
Comparative Molecular Dynamics Simulation Studies of Realistic
Eukaryotic, Prokaryotic, and Archaeal Membranes
Irina D. Pogozheva,⊥ Grant A. Armstrong,⊥ Lingyang Kong,⊥ Timothy J. Hartnagel,⊥ Carly A. Carpino,
Stephen E. Gee, Danielle M. Picarello, Amanda S. Rubin, Jumin Lee, Soohyung Park, Andrei L. Lomize,
and Wonpil Im*

Cite This: J. Chem. Inf. Model. 2022, 62, 1036−1051 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We present a comparative all-atom molecular
dynamics simulation study of 18 biomembrane systems with lipid
compositions corresponding to eukaryotic, bacterial, and arch-
aebacterial membranes together with three single-component lipid
bilayers. A total of 105 lipid types used in this study include diverse
sterols and glycerol-based lipids with acyl chains of various lengths,
unsaturation degrees, and branched or cyclic moieties. Our
comparative analysis provides deeper insight into the influences
of sterols and lipid unsaturation on the structural and mechanical
properties of these biomembranes, including water permeation into
the membrane hydrocarbon core. For sterol-containing mem-
branes, sterol fraction is correlated with the membrane thickness, the area compressibility modulus, and lipid order but anticorrelated
with the area per lipid and sterol tilt angles. Similarly, for all 18 biomembranes, lipid order is correlated with the membrane thickness
and area compressibility modulus. Sterols and lipid unsaturation produce opposite effects on membrane thickness, but only sterols
influence water permeation into the membrane. All membrane systems are accessible for public use in CHARMM-GUI Archive.
They can be used as templates to expedite future modeling of realistic cell membranes with transmembrane and peripheral
membrane proteins to study their structure, dynamics, molecular interactions, and function in a nativelike membrane environment.

1. INTRODUCTION

The biological membranes are the frontier between the
internal and the external cell environments and separate
intracellular compartments. They are highly complex systems
containing lipids, hydrophobic molecules, and proteins that
either span the membrane or are permanently or transiently
inserted into one side. Membrane-spanning proteins represent
∼25% of protein-coding genes in all organisms (e.g., ∼5000
transmembrane proteins in human) and are responsible for all
vital cellular functions, including cell recognition, signal
transduction, molecular and ion transport, energy production,
and anabolic and catabolic metabolism.1 Biogenesis, self-
organization, and functional activity of membrane proteins are
controlled and modulated by the lipid composition.2 There-
fore, interplay between proteins and lipids defines cell shape,
organelle morphology, and membrane physical and mechanical
properties that regulate all processes in membranes.3−5

A typical cell membrane contains hundreds of lipid types
that are asymmetrically distributed between two leaflets and
also differ in lipid head groups and in the length and degree of
saturation of their acyl chains.6 Simple organisms, such as
bacteria, have a lipidome characterized by a limited diversity of
head groups but highly variable acyl chains, including branched
lipids (with iso- and anteiso-fatty acids)7 or lipid containing

cyclic groups (e.g., cyclopropane).8 In Gram-negative bacteria,
the lipid variability is primarily associated with lipopolysac-
charides (LPS) from the outer membranes (OM), which are
composed of lipid A with typically six acyl chains, core
oligosaccharide, and O-antigen polysaccharide.9,10 In contrast
to bacterial and eukaryotic membranes formed by glycerol-
based lipids (GLs) (having sn-glycerol-3-phosphate backbone,
ester linkages, and fatty acid chains attached to the sn-1 and sn-
2 positions), archaebacterial membranes are characterized by
sn-glycerol-1-phosphate backbone, ether linkages, and iso-
prenoid acyl chains containing 20, 25, or 40 carbon atoms.11

All archaeal halophiles and some methanogens have lipids
based on archaeol (2,3-di-phytanyl-sn-glycerol) with the
glycerol moiety linked to different polar head groups.11

Eukaryotic membranes are mainly composed of glycerol-
based lipids (GLs), sphingolipids (SLs), and sterols.12−14 The
lipid types and fatty acid profiles significantly vary in different
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eukaryotic cells and intracellular organelles.15 To ensure such a
great lipid diversity, eukaryotic organisms use ∼5% of their
genes.12 The eukaryotic membranes are mainly composed of
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) and, to a less extent, of phosphatidylserine (PS),
phosphatidylglycerol (PG), phosphatidic acid (PA), cardiolipin
(CL), diacylglycerol (DAG), sphingolipid-based glycolipids,
and diverse phosphatidylinositols (PI). The common GLs of
eukaryotic and bacterial membranes are PE, PG, and CL lipids.
Thylakoid membranes of plants and photosynthetic bacteria
are enriched in glycerol-based glycolipids, such as neutral
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylgly-
cerol (DGDG), and negatively charged sulfoquinovosