of the hypotheses linked to Aβ42 induced
toxicity. Neuronal cell membranes are complex with several lipid species and vary in head group charge, size and
saturation/unsaturation level of acyl tails. To resolve how different lipids affect Aβ42 structure, Owen et al., [325]
carried out AA-MD simulations of Aβ42 on membranes composed of POPC/CHOL (70/30 mol%), POPC/CHOL/SM
(30/40/30 mol%) and POPC/CHOL/GM1 (70/25/5 mol%). The simulations provide molecular insights into the role
of cholesterol (CHOL), sphingomyelin (SM) and ganglioside (GM1) lipids in conversion of Aβ42 structure to toxic
oligomers. The presence of SM, renders membrane highly rigid, which in turn reduces interactions between highly
disordered N-terminus residues of Aβ42 and the membrane. The only interaction observed is between residue R5 and
SM, which prevents Aβ42 from bouncing back to the aqueous solution. The lack of interactions promotes β-sheet
formation in the N-terminus, thus, the final topology is a conformation with central loop connecting N- and C- terminal
β-sheets (Fig. 11C). This final structure resembles experimentally known Aβ fibril structure. In comparison, GM1 has
small effect on the membrane property but does not induce secondary structure change. The membranes with or without
GM1 had no effect on the structure of the Aβ42. Thus, the results provide new insight into the role of SM ceramide in
altering membrane property and in formation of toxic Aβ42 oligomers.

Apart from the lipids discussed above, neuronal membranes also contain large amount of polyunsaturated fatty
acids (PUFAs) such as docosahexaenoic acid (DHA, 22:6). AD has been associated with reduction of DHA lipids
from 23% in normal brain to 12% in AD brain [328–330]. In vitro studies have shown that DHA inhibits Aβ42 fibril
formation [331]. To better understand the inhibitory role of DHA, Ntarakas et al., [326] carried out MD simulations of
Aβ peptide fragments Aβ1-28 and Aβ26-40 in single component bilayers (DMPC–14:0,14:0 or SDPC–18:0,22:6) and in
mixed bilayers (DSPE–18:0,18:0, DDPE–22:6,22:6, DPPC–16:0,16:0, DOPC–18:1,18:1) with varying composition.
The mixed bilayer is divided into two types based on lipid composition. The mixed bilayer with high fraction of DHA
is referred to as "normal bilayer" and the other bilayer with low fraction of DHA and high fraction of saturated lipids
is referred to as "AD bilayer" (Fig. 11D). The simulation results from single component bilayer show that in DMPC
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bilayer, both the Aβ fragments prefer to stay on the membrane surface. In contrast, in presence of 18:0-22:6 PC,
Aβ1-28 partially enters the membrane and the Aβ26-40 fragment even fully inserts into the membrane. The behavior of
the Aβ fragments in DMPC bilayer is consistent with the experimental data [332]. Similar trends were observed for Aβ
interaction when studied in mixed bilayer. The Aβ1-28 fragment fully enters the normal bilayer with high fraction of
DHA and stays on the membrane surface of an AD bilayer. However, the Aβ26-40 fragment penetrates both the normal
and AD bilayers. The authors next looked into the aggregation propensity of these peptides, and they observed that both
Aβ fragments clustered on the membrane surface in DMPC and AD bilayer, but they were more dispersed in normal
bilayer. Thus, the study suggests the presence of DHA to favor internalization of Aβ peptide, which in turn prevents
aggregation and formation of toxic oligomers on the membrane surface.

In another related study using PUFAs, Lu et al., [327] looked into the role of omega-3 (ω3) and omega-6 (ω6) PUFAs
in stabilizing Aβ29-42 dimer structures by performing extensive AA-MD simulations (∼7µs). The Aβ29-42 dimers
in both helical and β-sheet conformations were fully preinserted into a bilayer of POPC, 1-stearoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (SAPCω6 18:0,20:4) and 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
(SDPCω3 18:0,22:6). For the β-sheet conformation, an additional simulation was carried with the peptide fully inserted
into a mixed bilayer composed of POPC/SAPC/SDPC lipids. The simulations show both SDPCω3 and SAPCω6 to
stabilize the helical dimer structure (80% α-helix) with a parallel orientation and reorient the G33–X–X–X–G37 motif
with SDPCω3 favoring Gly-out and SAPCω6 favoring Gly-side orientation (Fig. 11E). However, SAPCω6 disorders the
β-sheet dimer by reducing its β-sheet content from 59% to 44% and inducing α-helix conformation by 7% (Fig. 11E).
SDPCω3 and POPC bilayers behave similarly with no large effect on the β-sheet dimer. However, in a mixed membrane,
the β-sheet dimer is stabilized with high β-sheet content (∼63%), thus SDPCω3 and POPC lipids suppress the individual
effect of SAPCω6 on the peptide. The study demonstrates how variation in PUFAs influence oligomerization of Aβ
inside membranes.

The human islet amyloid polypeptide (hIAPP). The hIAPP or amylin is a small 37 residue peptide secreted by the
pancreatic β-cells. hIAPP deposits are seen in 90% of the patients with type 2 diabetes (T2D) and are known to induce
cytotoxicity and β-cell death. hIAPP monomers are not toxic to cells, however, they aggregate into toxic oligomers
which disrupt the cell membrane. Several mechanisms have been proposed to explain hIAPP-induced cell toxicity,
namely, (1) by the formation of channel structures, (2) by extraction of lipids, and (3) by membrane thinning. However,
the exact membrane disruption mechanism is still not clear. Here, we present results from AA-MD simulations of
hIAPP-membrane interactions and focus mainly on how different lipids affect hIAPP binding, orientation, aggregation
and insertion into membranes which provide insight into the membrane disruption mechanism.

Jia et al. and Qian et al. [333–335] investigated the initial binding of hIAPP monomers to zwitterionic POPC and
anionic POPG bilayers using AA-MD simulations. As a starting structure, they used hIAPP peptide in α-helical
conformation and placed the peptide 1.4 nm above the POPC or POPG membrane surface. Simulations show that hIAPP
adopts four different orientations in POPC membrane. N-terminal residues localize at the hydrophilic head group region
of the lipid, whereas the C-terminal residues penetrate deep into the membrane (Fig. 12A). In case of simulations with
POPG membrane, the peptide adopts a single, surface-bound orientation. The lack of membrane penetration exposes
the aggregation-prone C-terminal residues 20–37 to peptide-peptide interactions. Analysis of membrane properties
revealed that the hIAPP monomer has a negligible effect on the membrane, indicating that the experimentally observed
membrane disruption is caused by oligomeric structures and not by monomers.

Similarly, Dignon et al., [336] carried out AA-MD simulations of hIAPP monomers with DOPC, DOPS and
DOPC/DOPS membranes using the parallel tempering method. This study also allows a comparison with simulations in
POPC or POPG membranes described above. The simulations generated a large ensemble of structures differing between
the three membranes. The α-helical content is reduced and changed in DOPS and DOPC membranes, respectively,
whereas in mixed membrane the α-helical content is increased (Fig. 12B). Also, the insertion of the residues 15–28 was
same in DOPC membranes but deeper in DOPC/DOPS membranes. Here, the shallow insertion in the DOPS membrane
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was observed possibly due to a loss of secondary structure. No details were provided regarding the membrane structure,
probably due to negligible effect of the peptide on the membrane property.

The above studies present case studies of effects of oligomeric structures on membrane properties. The formation
of hIAPP dimers is the first step towards the formation of large oligomers. Zhang et al. [337] carried out AA-MD
simulations of hIAPP dimers preinserted into POPG bilayer. During simulation, the dimers inserted deep into the
membrane with residues K1 anchoring to the lipid head group (Fig. 12C). The interaction perturbs the phosphorous
atoms around the dimer in both, the upper and the lower leaflets, which results in a reduction of membrane thickness
in close proximity to the dimer. Analysis of the lipid order parameters revealed that the hIAPP dimer also decreases
the ordering of carbon atoms close to the head group. During an additional simulation, the order parameters were
also decreased at carbon atoms 5–12, close to the membrane center. These results provide evidence for a membrane
disruption ability of hIAPP, and they also suggest dimers as the minimal aggregate required to alter membrane properties.

To understand how hIAPP monomers aggregate into toxic oligomers, Christensen et al. [174] carried out AA-MD
simulations starting from a monomer already bound to the membrane surface. The monomeric system was multiplied
to have four peptides on a membrane composed of divalerylphosphatidylserine (DVPS, 30%) and zwitterionicdi-
valerylphosphatidylcholine (DVPC, 70%) lipids. To enhance the diffusion of lipids and peptides, the highly mobile
membrane mimetic (HMMM) model was utilized. The simulations suggested that self-assembly takes place in the
following order (Fig. 13A): (1) the monomers diffuse on the membrane surface with N-terminal residues (K1 and R11)
anchoring the peptide to the membrane; (2) the aromatic residues (F15 and F23) in the central region of the peptide
initiate peptide-peptide interactions. For the self-assembly to start, the interactions between peptide and membrane
observed in step 1 must break, leading to a partial unfolding of the secondary structure; (3) the initial aromatic
interactions allow the peptide segment 22-NFGAIL-27 to form stable interactions; (4) self-assembly induces β-sheet
formation in segments 14-NFLVH-18 and 25-AILSST-30, which are involved in intra- and inter-peptide interactions. In
these simulations, the H18 residue was modeled as electroneutral during the self-assembly process, since a charged H18
residue would have increased the interaction with the PS lipid head group, thereby stabilizing the secondary structure
and repelling the peptides, which would inhibit the self-assembly process. This study highlights the role of lipids in
aggregation and provides atomistic insight into the formation of oligomer structures.

[Insert Figure 12 here]

Figure 12: The human islet amyloid polypeptide (hIAPP). (A) Snapshot showing side view of hIAPP monomer
interacting with POPC bilayer. The plot shows insertion depths for hIAPP Cα and side chain atoms in POPC and POPG
bilayers. Figure is reprinted with permission from Quian et al. [334], Hindawi Publishing Corporation. Copyright c©
2016 Zhenyu Qian et al., (https://creativecommons.org/licenses/by/3.0/). (B) Mixed bilayer containing DOPC/DOPS
lipids allow deeper insertion of the peptide and stabilizes the helical structure from residues 15–28 of hIAPP. The plot
shows reduction in helical content in pure DOPC and pure DOPS bilayers. Figure is reprinted with permission from
Dignon et al. [336], American Chemical Society. Copyright (2017) American Chemical Society. (C) Final snapshot
of hIAPP dimer in POPG bilayer. Top: The dimers (chain A and chain B) penetrate deeper into the bilayer with
helical content preserved. Residues from 18–20 are rendered as green VDW spheres and lipid tails are not shown for
clarity. Center: Plot showing secondary structure content for chain A and B peptides. α-helical content is preserved
in both the peptides. Bottom: Plot showing reduced bilayer thickness in vicinity of the dimer. Figure and plots
are reprinted with permission from Zhang et al. [337], Public Library of Science . Copyright c© 2012 Zhang et al.,
(https://creativecommons.org/licenses/by/4.0/).

The membrane-dependent self-assembly of hIAPP to oligomers is hypothesized to allow the formation of ion-
channel/pores in membranes thereby inducing cell toxicity. It is computationally challenging to simulate the spontaneous
hIAPP oligomerization and ion-channel formation in a membrane. However, to understand the mechanism of how
oligomers transfer ion across the membrane, Zhao et al. [338, 339] used the β-strand-turn-β-strand (U-turn) motif as
starting topology and modeled several single and double annular-like ion-channels resembling the channel morphology
observed with atomic force microscopy (AFM) [340] (Fig. 13B). The channels were fully inserted into DOPC bilayer
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for studying the ion conductivity. MD simulations revealed a loss of the β-sheet secondary structure, which destabilized
the channels into unstable loosely packed subunits. The unstable channel structures allowed unregulated flow of ions
across the bilayer which would lead to ion imbalance and toxicity. These studies provided a first view of channel
structures and their role in toxicity.

[Insert Figure 13 here]

Figure 13: HMMM model of hIAPP. (A) Snapshots 1-4 represent various structural changes the peptides undergo
in the formation of stable β-sheet dimers on the DVPS/DVPC membrane surface. The orange dashed lines indicate
phosphorus atoms of the lipids. Figure is reprinted with permission from Christensen et al. [174], American Chemical
Society. Copyright (2017) American Chemical Society. (B) Oligomerization of hIAPP into toxic ion-channel structures.
Top: Atomic force Microscopy (AFM) image of amylin showing channel-like structures. Figure is reprinted with
permission from Quist et al. [340], United States National Academy of Sciences. Copyright (2005) National Academy
of Sciences, U.S.A. Bottom: Double-annular-like ion-channels (resembling AFM images) with β-strand-turn-β-strand
topology embedded into DOPC bilayer. MD simulations show unregulated conductance of ions across the ion-channels.
Figure is reproduced from Zhao et al. [339], with permission from the PCCP Owner Societies 2014. Royal Society of
Chemistry (United Kingdom). Permission conveyed through Copyright Clearance Center, Inc. (C) hIAPP protofibril
structures in DPPG membrane. Left: Most populated central cluster structure of hIAPP trimer and tetramer in DPPG
monolayer. Right: hIAPP trimer in fully membrane inserted state adopts a β-sandwich structure which allows influx of
water and sodium ions (cyan spheres). The plot indicates the density of water and sodium ions inside the membrane.
Figure is reprinted with permission from Poojari et al. [341], Elsevier. Copyright c© 2013 Biophysical Society. Published
by Elsevier Inc. All rights reserved. (https://creativecommons.org/licenses/by/4.0/).

The unstructured toxic oligomers are dynamic and can transform to more ordered, fibril-like beta-sheet rich structures
called protofibrils, which are also toxic to cells. The structure of a mature fibril in its β-strand-turn-β-strand topology
has been solved using solid-state NMR by Tycko’s [342] and Langen’s [343] groups. The structure provides the basis to
construct and study protofibrils in a membrane environment. To study how protofibrils orient in a membrane, Xiao et
al., [344] combined surface-selective sum frequency generation (SFG) spectroscopy and quantum chemistry techniques.
These authors noticed that the protofibril is partially inserted into dipalmitoylphosphatidylglycerol (DPPG) monolayer
with an tilt angle of 48◦. To check for the stability of protofibrils in lipid membranes, Poojari et al., [341] carried
out atomistic simulations of protofibrils (trimer and tetramer structures) partially inserted into DPPG monolayers and
bilayers at an tilt angle of 48◦ (Fig. 13C). The simulations show protofibrils to adopt a tilt angle of 40◦ in DPPG
monolayers, which is close to 48◦ measured in experiments. However, in bilayers the protofibrils penetrate deep into the
membrane with an angle of 60◦. The protofibril inside the membrane is stabilized by close interactions with the lipid
head groups. Furthermore, trimer structures in both monolayer and bilayer were structurally less stable when compared
to tetramer due to increased flexibility of the outer β-strands. The flexible trimer structure distorts into a β-sandwich
structure which further perturbs the membrane integrity, thereby allowing the permeation of water and sodium ions. This
study revealed for the first time key details of protofibril structures, such as the stability and the orientation of protofibril
in lipid membranes, the formation of β-sandwich structure by protofibrils, membrane disruption, and conductance of
water and ions.

α-synuclein (aSyn). aSyn is a presynaptic neuronal protein linked to Parkinson’s disease (PD) [345]. The 140-residue
protein is divided into three domains based on their function: (1) residues from M1–K60 are rich in lysine residues
and are required for binding to membrane; (2) residues E61–V95 form the central “non-amyloid-β component” (NAC)
segment of the protein and also contains the hydrophobic motif necessary for protein aggregation, and (3) residues
K96–Ala140 involved in interactions with proteins, metal ions, small molecules etc [346–348]. So far, two monomeric
structures of aSyn (PDB code: 1XQ8 [349], 2KKW [350]) have been solved in sodium dodecyl sulfate (SDS) and
sodium lauroyl sarcosine (SLAS) micelles. Recently, using cryoEM, Li et al., [351] solved the structure of aSyn fibril in
rod and twister polymorphs (PDB code: 6CU8 [351]) at 3.7 Å resolution. Unlike Aβ and hIAPP, computational studies
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of aSyn–membrane interactions are limited. Nevertheless, we aim to discuss the key results from AA simulations of
aSyn in membrane environment.

Experiments and AA simulations were initiated to probe the membrane-penetrating ability of the N-terminal
residues [352]. Here, a short-length aSyn1-15 was used for simulations in a POPA/POPC membrane, and the studies
showed that residues M1, W4, L8 penetrate deep into the membrane, whereas residues D2, K6, S9, K10 and E13
remain solvent-exposed (Fig. 14A). These studies confirm that the N-terminal residues bind to the membrane. Further,
aSyn–membrane interactions were investigated in different lipid bilayers such as DOPS, SAPC, DOPC and DPPC.
Studies with DOPS [353] bilayer shows aSyn to localize below the lipid head group region and the protein orients
such that the hydrophilic side of the protein faces the lipid head group / water. The peptide had no effect on the DOPS
membrane structure. Garten et al., [354] carried out atomistic simulations to understand how aSyn packs and alters
mechanical properties of DOPC, DPPC and SAPC bilayers. The simulations revealed that aSyn was absorbed into all
the bilayers, and shallow packing defects were observed in both SAPC and DPPC bilayers. In addition, major packing
defects were observed in a DPPC bilayer.

It is also important to understand the effect of lipids on aSyn structure and dynamics, since any change in aSyn
conformation will affect protein function. Vermaas et al. [173] performed atomistic simulations to investigate the
dynamics of aSyn on DVPS/DVPC membrane. Simulations revealed aSyn to adopt two conformations, one with a broken
helix conformation similar to the NMR structure solved in micelle and second a semi-extended helix conformation. A
lipid density analysis revealed that a semi-extended helix conformation increases the density of the phosphatidyl-serine
head groups along its edge. Such lipid-mediated transition of protein conformation might be physiologically important
for aSyn.

aSyn-membrane interactions are well documented by a study carried out from Viennet et al. [355], who combined
several experimental and computational technique to characterize various properties of the membrane and of aSyn
(Fig. 15). The atomistic simulations were carried out to investigate how aSyn1-61 orients on membranes composed of
POPC/POPG (50/50 mol%, fluid phase) and DMPG/DMPC (50/50 mol%, gel phase). The simulations confirm that
lysine residues in the N-terminus interact strongly with the POPG head groups rather than with the DMPG head groups.
Analysis of lipid order parameter reveal that aSyn has a small effect on the gel phase membrane (DMPC/DMPG),
whereas the lipid order parameter is increased in fluid phase membranes (POPC/POPG). The increase in order parameter
results in an increased bilayer thickness and a reduced area per lipid.

[Insert Figure 14 here]

Figure 14: α-Synuclein (aSyn). (A) Figure showing peptide to penetrate POPA:POPC membrane and position below
the phosphorus atoms of the lipids. The peptide orients such that hydrophilic residues face towards the head group-water
region. Lipids tails are rendered as gray licorice and protein is displayed as cartoon. This figure is reprinted with
permission from Pfefferkorn et al. [352], Elsevier. Copyright c© 2012 Biophysical Society. Published by Elsevier Inc.
All rights reserved. (https://creativecommons.org/licenses/by/4.0/). (B) In DPPC membrane, peptide is surface bound
and makes a shallow defect in the membrane. DPPC lipids are rendered as yellow licorice and protein as cartoon. This
figure is reproduced from reference Garten et al. [354], with permission from the PCCP Owner Societies 2015. Royal
Society of Chemistry (United Kingdom). Permission conveyed through Copyright Clearance Center, Inc. (C-D) Using
HMMM to study aSyn dynamics on DVPS/DVPC membrane surface. (C) Initial snapshot showing aSyn above the
HMMM surface and rendered as black cartoon. (D) Final snapshots from 20 simulations showing aSyn to adopt various
conformations from extended helical conformation to broken-helix conformation. The structures in red box indicate the
peptide interacting across the periodic boundary. Lipid phosphorus atoms are shown as pink spheres and lipid tails
removed for clarity. Figures C-D are reprinted with permission from Vermaas et al. [173], Elsevier. Copyright c© 2014
Elsevier B.V. All rights reserved. (https://creativecommons.org/licenses/by/4.0/).

[Insert Figure 15 here]
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Figure 15: α-Synuclein (aSyn). aSyn-DMPC/DMPG and POPC/POPG interactions are depicted. Top left: Surface
representation of aSyn showing negative, positive and hydrophobic residues as licorice. Top right: aSyn on nanodisc
surface showing all the lysine residues (blue) and negatively charged residues (red). Bottom left: aSyn–PG/PC contacts
within <4 Å are shown. Though both the lipid membranes contain same head group, aSyn makes more contacts
with the fluid phase POPC/POPG membrane rather than gel phase DMPC/DMPG membrane. Bottom right: In gel
phase membrane, aSyn has no or little effect on the membrane properties. But in fluid phase, aSyn increases the
bilayer thickness and reduces the area per lipid. Dashed lines in the plots indicate membrane only system without
aSyn. Figure is reprinted with permission from reference [355], Springer Nature. Copyright c© 2018 Springer Nature.
(https://creativecommons.org/licenses/by/4.0/).

4.2.2 Peripheral membrane proteins

Fibroblast growth factor (FGFs). FGFs are multifunctional mitogens involved in cell growth, tissue regeneration,
wound repair, embryonic development etc [356]. There are 22 structurally similar FGF members in the human family,
and involved in signaling [356]. Among them, the basic fibroblast growth factor 2 (FGF2), apart from carrying out
its normal functions, also mediates tumor-induced angiogenesis and inhibits tumor cell apoptosis [357–359]. Further,
the lack of a signal peptide makes FGF2 unique among its family members, and it is secreted into the extracellular
space by an unconventional route, independent of ER/Golgi pathway [360–362]. In vitro studies suggest that the
unconventional FGF2 translocation takes place through initial interactions with the inner leaflet phosphoinositide
PI(4,5)P2 lipids [361–364]. The FGF2–PI(4,5)P2 interactions trigger formation of large oligomeric structures on the
membrane surface which induce pore formation. The membrane translocated FGF2 monomers are caught by the outer
leaflet heparan sulfate proteoglycans [360, 365, 366]. Moreover, biochemical studies have pointed out that the residues
K127, R128 and K133 are important for initial PI(4,5)P2 binding, residues C77/C95 for oligomerization, and residue
K133 for interacting with heparan sulfates [360, 367]. Further, there is no structural data describing dimer and trimer
interfaces that are a minimal requirement for oligomerization process.

Recently, Steringer et al. [368] tested the key predictions from biochemical studies using AA-MD simulations. To
observe the spontaneous interaction of FGF2 monomers with PI(4,5)P2, the protein was placed 1.5 nm above the mixed
membrane composed of POPC/CHOL (70/30 mol%) in the outer leaflet and POPC/CHOL/PIP2 (65/29.5/5.5 mol%) in
the inner leaflet. The simulations revealed FGF2 to spontaneously bind to PI(4,5)P2 through the known binding pocket
residues K127, R128 and K133, thus, confirming with the biochemical studies (Fig. 16A). In addition, simulations
showed that FGF2 adopts two different orientations on the membrane surface, called (1) high-affinity orientation
evident by strong interaction energies and (2) low-affinity orientation evident by weak interactions. In the high-affinity
orientation, FGF2 orients with C95 being accessible to form a disulfide bridge with the second monomer. Whereas in
low-affinity, both C95 and C77 are available to form a disulfide bridge with the second monomer, but the interaction
with PI(4,5)P2 is weakened with only R128 making contact with PI(4,5)P2. The weak interaction with the PI(4,5)P2

might be a transient state and formation of stable dimers or higher ordered structures with such orientation might not be
possible. To test the dependence of PI(4,5)P2 on FGF2 orientation, the authors also simulated in presence of a single
PI(4,5)P2 in the membrane. The simulations showed a specificity of FGF2 for binding PI(4,5)P2 with its known binding
pocket residues, however, the protein orientation was never stable but instead continuously fluctuating between high-
and low-affinity orientations. These results indicate that more than a single PI(4,5)P2 is required to stabilize the protein
on the membrane surface and to promote oligomerization. Having established the binding and orientation for a single
FGF2, the next step was to identify the dimeric interface required for oligomer formation. Since trimer structures were
the minimal oligomer size observed in experiments, simulations were initiated with three monomers placed 0.5 nm
above the membrane surface and arranged such that two monomers faced each other at 0.7 nm and a third monomer
faced the other monomers at 1.5 nm distance. During simulations, all three monomers formed stable interactions with
PI(4,5)P2 and adopt the high-affinity orientation. The two nearby monomers dimerized with C95–C95 interactions
at the interface, and the structure was further stabilized by four salt bridges formed by two pairs of E86–K118 and
E99–K85. The third monomer approached the dimer with the C77–C77 residues at the interface and further stabilized
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by salt bridges R47–D49, D45–R41, and R80–E53. The dimer interfaces involving residues C95–C95 (interface 1) and
C77–C77 (interface 2) observed in MD simulations are consistent with the in vitro studies. Thus, this study establishes a
minimal molecular basis required for FGF2 to initially bind PI(4,5)P2 and to aggregate to large oligomers, which would
eventually create membrane pores and escape into extracellular space. The molecular mechanism described here for
FGF2 could be related to other PI(4,5)P2-dependent unconventionally secreting molecules, such as HIV-Tat [369–371]
and Interleukin 1β [372].

Pleckstrin homology (PH) domain. Cell signaling is predominantly initiated by the recruitment of peripheral
membrane proteins (PMPs) to the cytosolic side of the membrane where they make specific interactions with negatively
charged signaling lipids such as PIPs [373, 374]. PIPs exist in various isoforms depending on the head group
phosphorylation, PI(4,5)P2, PI(3,5)P2, PI(3,4)P2, and PI(3,4,5)P3 [375, 376]. The pleckstrin homology (PH) domains
are a small important class of PMPs that recognize and bind to only specific PIPs on the cytosolic side of the
membrane [377–379]. The PDB currently contains ∼177 solved structures of PH domains, some of them solved with a
PIP head group (inositol phosphates). All PH domains fold into a β-barrel topology with open ends capped by α-helix
on one side and PIP binding motif on the opposite side. The domains comprise about 120 amino acids. The positively
charged motif K–X–K/R–X–R in the loop connecting the β1 and β2 strands forms the binding site for the negatively
charged PIP head group. However, not all PH domains have the canonical binding motif (K–X–K/R–X–R) for PIPs; for
example, the (non-canonical) binding motif of β-spectrin is situated at the opposite face of the β1 and β2 strands [380],
and the ASAP1 PH domain was reported to bind PIP at both canonical and non-canonical binding sites [381]. Here,
we present recent results for the general receptor for phosphoinositides isoform 1 (GRP1) PH domain, which has a
canonical PIP binding site.

[Insert Figure 16 here]

Figure 16: Peripheral membrane proteins in the case studies. (A) FGF2 Orientation on the membrane surface.
FGF2 binds to PI(4,5)P2 in high-affinity and low-affinity orientations. High-affinity binding includes all the experi-
mentally known binding pocket residues K127, R128, K133 (rendered as blue spheres), whereas in low-affinity, FGF2
loses contact with PI(4,5)P2. Additional binding residues are rendered as purple spheres. High-affinity binding favors
FGF2 dimerization via C95–C95 disulfide bridge, which is unavailable with low-affinity orientation. PI(4,5)P2 tails are
rendered as white spheres, PI(4,5)P2 bisphosphates as red spheres, inositol ring as cyan spheres, phosphate linking
PI(4,5)P2 tails and the inositol ring as orange spheres, POPC phosphorous atom as black sphere, C95/C77 are shown
as yellow spheres and protein as green cartoon. Rest of the lipids, water and ions are not shown for clarity. Figure is
reprinted with permission from Steringer et al. [368], eLife Sciences Publications. Copyright 2017 Steringer et al.,
(https://creativecommons.org/licenses/by/4.0/). (B) GRP1-PH domain binds to PI(3,4,5)P3 in both canonical (C site)
and alternate (A site) binding modes. In C site mode, PH domain β1/β2 loops bind to PI(3,4,5)P3, whereas in A site
mode, binding takes place with β5/β6 loops. PI(3,4,5)P3 is rendered as spheres, rest of the lipids as lines, protein as
orange cartoon and key residues are shown as blue licorice. Figure is reprinted with permission from Pant et al. [382],
John Wiley and Sons. Copyright c© 2019 Wiley Periodicals, Inc., (https://creativecommons.org/licenses/by/4.0/). (C)
Conformation of Cofilin-1 and moesin FERM domain on membrane surface. Positively charged amino acids interacting
with the lipids are shown as blue licorice, PI(4,5)P2 and POPS lipids are displayed as red and cyan spheres, respectively.
Figure reprinted with permission from Senju et al. [383], United States National Academy of Sciences.

GRP1 is one of the well characterized PI(3,4,5)P3 recognizing protein belonging to guanine nucleotide exchange
factor (GEFs) family [384]. GRP1 is involved in insulin signaling [385, 386], receptor endocytosis [387] and actin
dynamics [388, 389]. Pant et al. [382] carried out several AA-MD simulations to investigate the spontaneous binding of
the GRP1 PH domain to PI(3,4,5)P3. The simulations were initiated by placing the PH domain 1.5 nm above a mixed
membrane composed of PC, PS and PI(3,4,5)P3 lipids in varying concentrations. In a neutral pure PC membrane, the
PH domain bounced back to the aqueous solution after initial contacts, demonstrating only weak interactions with the
PC head groups. However, upon the addition of 20% negatively charged PS lipid to the membrane, the PH domain
was found to strongly interact with the membrane throughout the simulations. The interactions were mainly mediated
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through the loop connecting β1 and β2 strands, where the canonical binding motif is located. The side chains of the key
residues R277, V278 and K279 stabilizing the interactions were localized to the phosphate head groups, and no deeper
insertion was observed. On addition of highly negatively charged PI(3,4,5)P3 lipids to the membrane, PI(3,4,5)P3

recognized their canonical binding motif and PH domain orient at an angle of 36.9± 9.1◦ relative to the membrane
normal. The key residues at the canonical binding site forming hydrogen bonds with the phosphate head groups are
K273, R277, K282, R284 and Y298. Simulations also revealed that PI(3,4,5)P3 may recognize the loop connecting
β5 and β6 strands, a new binding site previously not reported for the GRP1 PH domain. At this new site, the PH
domain orients an angle of 29± 11.9◦ with respect to the membrane normal (Fig. 16B). The key residues at the alternate
new site forming hydrogen bonds with the phosphate head groups are R283, R322 and K323. Inspection of the local
lipid density revealed that the orientation is influenced by the local concentration of PS lipids, which is higher when
PI(3,4,5)P3 binds to the PH domain at its canonical binding site. Furthermore, in presence of PI(3,4,5)P3 V278 was
observed to penetrate deep into the membrane. Additional free-energy calculations suggested that both binding modes
are favorable with higher affinity for binding at canonical binding site. The results from this study provide evidence for
lipid-dependent binding and activity of PH domains.

Actin-binding proteins (ABPs). Actin, the most abundant and dynamic protein in eukaryotic cells, participates in
several cellular functions including the polymerization of filaments, preservation of membrane integrity, contraction
of muscle cells etc [390]. Polymerization of actin filaments leads to cell movement and morphogenesis [391]. The
stability, dynamics, length of filaments are controlled by actin-binding proteins (ABPs), which are in turn regulated
by PIPs [392, 393]. Thus, membrane binding of ABPs, such as cofilin, vinculin, formins, and N-WASP are critical
for their activity [394–398]. Among the PIPs, PI(4,5)P2 interacts with ABPs and serves several functions, including
the prevention of actin filament disassembly and capping of filament ends [399–401], the activation of actin filament
assembly. Hence, PI(4,5)P2 serves as a link between the plasma membrane and actin filaments [402–404]. The
presence of PI(4,5)P2 is central in filament assembly, and any loss in membrane PI(4,5)P2 triggers disassembly of
actin filaments [405–408]. Despite the importance of ABPs interaction with PI(4,5)P2, molecular insights into ABPs
association and dissociation with lipid membranes has been largely unexplored. To gain molecular insights into
dynamics of ABPs on interaction with PI(4,5)P2, we discuss results for cofilin-1 and for the FERM domain of moesin.

Senju et al., [383] performed unbiased AA-MD simulations, initiated by placing the protein 0.5 nm above the
membrane surface. During the simulations, both proteins interact with the PI(4,5)P2-enriched membrane via their large
positively charged surface (Fig. 16C). Cofilin-1 equilibrates within 50–60 ns with no change in the number of hydrogen
bonds formed with the lipids, whereas moesin, due to its large size and slower diffusion, equilibrates within 150 ns.
The large and highly negatively charged PI(4,5)P2 head groups readily bind to experimentally identified binding sites
on Cofilin-1 and moesin. Cofilin-1 and moesin is stabilized on the membrane surface by several lysine and arginine
residues. In addition to PI(4,5)P2 binding to the known binding site for moesin, binding to an additional site was
identified, formed by a patch of nine cationic residues. residues K3, K35, R40, K72, R246, K254, K258, K262, K26. On
average, Cofilin-1 and moesin bind to 3.0± 0.1 and 6.0± 0.3 PI(4,5)P2 head groups, respectively. The PI(4,5)P2 binding
specificity was not hindered by a large concentration of PS lipids in the membrane. None of the residues identified
were able to penetrate deep into the membrane but they were instead localized near phosphate atoms. To estimate
the binding free energy difference between these two proteins, umbrella sampling simulations were performed. The
calculations estimated that cofilin-1 binds with 12± 2 kcal/mol and moesin wtih 33± 2 kcal/mol, further highlighting
the weak interactions of cofilin-1 with the membrane. Thus, the study reveals that despite the interactions to be mainly
electrostatic, the dynamics and affinities of ABPs are different which relates to their differential function.

4.2.3 Viral fusion proteins

The genetic material (DNA/RNA) of enveloped viruses is confined within a lipid bilayer, termed virus envelope. The
release of the viral genome into host cells requires fusion of the virus envelope with the host cell membrane. However,
membrane fusion is opposed by a high kinetic barrier. First, a repulsive dehydration barrier is developed as the distance
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between the two membranes is within ∼30 Å. Second, during the fusion process, membrane strongly deform during
fusion, which requires considerable free energy [409]. These kinetic barriers are overcome by the action of membrane
fusion glycoproteins that are located at the surface of viruses, where they undergo series of conformational changes
during fusion. Membrane fusion begins with the proteins in a high-energy, metastable, compacted state. Upon change in
pH or upon sensing receptors on the host membrane, the fusion proteins open up and interact with the host membranes
through fusion loops or fusion peptides. The protein releases its stored energy by collapsing, thereby forcing the two
membranes into close proximity, hence favoring the formation a hemifused state (Fig. 17A). Finally, a stable low-energy
fusion pore is formed, allowing the release of viral genome.

[Insert Figure 17 here]

Figure 17: Viral fusion proteins. (A) Figure showing sequential change in protein conformation during membrane
fusion [410]. This figure reprinted with permission from reference [410], United States National Academy of Sciences.
(B) Simulation system of the class II fusion protein Gc of Rift Valley fever virus in contact with a DOPC/cholesterol
membrane. (C) Closeup view of a DOPC lipid bound to the PC lipid recognition site of Gc. Grey: MD simulation.
Brown: crystal structure with a short-tailed lipid mimic [411].

Based on structural differences, fusion proteins can be grouped into three classes, namely, class I, class II and class III.
Class I proteins are characterized by a central trimeric α-helical coiled-coil structure and contain hydrophobic fusion
peptides on the N-terminal side (found in retrovirus, filovirus, coronavirus). A typical example is haemagglutinin from
influenza A. Class II proteins exhibit β-sheets-rich domains that also contain the fusion loops (found in alphavirus,
flavivirus, rubivirus, phlebovirus). Class III proteins contain a central trimeric α-helical coiled-coil structure – similar to
class I proteins–, while the fusion loops extend β-sheet domains – similar to class II (vesicular stomatitis virus, herpes
simplex virus, Epstein-Barr virus, baculovirus). Here, we discuss recent work on a class II fusion protein from Rift
Valley fever virus (RVFV), which revealed a previously unknown lipid recognition site.

RVFV is transmitted by mosquitos affecting both livestock and humans. The virus enters the host cell through
membrane interactions mediated by glycoprotein Gc. However, little was known about the lipid specificity of pro-
tein–membrane interactions. Thus, Guardado-Calvo et al. solved a new X-ray structure of glycoprotein Gc that adopts a
typical class II conformation [411]. Remarkably, electron density from a lipid mimic was detected in the crystal, at a
site that is expected to be in contact with the host membrane during fusion. The structure was next subjected to MD
simulations in DOPC/CHOL membranes to investigate specific lipid binding sites at the fusion loops. In agreement
with biochemical studies, MD simulations showed that increase of cholesterol concentration resulted in deep insertion
of the fusion loops and, hence, stronger binding to the membrane. The cholesterol-dependent stability was attributed to
the ability of cholesterol to occupy space between the DOPC lipids, thereby preventing close packing of DOPC head
groups. The loosely packed DOPC head groups allowed the fusion loops to penetrate the membrane, thus forming
stable interactions. Further, during the simulations DOPC was seen to bind to the same contact site as also observed
in the crystal (Fig. 17B,C). Comparison of the RVFV structure with other class II family members (flavivirus E and
alphavirus E1) revealed that the DOPC binding site is largely conserved, suggesting that the site may be widely used by
viruses with class II proteins to sense the lipid composition of their host cells.

4.3 Coarse-grained simulations of membrane proteins

4.3.1 Curvature induction and membrane remodeling by FAM134B reticulon homology domain assist
selective ER-phagy

The endoplasmic reticulum (ER) is an important cellular structure found in eukaryotic cells and composed of phos-
pholipid bilayer delimited tubules and sheets. The ER is associated with different cellular functions depending on
tissue location in the body [412]. It is major site of proteins synthesis and transport, protein folding, lipid and steroid
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synthesis, carbohydrate metabolism, and storage. Newly synthesized polypeptides are folded inside the ER lumen by
chaperones, where also post-synthesis glycosylation takes place. Loss of ER function can result in the accumulation
of wrongly folded proteins and other stress factors, resulting a major cellular response to deal with this is through an
autophagy receptor-mediated degradative ER-autophagy process (ER-phagy) [413]. The specific mechanism involved in
ER-autophagy has been the subject of different research investigations and it is believed to involve membrane-modulated
protein interactions, including the reticulon-homology-domain (RHD) of the ER. The RHD contains the FAM134
protein family (FAM134A, FAM134B, FAM134C) and two autophagy-related proteins, the microtubule associated
light chain 3 (LC3) and GATE16/GABARAP [414].

FAM134B interacts with LC3 using an LC3-interacting region (the LIR motif, sequence DDFELL) that is highly
conserved across the FAM134 protein family. For instance, downregulation of the FAM134B [415] or substitution of
the LIR motif with alanine residues prevented interaction with LC3 and ER autophagosomes. A number of diseases
have been attributed to the loss of FAM134B function, including neuropathy which is associated with the truncation
of the protein sequence. The function of the FAM134 family in the ER-phagy is believed to have a relationship with
the membrane-shaping RHD structural motif that is conserved throughout the family and shared with other membrane
shaping proteins [416–419]. The underlying mechanism however remains unsolved as a result of lack of atomic-level
insight into its structural and dynamical processes.

FAM134 presents an exciting possibility to interrogate the initial sequence of events, deriving from protein-lipid
interactions, that affect membrane structural integrity and drive ER-phagy. To understand these separate processes,
Bhaskara et al. employed a multiscale simulation approach that generated structural models for CG-MD simulations
from multiple µs-long explicit solvent AA-MD sampling [420]. The model protein consists of two TM helical hairpins
that are connected to another two helical segments composed of amphipathic amino acids. The FAM134B-RHD model
structures generated from the AA-MD were embedded in MARTINI lipids using both POPC and mixed lipid bilayers
(to model the ER membrane) as well as bicelle model systems. Intracellular aqueous and ionic conditions of the
physiological membrane were mimicked with MARTINI water, Na+ and Cl− models. In total, 95× 1µs independent
FAM134B-RHD-lipid simulations were performed. As reference simulations, 97× 1µs with empty bicelles (no protein
present) and 96× 1µs membrane systems with inserted KALP15 protein were also performed. KALP proteins contain
an alternating A/L sequence, flanked by lysine residues and serve as TM model. They exhibit a TM helical structure
with different length, depending on the number of repeating A/L residues. The large-scale CG simulations with the
MARTINI FF allowed the detection of very interesting structural phenomena which identified the detailed mechanism
by which FAM134B (and by extrapolation other RHD proteins) induces membrane curvature in ER-phagy. First,
the overall mechanism was found to proceed via an initial FAM134B RHD domain interaction with the membrane,
followed by embedding events facilitated by the amphipathic nature of the RHD. The membrane insertion of the RHD
motif perturbed the local symmetry of the membrane and created uneven and extensive asymmetric patches around
the amphipathic protein segment. This was observed to directly stretch the lipid layer accompanied by increased area
per lipid (curvature induction). This structural remodeling was observed in 97% of all independent FAM134B-RHD
membrane simulations. And the membrane curvature was eventually observed to result in complete shape transition
from an initial bicellar structure to vesicle formation (Fig. 18). In contrast, KALP15 only marginally perturbed the
membrane as seen in slight reduction in bilayer thickness in 5 out of total 96 independent CG-MD simulations. The
dramatic and complete vesiculation observed in the CG simulations involving FAM134B-RHD shed some light on
the role of FAM134B-RHD in provoking structural changes in ER membranes. The vesicles formation facilitates
autophagosome clearance and firmly establishes the involvement of specific protein-membrane interactions in ER-phagy.
The fact that membrane curvature was not observed with KALP15 further highlights the high specificity of the process
for the amphipathic motif of RHD proteins, which in the FAM134 protein family is structurally coupled to LIR motifs
that serve as recognition site for autophagosomes.

FAM134 presents an exciting possibility to interrogate the initial sequence of events, deriving from protein-lipid
interactions, that affect membrane structural integrity and drive ER-phagy. To understand these separate processes,
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Bhaskara et al. employed a multiscale simulation approach that generated structural model for CG-MD simulation
from multiple µ-long AA explicit solvent MD sampling [420]. The model protein consists of two TM helical hairpins
that are connected to another two helical segments composed of amphipathic amino acids. The FAM134B-RHD CG
model structures generated from the AA-MD were embedded in MARTINI lipids using both POPC and mixed lipid
bilayers (to model ER membrane) as well as bicelle model systems. Intracellular ionic and aqueous conditions of the
physiological membrane were mimicked with MARTINI water and NaCl models. Ninety-five (95)× 1µs independent
FAM134B-RHD-lipid simulations were performed. As reference simulations, 97× 1µs with empty bicelles (no protein
present) and 96× 1µs membrane systems with inserted KALP15 protein were also performed. The large-scale CG
simulations with the MARTINI FF allowed the detection of very interesting structural phenomena which identified the
detailed mechanism by which FAM134B (and by extrapolation other RHD proteins) induces membrane curvature in
ER-phagy. First, the overall mechanism was found to proceed via an initial FAM134B RHD domain interaction with the
membrane, followed by embedding events facilitated by the amphipathic nature of the RHD. The membrane insertion
of the RHD motif perturbed the local symmetry of the membrane and created uneven and extensive asymmetric patches
around the amphipathic protein segment. This was observed to directly stretch the lipid layer accompanied by increased
area per lipid (curvature induction). This structural remodeling was observed in 97% of all independent FAM134B-RHD
membrane simulations. And the membrane curvature was eventually observed to result in complete shape transition
from an initial bicellar structure to vesicle formation (Fig. 18). In contrast, KALP15 only marginally induced perturbed
the membrane as seen in slight reduction in bilayer thickness in 5 out of total 96 independent CG-MD simulations. The
dramatic and complete vesiculation observed with the CG simulations shed some light on the role of FAM134B-RHD
in provoking structural changes in ER membranes. The vesicles formation facilitates autophagosome clearance and
firmly establishes the involvement of specific protein-membrane interactions in ER-phagy. The fact that membrane
curvature was not observed with KALP15 further highlights the high specificity of the process for the amphipathic motif
of RHD proteins, which in the FAM134 protein family is structurally coupled to LIR motifs that serve as recognition
site for autophagosomes.

In summary, the FAM134 family expressed in ER membranes actively induces formation of smaller vesicles from the
ER membrane through their RHD motifs; the protein then employs its LIR motif for interacting with autophagosomes
to facilitate ER clearance. This study demonstrates how MD simulations can serve as molecular microscope and help to
elucidate mechanism of protein-membrane system, in this case the bilayer-to-vesicle transition via induced membrane
curvature by the highly conserved amphipathic RHD.

[Insert Figure 18 here]

Figure 18: Membrane remodeling induced by the FAM134B-RHD protein. Snapshots taken from different time
points of CG-MD simulations of membrane systems with (A) KALP15, which was unable to induce membrane
vesiculation within 1µs, and (B) FAM134B-RHD, which induced vesicle formation within 700 ns. Panels A and B are
reprinted with the permission from Bhaskara et al. [420]. Copyright 2019 Springer Nature Limited.

4.3.2 Lipid droplet biogenesis is a liquid phase separation spatially regulated by seipin and membrane
curvature

Lipid droplets (LD) are organelles and highly dynamic structurally and in terms of their composition. They are vesicular
assemblies generated in the ER and contain neutral lipids, such as triglycerides (TGs) and sterol esters at their core. The
neutral lipids are surrounded by a single phospholipid layer with protein molecules (integral and peripheral) decorating
the phospholipid monolayer [421]. LDs are associated with functional roles, which include their role as energy storage
compartments for excess neutral lipids from where they can be later mobilized for energy generation via enzymatic
lipolysis. Moreover, LDs also provide a buffer area where otherwise toxic endogenous fatty acids are stored and
prevented from triggering cell death. The biogenesis of LDs has recently been understood to proceed within the two ER
membrane leaflets with an initial lens formation resulting from lipid demixing. For this, integral ER membrane proteins
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are believed to play a critical role. In addition, a critical concentration of neutral lipids within the ER membrane bilayer
is crucial for lipid lens formation to get started, while differences in surface tension between the ER lumenal (the
ER interior) and cytoplasmic (the ER exterior) lipid layers as well as the ER membrane protein seipin are important
to ensure that nascent LDs bud off the ER membrane from the cytoplasmic lipid monolayer. However, the detailed
mechanism of LD formation, including the specific contribution of membrane and protein interactions, remains poorly
understood.

In the case study presented here, Zoni et al. employed two CG models and several µs-long MD simulations to provide
insight into LD biogenesis [422]. In their simulation setups featuring only lipids, i.e. in the absence of proteins they
employed the SDK model [93, 423–425]. The SDK model is a CG-FF originally developed by Shinoda, DeVane, and
Klein (SDK), which has been demonstrated to correctly model the interfacial interaction of lipids and water [93,94,426].
This model was also shown to reliably reproduce the energy barrier for diacylglycerol-water flip-flop and interfacial
tensions. For the system setups with the membrane protein seipin, the MARTINI parameter sets were used. Seipin is
mostly expressed in the ER and in its functional form, it is assembled into a homo-oligomeric barrel-shaped integral
membrane protein with a central pore. It is mostly found concentrated at membrane junctions and in contact with LDs.

Multiple system setups were designed to investigate different structural involvements in LD biogenesis. First, the
process of lens formation was examined by inserting variable amounts of triglyceride molecules (between 2% and
10%) randomly between the two leaflets of a bilayer membrane and simulated the systems for 3× 1.5µs or until
spontaneous triglyceride lens formation occurred. The effect of different lipid types on lens formation dynamics was
additionally examined using various binary combinations of DOPC(18:1) with either of DOPE(18:1), POPC(16:0,18:1),
POPE(16:0,18:1), DPPC(16:0), CHOL, or diacylglycerol added to it, while an ER-like membrane system was modeled
using a constant composition of DOPC, DOPE, CHOL and diacylglycerol. The simulation investigating the role of
seipin-membrane interaction was initiated from a model, in which seipin was fitted into the available cryo-EM model of
human seipin arranged into a ring shape [427] (PDB code: 6DS5). This was inserted into a DOPC membrane containing
2% triglyceride molecules. Three replicas of this setup were simulated for 4µs. In total, about 75 different simulation
systems were investigated with most of them simulated in three replicas, and each replica lasting for 0.5 to 9.5µs
depending on the particular setup .

In the first CG case study, the role of the RHD motif-containing FAM1343B protein in ER-phagy was examined. It
was shown that RHD interaction with the ER bilayer induces membrane curvature and complete membrane remodeling
into vesicles for presentation for degradation by autophagosomes. In the present case study, the ER integral protein
seipin was also shown to induce membrane curvature in cytoplasmic ER membrane layer as part of the structural events
in LD formation. Furthermore, interaction of triglycerides with seipin resulted in the reduction of the diffusion of the
neutral lipids within the membrane bilayer, which was found to encourage the accumulation of triglycerides in the
vicinity of the membrane protein. The concentration of triglycerides was observed to double around seipin. Interestingly,
experimental studies reported seipin to preferentially localize at ER membrane sites that have been reported to be
associated with LD formation. In the absence of seipin, LD biogenesis was significantly impaired [428, 429]. LD lens
formation occurred in the absence of seipin, but at a much reduced rate. Moreover, lens formation was seen to strongly
depend on the concentration of free triglycerides, showing the involvement of a liquid-liquid phase separation process
that is principally driven by the equilibrium concentration of triglycerides. By increasing the surface tension of the
membrane lipids, an effect that was accomplished via a gradual scaling of the box size in xy-dimension, lens formation
was inhibited. In effect, a lower membrane tension was found to favor lens formation, and thus LD generation. This
agrees well with the observation that LDs are formed by the cytoplasmic monolayer of the ER membrane, characterized
by a surface tension much lower than that of the lumenal ER membrane monolayer. Other factors found to promote
liquid-liquid phase separation include the presence of precursor molecules for neutral lipids in the membrane, especially
diacylglycerol, cholesterol, as well as unsaturated lipids. ER-like membrane systems were observed to form TG lenses
at solute concentrations much lower than membrane systems without cholesterol and diacylglycerol. This was believed
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to be an adaptive protection mechanism that allows the ER to spontaneous mop up neutral lipids to prevent toxic
aggregation.

Taken together, the use of CG-MD simulations allowed the sampling of critical structural events in LD biogenesis,
showing that liquid-liquid phase separation initiated by demixing of neutral lipids within the ER bilayer is accentuated by
interaction with the ER membrane protein seipin and the presence of neutral lipid precursor molecules, like cholesterol
and diacylglycerol in the membrane. Differential ER-membrane surface tension caused by a higher osmotic pressure
within the ER lumen ensures that following the formation of critical intra-ER membrane neutral lipid lenses, LDs are
budded off the cytoplasmic monolayer, where a lower surface tension operates. For more detailed information about
LD biogenesis, we recommend reading the review article [430].

4.3.3 Lipid-protein interactions are unique fingerprints for membrane proteins

The emergence of CG-MD simulation in recent years has not just made access to longer time scales feasible, simulating
more complex biophysical phenomena has increasingly become possible. In the first CG case study, membrane-protein
interaction was investigated using a multiscale simulation approach that clearly demonstrated the influential roles
played by a TM protein in membrane vesiculation. The use of a CG-FF made it possible to follow the entire structural
process, starting with the interaction of lipid molecules with FAM134B-RHD, to curvature induction in the membrane
architecture, and ultimately to vesicle formation. The fact that membrane remodeling was not observed with another
TM protein, KALP15, indicates that there exists a degree of specificity in the membrane-protein interaction. In other
words, rather than merely providing a structurally dynamic matrix for membrane proteins, lipid membranes are capable
of establishing specific binding interactions with proteins, both integral and peripheral. This realization suggests that
biological membranes are active participants in biochemical processes rather than functioning as a passive bystander in
cellular processes. With an average cell membrane containing many different membrane proteins of diverse structural
families (constituting up to 30% of the membrane area), a highly complex interaction pattern is expected between the
proteins and the membrane lipids [28, 431, 432].

One class of membrane proteins are the peripheral proteins that interact with the polar head groups of the membrane
lipid or with integral membrane proteins [433]. Peripheral proteins have no contact with the hydrophobic core of
the membrane and are located both on the cytosolic surface of the cell membrane, where they are often involved in
structural functions (e.g. actin) or in signal transduction (e.g. protein kinase C), and on the extracellular surface of the
membrane (e.g. extracellular matrix proteins such as collagen). The integral membrane proteins directly interact with
the hydrophobic membrane either via a TM protein domain traversing the membrane, or by covalent tethering through
a membrane fatty acid. Interaction with the different protein classes allows the cell membrane to perform its varied
biological functions and knowledge of the specific details of these interactions is crucial to understanding the basis of
life at the subcellular level.

In the case study reviewed here, Corradi et al. developed a CG-based MD simulation strategy to probe how ten
structurally diverse plasma membrane proteins interact with a membrane [434]; these include glucose transporter
1 (GluT1), aquaporin-1 (AQP1), AMPA-sensitive glutamate receptor 2 (GluA2), the dopamine transporter (DAT),
the epidermal growth factor receptor (EGFR), the voltage-dependent Shaker potassium channel 1.2 (Kv1.2), the
sodium/potassium pump (Na+K+-ATPase), the P-glycoprotein (Pgp), the delta opioid receptor (δ-OPR), and the
prostaglandin H2 synthase (COX1). In this work, lipids of 63 different types were distributed asymmetrically between
the two membrane leaflets to provide a realistical model of a plasma membrane [34,226]. In the extracellular membrane
leaflet, the incorporated lipids feature a higher degree of lipid chain saturation and include gangliosides and PC, but
also to some extent cholesterol, SM, ceramide, and diacylglycerol. The cytosolic membrane leaflet, on the other
hand, included most of the charged lipids PA, PE, PS, PI, PIP, PIP2 and PIP3 and a higher content of unsaturated
fatty acid chains. The inner leaflet further contained lysophosphatidylcholine (LPC) lipids. Using the MARTINI FFs,
patches of the membrane model were set up, one patch for each of the ten proteins. Each patch measured 42 nm in
both x- and y-dimensions and contained about 6000 mixed lipids as described above. Four copies of each membrane
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protein were inserted in the membrane patch with each protein copy separated by a distance of about ∼20 nm from
the directly neighbored ones, all four of which were arranged in a square formation (Fig. 19). Simulating four copies
of the same protein per membrane patch allows for improved statistics. Ten such assemblies were established for the
ten membrane-protein assemblies, each of them was simulated for 30µs. With the aid of weak position restraints,
the protein molecules were kept in place, preventing them from aggregating. In reality, protein aggregation within
the membrane matrix remains a possibility. The use of protein position restraints allows for the lateral diffusion of
lipid molecules to be studied; by decoupling this from protein aggregation, it becomes easy to observe how each lipid
molecule interacts with the protein molecules.

Each system was then analyzed for any discernible pattern in membrane-protein interactions that is essentially
unique to each protein (called fingerprint). For each protein, selective interactions with distinct lipid types were
observed, resulting in a lipid enrichment pattern in the immediate vicinity of the protein molecules. With different
protein macromolecules being present in the cell membrane, it immediately becomes apparent how such non-uniform
interaction with the lipids might contribute towards influencing the global properties of the membrane. For this reason,
it is also expected that membrane properties will vary with protein composition of the cell membranes, from a particular
cell type to another, as well as between individual organisms based on the internal constitution. In other words, the
matrix experience presented by the membrane continuum is not as uniform as it might first appear but in actual fact is
dictated by specific structural phenomena, resulting from each protein and other membrane constituents. A radius of
0.7 nm was used in describing interaction shells around each protein molecule and the reported behavior represents
average over four copies of each protein (Fig. 19).

From the complex array of interactions between membrane protein and lipids, the most glaring observations include
a generalized depletion of SM, PCs, LPC (except for COX1), and ceramides (with the exception of COX1 and EGFR)
in the immediate vicinity of all ten protein molecules. On the other hand, diacylglycerol, PIP2, PIP3, gangliosides
and polyunsaturated lipids were specifically attracted to the local interaction shell around all ten proteins. The lipid
enrichment-depletion behavior was, however, not always symmetrical between the two membrane leaflets. This was
most striking with respect to the gangliosides, PIP2 and PIP3, which are important lipids involved in cell signaling
function. For instance, gangliosides play an active role in protein sorting, while PIP2 and PIP3 are crucial in modulating
protein-protein interactions within the membrane matrix (e.g. in Kir2.1 channels, see section 4.1.2). The enrichment of
gangliosides around the proteins was most striking in the outer membrane leaflet, while the PIP2 and PIP3 lipids were
selectively enriched in the membrane inner leaflet.

[Insert Figure 19 here]

Figure 19: Membrane-protein simulation setup for probing the lipid-protein interaction fingerprints. In the inset
panel, the red stars mark the positions of the protein molecules held in place with a weak position restraining force of
1 kJ mol-1 nm-2. Each protein molecule is separated from the other ones by a distance of at least 20 nm. The four protein
molecules are embedded in the membrane system (white background), which was modeled as a mixture of 63 different
lipid types. The assembly is replicated for each of the ten protein molecules studied, which are shown one the right
and below. These proteins are structurally diverse, ranging from single domain globular proteins like DAT, GLUT1,
δ-OPR, AQP1, COX1, to more complex multi-domain TM protein assemblies like Kv1.2, EGFR, P-gp, GluA2, and
Na+K+-ATPase. Figure is reprinted with the permission from Corradi et al. [434]. Copyright 2018 American Chemical
Society.

These results represent a necessary simplification of an extremely complex interaction behavior, especially considering
that each protein represents a structural architecture that deviates from a uniform cylindrical geometry. Considering the
no irregular shapes of the biological proteins and the varied composition of amino acids, each set of protein-membrane
interaction constituted an interaction fingerprint, which strongly influences the lateral organization of lipids in the cell
membrane. Since the model employed in this case study investigated each protein molecule in isolation, a more complex
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membrane with attendant further complication of membrane properties is likely to occur in biological membranes,
where different protein molecules simultaneously co-localize in close proximity.
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5 Conclusions and future directions

In this chapter, we provide molecular level insights into protein-membrane interactions in various cellular processes.
For each case study, we have given a general overview of the system, followed by the most relevant findings from MD
simulations. In section 1, we provide a short introduction to prokaryotic and eukaryotic cells and then discussed in
detail the structures of various lipid species which are basic elements of cell membranes. Next, we have introduced
membrane proteins, which along with lipids are essential to carry out different cellular functions. We concluded the
section discussing various experimental techniques used in the studies of protein-membrane interactions and the role
of computational methods, such as MD simulations in further advancing our knowledge in the field. In section 2, we
have reviewed various FFs used to describe the lipids in MD simulations. The section includes a discussion on the
availability of lipid species for each FF and explains the membrane properties commonly used to validate the lipid
FFs against experimental data. For a more detailed background on FFs, readers are requested to refer to chapters 1
and 2 of this book. In section 3, we have provided some practical information on how to build protein-membrane
systems, a list of MD simulation packages and tools available to analyze the output the data from MD simulations. The
section begins with a detailed review on CHARMM-GUI functionalities to build various protein-membrane systems
for use with the CHARMM FF, followed by methods to set up systems for use with AMBER, OPLS-AA, GROMOS
and MARTINI FFs. In addition, we have also covered the tools available to build glycoproteins and glycolipids for
MD simulations. We have concluded this section listing the tools available to analyze the trajectory files created
by protein-membrane MD simulations. Finally, in section 4, we have reviewed MD studies of membrane-protein
systems. The section is split into three subsections: first, we have presented case studies of integral membrane proteins
elucidated by atomistic simulations; second, we have reported atomistic simulations of peripheral membrane proteins:
third, we selected a few case studies that employed coarse-grained MD simulations to study biological process of
large protein-membrane systems, which are computationally too demanding for an atomistic approach. The reviewed
topics include protein-induced bicelle-to-vesicle transformation, spontaneous triglyceride lens formation in lipid droplet
biogenesis, and identifying unique lipid fingerprints for membrane proteins of various topology.

The diverse cases reviewed in section 4 provided key molecular insights into how specific lipids regulate protein
activity, impressively demonstrating that MD simulations are a vital technique for studying protein-membrane systems.
As seen in the presented cases, the recent advancements in the supercomputing facilities along with methodological
developments regarding the MD codes has already enabled MD simulations at the microsecond time-scale. With regular
improvements of FFs to increase their accuracy along with developments of advanced algorithms to speed up MD
simulations, the efficacy of the MD studies will further increase in the future. In addition, sustained improvement in
experimental techniques, particularly in lipidomic studies, has benefited MD studies immensely in narrowing down
from a large pool of lipid species to few specific lipids of interest.

In spite of MD simulations being able to complement experimental results, there are few limitations to be addressed.
There are several FFs available for both proteins and lipids, but all have their own shortcomings in reproducing
experimental data. Moreover, the simulation of protein-membrane systems requires protein and lipid force fields that are
compatible with each other and reproduce the properties of both the protein and the lipid bilayer. The FF benchmarks
to date are mostly limited to either proteins or to lipids, while their compatibility and ability to provide a balanced
description of protein-lipid interactions has not yet been systematically checked. In terms of application challenges, it
should be considered that biological membranes are complex with asymmetric distributions of different lipid species
between the two leaflets. Thus, even in the absence of proteins, membranes can undergo curvature and separate into
specialized lipid domains. However, most MD simulations are carried out with planar lipid membranes composed
of a few selected lipids, rendering them incapable to mimicking the lipid complexity of biological membranes or the
observed membrane curvature. Moreover, the traditional way of setting up infinite membrane simulations with periodic
boundary conditions further hinders any stabilization of membrane curvature. While mimicking biological membrane
composition would be a challenge, spontaneous membrane curvature or protein-induced curvature can be studied using
discontinuous finite membranes, such as bicelles, an ideal system to study membrane curvature. Proteins undergo
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several post-translational modifications before being transferred into the plasma membrane, and one of the modifications
is the covalent attachment of sugar residues or glycans to the proteins. More than 50% of all the eukaryotic proteins are
glycosylated, however, only few MD studies have considered protein glycosylation. With the availability of tools to
identify glycan sites and build glycoproteins, future MD studies should increase the system complexity by considering
glycosylation when required. Such studies would lead to several discussions in the glycobiology field in terms of
structure, function and composition of glycans. Experimentally observed conformational changes in protein structure on
ligand binding or observing spontaneous lipid-mediated protein structural change is still a challenge with conventional
MD simulations. There are several enhanced sampling methods to overcome the limitations, but the systems have to be
treated with several biases which would further influence the end results.

In spite of these limitations, MD simulations of proteins-membrane systems have rapidly progressed over the last few
years and complemented experimental studies in providing molecular and dynamic details at atomistic resolution for
protein-lipid interactions.

6 Acknowledgment

BS and JL received funding for this project from the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation, http://www.dfg.de/) through grant number 267205415 (CRC 1208, project A07). BS and OOO acknowledge
support through the Initiative and Networking Fund of the Helmholtz Association, grant number ERC-RA-0034. JSH
and CP acknowledge support through the Deutsche Forschungsgemeinschaft (SFB 1027/B7). We thank Kalina Atkovska
for preparing parts of Figure 17.

58



Computer Simulations of Protein-Membrane Systems A PREPRINT

References

[1] T.M. Bakheet and A.J. Doig. Properties and identification of human protein drug targets. Bioinformatics,
25(4):451–457, 01 2009.

[2] M.A. Yildirim, K.I Goh, M.E. Cusick, and M. Barabásil, A.L.and Vidal. Drug–target network. Nature
Biotechnology, 25:1119–1126, 2007.

[3] E Lyman, C.L. Hsieh, and C. Eggeling. From Dynamics to Membrane Organization: Experimental Breakthroughs
Occasion a “Modeling Manifesto”. Biophysical Journal, 115(4):595–604, 2018.

[4] S.J. Singer and G.L. Nicolson. The fluid mosaic model of the structure of cell membranes. Science,
175(4023):720–731, 1972.

[5] D. Engelman. Membranes are more mosaic than fluid. Nature, 438:578–580, 2014.

[6] G.L. Nicolson. The Fluid-Mosaic Model of Membrane Structure: Still relevant to understanding the structure,
function and dynamics of biological membranes after more than 40 years. Biochimica et Biophysica Acta (BBA) -
Biomembranes, 1838(6):1451–1466, 2014.

[7] F. M. Goñi. The basic structure and dynamics of cell membranes: An update of the Singer–Nicolson model.
Biochimica et Biophysica Acta (BBA) - Biomembranes, 1838(6):1467–1476, 2014.

[8] C. Tanford. The hydrophobic effect and the organization of living matter. Science, 200(4345):1012–1018, 1978.

[9] Philip L. Yeagle. Chapter 2 - the lipids of biological membranes. In L.Y. Philip, editor, The Membranes of Cells
(Third Edition), pages 27 – 56. Academic Press, Boston, third edition edition, 2016.

[10] S. Marventano, P. Kolacz, S. Castellano, F. Galvano, S. Buscemi, A. Mistretta, and G. Grosso. A review of recent
evidence in human studies of n-3 and n-6 pufa intake on cardiovascular disease, cancer, and depressive disorders:
does the ratio really matter? International Journal of Food Sciences and Nutrition, 66(6):611–622, 2015.

[11] A.A. Spector. Essentiality of fatty acids. Lipids, 34(S1Part1):S1–S3, 1999.

[12] T. Harayama and H. Riezman. Understanding the diversity of membrane lipid composition. Nat Rev Mol Cell
Biol, 19(5):281–296, 2018.

[13] A. Yamashita, H. Hayashi, Y. Nemoto-Sasaki, M. Ito, S. Oka, T. Tanikawa, K. Waku, and T. Sugiura. Acyl-
transferases and transacylases that determine the fatty acid composition of glycerolipids and the metabolism of
bioactive lipid mediators in mammalian cells and model organisms. Progress in Lipid Research, 53:18–81, 2014.

[14] M. Krauß and V. Haucke. Phosphoinositides: Regulators of membrane traffic and protein function. FEBS Letters,
581(11):2105–2111, 2007.

[15] J. Viaud, R. Mansour, A. Antkowiak, A. Mujalli, C. Valet, G. Chicanne, J.M. Xuereb, A.D. Terrisse, S. Séverin,
M.P. Gratacap, F. Gaits-Iacovoni, and B. Payrastre. Phosphoinositides: Important lipids in the coordination of
cell dynamics. Biochimie, 125:250–258, 2016.

[16] W. Dowhan, M. Bogdanov, and E. Mileykovskaya. Chapter 1 - functional roles of lipids in membranes. In
Biochemistry of Lipids, Lipoproteins and Membranes (Sixth Edition), pages 1–40. Elsevier, Boston, sixth edition
edition, 2016.

[17] V. Lladó, D.J. López, M. Ibarguren, M. Alonso, J.B. Soriano, P.V. Escribá, and X. Busquets. Regulation of the
cancer cell membrane lipid composition by NaCHOleate: Effects on cell signaling and therapeutical relevance in
glioma. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1838(6):1619–1627, 2014.

[18] J.E. Vance. Phospholipid synthesis and transport in mammalian cells. Traffic, 16(1):1–18, 2015.

[19] C. Chitraju, M. Trötzmüller, J. Hartler, H. Wolinski, G.G. Thallinger, A. Lass, R. Zechner, R. Zimmermann,
Ha.C. Köfeler, and F. Spener. Lipidomic analysis of lipid droplets from murine hepatocytes reveals distinct
signatures for nutritional stress. Journal of Lipid Research, 53(10):2141–2152, 2012.

59



Computer Simulations of Protein-Membrane Systems A PREPRINT

[20] C.R. Raetz and W. Dowhan. Biosynthesis and function of phospholipids in escherichia coli. Journal of Biological
Chemistry, 265(3):1235–8, 1990.

[21] B. Ramstedt and J.P. Slotte. Membrane properties of sphingomyelins. FEBS Letters, 531(1):33–37, 2002.

[22] E. Sezgin, I. Levental, S. Mayor, and C. Eggeling. The mystery of membrane organization: composition,
regulation and roles of lipid rafts. Nature Reviews Molecular Cell Biology, 18:361–374, 2017.

[23] R.X. Tan and J.H. Chen. The cerebrosides. Nat. Prod. Rep., 20:509–534, 2003.

[24] P.H.H Lopez and R.L. Schnaar. Gangliosides in cell recognition and membrane protein regulation. Current
Opinion in Structural Biology, 19(5):549–557, 2009.

[25] K. Yanagisawa. Role of gangliosides in Alzheimer’s disease. Biochimica et Biophysica Acta (BBA) - Biomem-
branes, 1768(8):1943–1951, 2007.

[26] K. Matsuzaki, K. Kato, and K. Yanagisawa. Aβ polymerization through interaction with membrane gangliosides.
Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 1801(8):868 – 877, 2010.

[27] T. Benvegnu, L. Lemiègre, and S. Cammas-Marion. Archaeal lipids: Innovative materials for biotechnological
applications. European Journal of Organic Chemistry, 2008(28):4725–4744, 2008.

[28] G. van Meer, D.R. Voelker, and G.W. Feigenson. Membrane lipids: where they are and how they behave. Nat
Rev Mol Cell Biol, 9(2):112–124, 2008.

[29] G. van Meer and A.I.P.M. de Kroon. Lipid map of the mammalian cell. Journal of Cell Science, 124(1):5–8,
2011.

[30] K. Simons and E. Ikonen. Functional rafts in cell membranes. Nature, 387(43):569–572, 1977.

[31] T. Baumgart, A.T. Hammond, P. Sengupta, S.T. Hess, D.A. Holowka, B.A. Baird, and W.W. Webb. Large-scale
fluid/fluid phase separation of proteins and lipids in giant plasma membrane vesicles. Proceedings of the National
Academy of Sciences, 104(9):3165–3170, 2007.

[32] K.R. Levental and I. Levental. Chapter Two - Giant Plasma Membrane Vesicles: Models for Understanding
Membrane Organization. In Anne K. Kenworthy, editor, Lipid Domains, volume 75 of Current Topics in
Membranes, pages 25 – 57. Academic Press, 2015.

[33] H.J. Risselada and S.J. Marrink. The molecular face of lipid rafts in model membranes. Proceedings of the
National Academy of Sciences, 105(45):17367–17372, 2008.

[34] H.I. Ingólfsson, M.N. Melo, F.J. van Eerden, C. Arnarez, C.A. Lopez, T.A. Wassenaar, X. Periole, A-H. de Vries,
D.P. Tieleman, and S.J. Marrink. Lipid organization of the plasma membrane. Journal of the American Chemical
Society, 136(41):14554–14559, 2014.

[35] D. Lingwood and K. Simons. Lipid rafts as a membrane-organizing principle. Science, 327(5961):46–50, 2010.

[36] M.P. Muller, T. Jiang, C. Sun, M. Lihan, S. Pant, P. Mahinthichaichan, A. Trifan, and E. Tajkhorshid. Charac-
terization of lipid–protein interactions and lipid-mediated modulation of membrane protein function through
molecular simulation. Chemical Reviews, 119(9):6086–6161, 2019.

[37] M. Laursen, L. Yatime, P. Nissen, and N.U. Fedosova. Crystal structure of the high-affinity na+,k+-atpase–ouabain
complex with mg2+ bound in the cation binding site. Proceedings of the National Academy of Sciences,
110(27):10958–10963, 2013.

[38] M.A. Hanson, V. Cherezov, M.T. Griffith, C.B. Roth, V.P. Jaakola, E.Y.T. Chien, J. Velasquez, P. Kuhn, and R.C.
Stevens. A Specific Cholesterol Binding Site Is Established by the 2.8 Å Structure of the Human β2-Adrenergic
Receptor. Structure, 16(6):897–905, 2008.

[39] R.G. Efremov and L.A Sazanov. Structure of Escherichia coli OmpF porin from lipidic mesophase. Journal of
Structural Biology, 178(3):311–318, 2012.

60



Computer Simulations of Protein-Membrane Systems A PREPRINT

[40] Erik Strandberg, Santi Esteban-Martín, Anne S. Ulrich, and Jesús Salgado. Hydrophobic mismatch of mobile
transmembrane helices: Merging theory and experiments. Biochimica et Biophysica Acta (BBA) - Biomembranes,
1818(5):1242 – 1249, 2012.

[41] J.T. Marinko, H. Huang, W.D. Penn, J.A. Capra, J.P. Schlebach, and C.R. Sanders. Folding and misfolding
of human membrane proteins in health and disease: From single molecules to cellular proteostasis. Chemical
Reviews, 119(9):5537–5606, 2019.

[42] K. Murata and M. Wolf. Cryo-electron microscopy for structural analysis of dynamic biological macromolecules.
Biochimica et Biophysica Acta (BBA) - General Subjects, 1862(2):324–334, 2018.

[43] H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H. Weissig, I.N. Shindyalov, and P.E. Bourne. The
Protein Data Bank. Nucleic Acids Research, 28(1):235–242, 01 2000.

[44] S.K. Burley, H.M. Berman, C. Bhikadiya, C. Bi, L. Chen, L. Di Costanzo, C. Christie, K. Dalenberg, J.M. Duarte,
S. Dutta, Z. Feng, S. Ghosh, D.S. Goodsell, R.K. Green, V. Guranović, D. Guzenko, B.P. Hudson, T. Kalro,
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[188] A. Liwo, M. Baranowski, C. Czaplewski, E. Gołaś, Y. He, Dawid Jagieła, Paweł Krupa, Maciej Maciejczyk, Mar-
iusz Makowski, Magdalena A Mozolewska, et al. A unified coarse-grained model of biological macromolecules
based on mean-field multipole–multipole interactions. Journal of molecular modeling, 20(8):2306, 2014.

[189] S. Jo, T. Kim, V.G. Iyer, and W. Im. Charmm-gui: A web-based graphical user interface for charmm. Journal of
Computational Chemistry, 29(11):1859–1865, 2008.

[190] S. Jo, X. Cheng, J. Lee, S. Kim, S.J. Park, D.S. Patel, A.H. Beaven, K.I. Lee, H. Rui, S. Park, H.S. Lee, B. Roux,
A.D. MacKerell Jr., J.B. Klauda, Y. Qi, and W. Im. Charmm-gui 10 years for biomolecular modeling and
simulation. Journal of Computational Chemistry, 38(15):1114–1124, 2017.

[191] B.R. Brooks, C.L. Brooks III, A.D. Mackerell Jr., L. Nilsson, R.J. Petrella, B. Roux, Y. Won, G. Archontis,
C. Bartels, S. Boresch, A. Caflisch, L. Caves, Q. Cui, A.R. Dinner, M. Feig, S. Fischer, J. Gao, M. Hodoscek,
W. Im, K. Kuczera, T. Lazaridis, J. Ma, V. Ovchinnikov, E. Paci, R.W. Pastor, C.B. Post, J.Z. Pu, M. Schaefer,
B. Tidor, R.M. Venable, H.L. Woodcock, X. Wu, W. Yang, D.M. York, and M. Karplus. Charmm: The
biomolecular simulation program. Journal of Computational Chemistry, 30(10):1545–1614, 2009.

[192] M.J. Abraham, T. Murtola, R. Schulz, S. Páll, J.C. Smith, B. Hess, and E. Lindahl. GROMACS: High performance
molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX, 1-2:19–25,
2015.

[193] S. Pronk, S. Páll, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M.R. Shirts, J.C. Smith, P.M. Kasson,
D. van der Spoel, B. Hess, and E. Lindahl. GROMACS 4.5: a high-throughput and highly parallel open source
molecular simulation toolkit. Bioinformatics, 29(7):845–854, 02 2013.

[194] D.A. Case, T.E. Cheatham III, T. Darden, H. Gohlke, R. Luo, K.M. Merz Jr., A. Onufriev, C. Simmerling,
B. Wang, and R.J. Woods. The amber biomolecular simulation programs. Journal of Computational Chemistry,
26(16):1668–1688, 2005.

[195] J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R.D. Skeel, L. Kalé, and
K. Schulten. Scalable molecular dynamics with namd. Journal of Computational Chemistry, 26(16):1781–1802,
2005.

[196] J. Jung, T. Mori, C. Kobayashi, Y. Matsunaga, T. Yoda, M. Feig, and Y. Sugita. Genesis: a hybrid-parallel and
multi-scale molecular dynamics simulator with enhanced sampling algorithms for biomolecular and cellular
simulations. WIREs Computational Molecular Science, 5(4):310–323, 2015.

[197] P. Eastman, M.S. Friedrichs, J.D. Chodera, R.J. Radmer, C.M. Bruns, Joy P. Ku, K.A. Beauchamp, Thomas J.
Lane, L.P. Wang, D. Shukla, T. Tye, M. Houston, T. Stich, C. Klein, M.R. Shirts, and V.S. Pande. Openmm 4:
A reusable, extensible, hardware independent library for high performance molecular simulation. Journal of
Chemical Theory and Computation, 9(1):461–469, 2013.

69

http://cgmartini.nl/index.php/force-field-parameters/lipids
http://cgmartini.nl/index.php/force-field-parameters/lipids


Computer Simulations of Protein-Membrane Systems A PREPRINT

[198] E.J. Arthur and C.L. Brooks III. Parallelization and improvements of the generalized born model with a simple
switching function for modern graphics processors. Journal of Computational Chemistry, 37(10):927–939, 2016.

[199] S. Plimpton. Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of Computational Physics,
117(1):1–19, 1995.

[200] K.J. Bowers, E. Chow, H. Xu, R.O. Dror, M.P. Eastwood, B.A. Gregersen, J.L. Klepeis, I. Kolossvary, M.A.
Moraes, F.D. Sacerdoti, J.K. Salmon, Y. Shan, and D.E. Shaw. Scalable algorithms for molecular dynamics
simulations on commodity clusters. In Proceedings of the 2006 ACM/IEEE Conference on Supercomputing, SC
’06, New York, NY, USA, 2006. ACM.

[201] M.A. Lomize, I.D. Pogozheva, H. Joo, H.I. Mosberg, and A.L. Lomize. OPM database and PPM web server:
resources for positioning of proteins in membranes. Nucleic Acids Research, 40(D1):D370–D376, 09 2011.

[202] M. Pourmousa and R.W. Pastor. Molecular dynamics simulations of lipid nanodiscs. Biochimica et Biophysica
Acta (BBA) - Biomembranes, 1860(10):2094–2107, 2018.

[203] Y. Qi, J. Lee, J.B. Klauda, and W. Im. Charmm-gui nanodisc builder for modeling and simulation of various
nanodisc systems. Journal of Computational Chemistry, 40(7):893–899, 2019.

[204] X. Cheng, S. Jo, H.S. Lee, J.B. Klauda, and W. Im. Charmm-gui micelle builder for pure/mixed micelle and
protein/micelle complex systems. Journal of Chemical Information and Modeling, 53(8):2171–2180, 2013.

[205] R.P. Rand, N.L. Fuller, S.M. Gruner, and V.A. Parsegian. Membrane curvature, lipid segregation, and structural
transitions for phospholipids under dual-solvent stress. Biochemistry, 29(1):76–87, 1990.

[206] Z. Chen and R.P. Rand. Comparative Study of the Effects of Several n-Alkanes on Phospholipid Hexagonal
Phases. Biophysical Journal, 74(2):944–952, 1998.

[207] A.J. Sodt and R.W. Pastor. Bending Free Energy from Simulation: Correspondence of Planar and Inverse
Hexagonal Lipid Phases. Biophysical Journal, 104(10):2202–2211, 2013.

[208] Y. Qi, X. Cheng, J. Lee, J.V. Vermaas, T.V. Pogorelov, E. Tajkhorshid, S. Park, J.B. Klauda, and W. Im.
CHARMM-GUI HMMM Builder for Membrane Simulations with the Highly Mobile Membrane-Mimetic Model.
Biophysical Journal, 109(10):2012–2022, 2015.

[209] Y. Qi, H.I. Ingólfsson, X. Cheng, J. Lee, S.J. Marrink, and W. Im. Charmm-gui martini maker for coarse-grained
simulations with the martini force field. Journal of Chemical Theory and Computation, 11(9):4486–4494, 2015.

[210] P.C. Hsu, B.M.H. Bruininks, D. Jefferies, P. Cesar Telles de Souza, J. Lee, D.S. Patel, S.J. Marrink, Y. Qi,
S. Khalid, and W. Im. Charmm-gui martini maker for modeling and simulation of complex bacterial membranes
with lipopolysaccharides. Journal of Computational Chemistry, 38(27):2354–2363, 2017.

[211] D.H. de Jong, G. Singh, W.F.D. Bennett, C. Arnarez, T.A. Wassenaar, L.V. Schäfer, X. Periole, D.P. Tieleman,
and S.J. Marrink. Improved parameters for the martini coarse-grained protein force field. Journal of Chemical
Theory and Computation, 9(1):687–697, 2013.

[212] S.O. Yesylevskyy, L.V. Schäfer, D. Sengupta, and S.J. Marrink. Polarizable water model for the coarse-grained
martini force field. PLOS Computational Biology, 6(6):1–17, 06 2010.

[213] C. Arnarez, J.J. Uusitalo, M.F. Masman, H.I. Ingólfsson, D.H. de Jong, M.N. Melo, X. Periole, A.H. de Vries,
and S.J. Marrink. Dry martini, a coarse-grained force field for lipid membrane simulations with implicit solvent.
Journal of Chemical Theory and Computation, 11(1):260–275, 2015.

[214] X. Periole, M. Cavalli, S.J. Marrink, and M.A. Ceruso. Combining an elastic network with a coarse-grained
molecular force field: Structure, dynamics, and intermolecular recognition. Journal of Chemical Theory and
Computation, 5(9):2531–2543, 2009.

70



Computer Simulations of Protein-Membrane Systems A PREPRINT

[215] T.A. Wassenaar, K. Pluhackova, R.A. Böckmann, S.J. Marrink, and D.P. Tieleman. Going backward: A flexible
geometric approach to reverse transformation from coarse grained to atomistic models. Journal of Chemical
Theory and Computation, 10(2):676–690, 2014.

[216] S. Schott-Verdugo and H. Gohlke. Packmol-memgen: A simple-to-use, generalized workflow for membrane-
protein–lipid-bilayer system building. Journal of Chemical Information and Modeling, 59(6):2522–2528,
2019.

[217] C.J. Knight and J.S. Hub. MemGen: a general web server for the setup of lipid membrane simulation systems.
Bioinformatics, 31(17):2897–2899, 05 2015.

[218] L. Martínez, R. Andrade, E.G. Birgin, and J.M. Martínez. Packmol: A package for building initial configurations
for molecular dynamics simulations. Journal of Computational Chemistry, 30(13):2157–2164, 2009.

[219] W. Humphrey, A. Dalke, and K. Schulten. Vmd: Visual molecular dynamics. Journal of Molecular Graphics,
14(1):33–38", 1996.

[220] J.D. Faraldo-Gómez, G.R. Smith, and M.S. Sansom. Setting up and optimization of membrane protein simulations.
European Biophysics Journal, 31(3):217–227, Jun 2002.

[221] Christian Kandt, Walter L. Ash, and D. Peter Tieleman. Setting up and running molecular dynamics simulations
of membrane proteins. Methods, 41(4):475–488, 2007.

[222] T.H. Schmidt and C. Kandt. Lambada and inflategro2: Efficient membrane alignment and insertion of membrane
proteins for molecular dynamics simulations. Journal of Chemical Information and Modeling, 52(10):2657–2669,
2012.

[223] M.G. Wolf, M. Hoefling, C. Aponte-Santamaría, H. Grubmüller, and G. Groenhof. g_membed: Efficient insertion
of a membrane protein into an equilibrated lipid bilayer with minimal perturbation. Journal of Computational
Chemistry, 31(11):2169–2174, 2010.

[224] M. Javanainen and H. Martinez-Seara. Efficient preparation and analysis of membrane and membrane protein
systems. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1858(10):2468–2482, 2016.

[225] M.M. Ghahremanpour, Seyed Shahriar Arab, Saman Biook Aghazadeh, Jin Zhang, and David van der Spoel.
MemBuilder: a web-based graphical interface to build heterogeneously mixed membrane bilayers for the
GROMACS biomolecular simulation program. Bioinformatics, 30(3):439–441, 11 2013.

[226] T.A. Wassenaar, H.I. Ingólfsson, R.A. Böckmann, D.P. Tieleman, and S.J. Marrink. Computational lipidomics
with insane: A versatile tool for generating custom membranes for molecular simulations. Journal of Chemical
Theory and Computation, 11(5):2144–2155, 2015.

[227] T. Gutmann, I.B. Schäfer, C. Poojari, B. Brankatschk, I. Vattulainen, M. Strauss, and Ü. Coskun. Cryo-EM
structure of the complete and ligand-saturated insulin receptor ectodomain. J Cell Biol, 219(1), 11 2020.

[228] E. Mobarak, L. Håversen, M. Manna, M. Rutberg, M. Levin, R. Perkins, T. Rog, I. Vattulainen, and J. Borén.
Glucosylceramide modifies the lps-induced inflammatory response in macrophages and the orientation of the
lps/tlr4 complex in silico. Scientific reports, 8(1):13600, 2018.

[229] K. Kaszuba, M. Grzybek, A. Orłowski, R. Danne, T. Róg, K. Simons, Ü. Coskun, and I. Vattulainen. N-
glycosylation as determinant of epidermal growth factor receptor conformation in membranes. Proceedings of
the National Academy of Sciences, 112(14):4334–4339, 2015.

[230] R. Danne, C. Poojari, H. Martinez-Seara, S. Rissanen, F. Lolicato, T. Róg, and I. Vattulainen. doglycans–tools
for preparing carbohydrate structures for atomistic simulations of glycoproteins, glycolipids, and carbohydrate
polymers for gromacs. Journal of Chemical Information and Modeling, 57(10):2401–2406, 2017.

[231] S.J. Park, J. Lee, Y. Qi, N.R. Kern, H.S. Lee, S. Jo, I. Joung, K. Joo, J. Lee, and W. Im. CHARMM-GUI Glycan
Modeler for modeling and simulation of carbohydrates and glycoconjugates. Glycobiology, 29(4):320–331, 02
2019.

71



Computer Simulations of Protein-Membrane Systems A PREPRINT

[232] D.A. Case, I.Y. Ben-Shalom, S.R. Brozell, D.S. D.S. Cerutti, T.E. Cheatham III, V.W.D. Cruzeiro, T.A. Darden,
D. Duke, R.E. andGhoreishi, G. Giambasu, T. Giese, M.K. Gilson, H. Gohlke, A.W. Goetz, D. Greene, R. Harris,
N. Homeyer, Y. Huang, A. Izadi, S.and Kovalenko, R. Krasny, T. Kurtzman, T.S. Lee, S. LeGrand, P. Li, C. Lin,
J. Liu, T. Luchko, R. Luo, V. Man, D.J. Mermelstein, K.M. Merz, Y. Miao, G. Monard, C. Nguyen, H. Nguyen,
A. Onufriev, F. Pan, R. Qi, D.R. Roe, A. Roitberg, C. Sagui, J. Schott-Verdugo, S.and Shen, C.L. Simmerling,
J. Smith, J. Swails, R.C. Walker, J. Wang, H. Wei, L. Wilson, R.M. Wolf, X. Wu, L. Xiao, Y. Xiong, D.M. York,
and P.A. Kollman. AMBER 2019, 2019. University of California, San Francisco.

[233] R.T. McGibbon, K.A. Beauchamp, M.P. Harrigan, C. Klein, J.M. Swails, C.X. Hernández, C.R. Schwantes, L.P.
Wang, T.J. Lane, and V.S. Pande. MDTraj: A Modern Open Library for the Analysis of Molecular Dynamics
Trajectories. Biophysical Journal, 109(8):1528–1532, 2015.

[234] LLC Schrödinger. The PyMOL Molecular Graphics System, Version 1.8, 2015.

[235] E.F. Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt, E.C. Meng, and T.E. Ferrin. Ucsf
chimera—a visualization system for exploratory research and analysis. Journal of Computational Chemistry,
25(13):1605–1612, 2004.

[236] The Mathworks, Inc., Natick, M. MATLAB version 9.1 (R2016b), 2016.

[237] T. Williams. Gnuplot 4.4: an interactive plotting program. http://www.gnuplot.info/docs_4.4/gnuplot.
pdf, March 2010.

[238] T.D. Romo and A. Grossfield. Loos: An extensible platform for the structural analysis of simulations. In 2009
Annual International Conference of the IEEE Engineering in Medicine and Biology Society, pages 2332–2335,
Sep. 2009.

[239] V. Gapsys, B.L. de Groot, and Rodolfo B. Computational analysis of local membrane properties. Journal of
Computer-Aided Molecular Design, 27(10):845–858, Oct 2013.

[240] W.J. Allen, J.A. Lemkul, and D.R. Bevan. Gridmat-md: A grid-based membrane analysis tool for use with
molecular dynamics. Journal of Computational Chemistry, 30(12):1952–1958, 2009.

[241] M. Carr and C.E. MacPhee. Membrainy: a ‘smart’, unified membrane analysis tool. Source code for biology and
medicine, 10(1):3, 2015.

[242] R. Guixà-González, I. Rodriguez-Espigares, J.M. Ramírez-Anguita, P. Carrió-Gaspar, H. Martinez-Seara,
T. Giorgino, and J. Selent. MEMBPLUGIN: studying membrane complexity in VMD. Bioinformatics,
30(10):1478–1480, 01 2014.

[243] S. Buchoux. FATSLiM: a fast and robust software to analyze MD simulations of membranes. Bioinformatics,
33(1):133–134, 08 2016.

[244] N. Castillo, L. Monticelli, J. Barnoud, and D.P Tieleman. Free energy of WALP23 dimer association in DMPC,
DPPC, and DOPC bilayers. Chemistry and Physics of Lipids, 169:95–105, 2013.

[245] N. Michaud-Agrawal, E.J. Denning, T.B. Woolf, and O. Beckstein. Mdanalysis: A toolkit for the analysis of
molecular dynamics simulations. Journal of Computational Chemistry, 32(10):2319–2327, 2011.

[246] D. Hilger, M. Masureel, and B. K. Kobilka. Structure and dynamics of GPCR signaling complexes. Nat. Struct.
Mol. Biol., 25(1):4–12, 01 2018.

[247] K. Sriram and P.A. Insel. G protein-coupled receptors as targets for approved drugs: How many targets and how
many drugs? Molecular Pharmacology, 93(4):251–258, 2018.

[248] Y.D. Paila and Amitabha Chattopadhyay. The function of G-protein coupled receptors and membrane cholesterol:
specific or general interaction? Glycoconjugate Journal, 26(6):711, Dec 2008.

[249] J. Oates and A. Watts. Uncovering the intimate relationship between lipids, cholesterol and GPCR activation.
Current Opinion in Structural Biology, 21(6):802–807, 2011.

72

http://www.gnuplot.info/docs_4.4/gnuplot.pdf
http://www.gnuplot.info/docs_4.4/gnuplot.pdf


Computer Simulations of Protein-Membrane Systems A PREPRINT

[250] T.J. Pucadyil and A. Chattopadhyay. Cholesterol modulates ligand binding and G-protein coupling to serotonin1A
receptors from bovine hippocampus. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1663(1):188–200,
2004.

[251] G. Gimpl and F. Fahrenholz. Cholesterol as stabilizer of the oxytocin receptor. Biochimica et Biophysica Acta
(BBA) - Biomembranes, 1564(2):384–392, 2002.

[252] B. Jastrzebska, A. Debinski, S. Filipek, and K. Palczewski. Role of membrane integrity on G protein-coupled
receptors: Rhodopsin stability and function. Progress in Lipid Research, 50(3):267–277, 2011.

[253] V. Cherezov, D.M. Rosenbaum, M.A. Hanson, S.G.F. Rasmussen, F.S. Thian, T.S. Kobilka, H.J. Choi, P. Kuhn,
W.I. Weis, B.K. Kobilka, and R.C. Stevens. High-resolution crystal structure of an engineered human β2-
adrenergic g protein–coupled receptor. Science, 318(5854):1258–1265, 2007.

[254] F.B. Michael. Modulation of rhodopsin function by properties of the membrane bilayer. Chemistry and Physics
of Lipids, 73(1):159–180, 1994.

[255] M. Manna, M. Niemelä, J. Tynkkynen, M. Javanainen, W. Kulig, D.J. Müller, T. Rog, and I. Vattulainen.
Mechanism of allosteric regulation of β2-adrenergic receptor by cholesterol. eLife, 5:e18432, nov 2016.

[256] X. Cang, Linlin Yang, Jing Yang, Cheng Luo, Mingyue Zheng, Kunqian Yu, Huaiyu Yang, and Hualiang
Jiang. Cholesterol-β1ar interaction versus cholesterol-β2ar interaction. Proteins: Structure, Function, and
Bioinformatics, 82(5):760–770, 2014.

[257] Y.D. Paila, S. Tiwari, D. Sengupta, and A. Chattopadhyay. Molecular modeling of the human serotonin1areceptor:
role of membrane cholesterol in ligand binding of the receptor. Mol. BioSyst., 7:224–234, 2011.

[258] J. Shan, G. Khelashvili, S. Mondal, E.L. Mehler, and H. Weinstein. Ligand-dependent conformations and
dynamics of the serotonin 5-ht2a receptor determine its activation and membrane-driven oligomerization
properties. PLOS Computational Biology, 8(4):1–15, 04 2012.

[259] D. P. Hurst, A. Grossfield, D. L. Lynch, S. Feller, T. D. Romo, K. Gawrisch, M. C. Pitman, and P. H. Reggio.
A lipid pathway for ligand binding is necessary for a cannabinoid G protein-coupled receptor. J. Biol. Chem.,
285(23):17954–17964, Jun 2010.

[260] M.C. Pitman, A. Grossfield, F. Suits, and S.E. Feller. Role of cholesterol and polyunsaturated chains in lipid–
protein interactions: Molecular dynamics simulation of rhodopsin in a realistic membrane environment. Journal
of the American Chemical Society, 127(13):4576–4577, 2005.

[261] J.Y. Lee and E. Lyman. Predictions for cholesterol interaction sites on the A2A adenosine receptor. Journal of the
American Chemical Society, 134(40):16512–16515, 2012.

[262] E. Lyman, C. Higgs, B. Kim, D. Lupyan, J. C. Shelley, R. Farid, and G. A. Voth. A role for a specific
cholesterol interaction in stabilizing the Apo configuration of the human A(2A) adenosine receptor. Structure,
17(12):1660–1668, Dec 2009.

[263] K. A. Marino, Y. Shang, and M. Filizola. Insights into the function of opioid receptors from molecular dynamics
simulations of available crystal structures. Br. J. Pharmacol., 175(14):2834–2845, 07 2018.

[264] S. Yuan, R. Wu, D. Latek, B. Trzaskowski, and S Filipek. Lipid receptor s1p1 activation scheme concluded from
microsecond all-atom molecular dynamics simulations. PLOS Computational Biology, 9(10):1–8, 10 2013.

[265] G. Morra, A.M. Razavi, K. Pandey, H. Weinstein, A.K. Menon, and G. Khelashvili. Mechanisms of lipid
scrambling by the g protein-coupled receptor opsin. Structure, 26(2):356–367, 2018.

[266] D. Montgomery, A. Campbell, H. J. Sullivan, and C. Wu. Molecular dynamics simulation of biased agonists at
the dopamine D2 receptor suggests the mechanism of receptor functional selectivity. J. Biomol. Struct. Dyn.,
37(12):3206–3225, Aug 2019.

73



Computer Simulations of Protein-Membrane Systems A PREPRINT

[267] W. Liu, E. Chun, A.A. Thompson, P. Chubukov, F. Xu, V. Katritch, G.W. Han, C.B. Roth, L.H. Heitman, A.P.
IJzerman, V. Cherezov, and R.C. Stevens. Structural basis for allosteric regulation of gpcrs by sodium ions.
Science, 337(6091):232–236, 2012.

[268] R. Guixà-González, J. L. Albasanz, I. Rodriguez-Espigares, M. Pastor, F. Sanz, M. Marti-Solano, M. Manna,
H. Martinez-Seara, P. W. Hildebrand, M. Martin, and J. Selent. Membrane cholesterol access into a G-protein-
coupled receptor. Nat Commun, 8:14505, 02 2017.

[269] V.P. Jaakola, M.T. Griffith, M.A. Hanson, V. Cherezov, E.Y.T. Chien, J.R. Lane, A.P. IJzerman, and R.C.
Stevens. The 2.6 angstrom crystal structure of a human a2a adenosine receptor bound to an antagonist. Science,
322(5905):1211–1217, 2008.

[270] E. Lyman, C. Higgs, B. Kim, D. Lupyan, J.C. Shelley, R. Farid, and G.A. Voth. A Role for a Specific Cholesterol
Interaction in Stabilizing the Apo Configuration of the Human A2A Adenosine Receptor. Structure, 17(12):1660
– 1668, 2009.

[271] O.P. Ernst and A.K. Menon. Phospholipid scrambling by rhodopsin. Photochem. Photobiol. Sci., 14:1922–1931,
2015.

[272] M. A. Goren, T. Morizumi, I. Menon, J. S. Joseph, J. S. Dittman, V. Cherezov, R. C. Stevens, O. P. Ernst, and
A. K. Menon. Constitutive phospholipid scramblase activity of a G protein-coupled receptor. Nat Commun,
5:5115, Oct 2014.

[273] I. Menon, T. Huber, S. Sanyal, S. Banerjee, P. Barré, S. Canis, J.D. Warren, J. Hwa, T.P. Sakmar, and A.K.
Menon. Opsin is a phospholipid flippase. Current Biology, 21(2):149–153, 2011.

[274] T.G. Pomorski and A.K. Menon. Lipid somersaults: Uncovering the mechanisms of protein-mediated lipid
flipping. Progress in Lipid Research, 64:69–84, 2016.

[275] E.M. Bevers and P.L. Williamson. Getting to the outer leaflet: Physiology of phosphatidylserine exposure at the
plasma membrane. Physiological Reviews, 96(2):605–645, 2016.

[276] T. Pomorski and A. K. Menon. Lipid flippases and their biological functions. Cellular and Molecular Life
Sciences CMLS, 63(24):2908–2921, Dec 2006.

[277] S. Sanyal and A.K. Menon. Flipping lipids: Why an’ what’s the reason for? ACS Chemical Biology, 4(11):895–
909, 2009.

[278] B. Ploier and A. K. Menon. A Fluorescence-based Assay of Phospholipid Scramblase Activity. J Vis Exp, (115),
09 2016.

[279] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and P. Walter. Principles of membrane transport. In
Molecular Biology of the Cell. 4th edition. Garland Science, 2002.

[280] C. Martens, M. Shekhar, A. J. Borysik, A. M. Lau, E. Reading, E. Tajkhorshid, P. J. Booth, and A. Politis. Direct
protein-lipid interactions shape the conformational landscape of secondary transporters. Nat Commun, 9(1):4151,
10 2018.

[281] E.M. Quistgaard, C. Löw, P. Moberg, L. Trésaugues, and P. Nordlund. Structural basis for substrate transport in
the glut-homology family of monosaccharide transporters. Nature structural & molecular biology, 20(6):766,
2013.

[282] O. Mirza, G. Guan, La.and Verner, S. Iwata, and H.R. Kaback. Structural evidence for induced fit and a
mechanism for sugar/h+ symport in lacy. The EMBO Journal, 25(6):1177–1183, 2006.

[283] G. Khelashvili, N. Stanley, M.A. Sahai, J. Medina, M.V. LeVine, L. Shi, G. De Fabritiis, and H. Weinstein.
Spontaneous inward opening of the dopamine transporter is triggered by pip2-regulated dynamics of the n-
terminus. ACS Chemical Neuroscience, 6(11):1825–1837, 2015.

74



Computer Simulations of Protein-Membrane Systems A PREPRINT

[284] A. Penmatsa and E. Gouaux. How leut shapes our understanding of the mechanisms of sodium-coupled
neurotransmitter transporters. The Journal of Physiology, 592(5):863–869, 2014.

[285] C. G. Nichols and A. N. Lopatin. Inward rectifier potassium channels. Annual Review of Physiology, 59(1):171–
191, 1997.

[286] H. Hibino, A. Inanobe, K. Furutani, S. Murakami, I. Findlay, and Y. Kurachi. Inwardly rectifying potassium
channels: Their structure, function, and physiological roles. Physiological Reviews, 90(1):291–366, 2010.

[287] A. Rosenhouse-Dantsker, S. Noskov, S. Durdagi, D.E. Logothetis, and I. Levitan. Identification of novel
cholesterol-binding regions in kir2 channels. Journal of Biological Chemistry, 288(43):31154–31164, 2013.

[288] R.G. Spiro. Glycoproteins. volume 27 of Advances in Protein Chemistry, pages 349 – 467. Academic Press,
1973.

[289] B. Meyer and H. Möller. Conformation of Glycopeptides and Glycoproteins, pages 187–251. Springer Berlin
Heidelberg, Berlin, Heidelberg, 2007.

[290] M.R. Wormald, P.M. Rudd, D.J. Harvey, S.C. Chang, I.G. Scragg, and R.A. Dwek. Variations in oligosaccharide–
protein interactions in immunoglobulin g determine the site-specific glycosylation profiles and modulate the
dynamic motion of the fc oligosaccharides. Biochemistry, 36(6):1370–1380, 1997.

[291] D. Shental-Bechor and Y. Levy. Folding of glycoproteins: toward understanding the biophysics of the glycosyla-
tion code. Current Opinion in Structural Biology, 19(5):524–533, 2009.

[292] D. Shental-Bechor and Y. Levy. Effect of glycosylation on protein folding: A close look at thermodynamic
stabilization. Proceedings of the National Academy of Sciences, 105(24):8256–8261, 2008.

[293] T.V. Flintegaard, P. Thygesen, H. Rahbek-Nielsen, S.B. Levery, C. Kristensen, H. Clausen, and G. Bolt. N-
Glycosylation Increases the Circulatory Half-Life of Human Growth Hormone. Endocrinology, 151(11):5326–
5336, 11 2010.

[294] Y. Van Kooyk and G.A. Rabinovich. Protein-glycan interactions in the control of innate and adaptive immune
responses. Nature immunology, 9(6):593, 2008.

[295] R.G. Spiro. Protein glycosylation: nature, distribution, enzymatic formation, and disease implications of
glycopeptide bonds. Glycobiology, 12(4):43R–56R, 04 2002.

[296] K. Shinzawa-Itoh, H. Aoyama, K. Muramoto, H. Terada, T. Kurauchi, Y. Tadehara, A. Yamasaki, T. Sugimura,
S. Kurono, K. Tsujimoto, T. Mizushima, E. Yamashita, T. Tsukihara, and S. Yoshikawa. Structures and
physiological roles of 13 integral lipids of bovine heart cytochrome c oxidase. The EMBO Journal, 26(6):1713–
1725, 2007.

[297] A. Malkamäki and V. Sharma. Atomistic insights into cardiolipin binding sites of cytochrome c oxidase.
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1860(3):224–232, 2019.
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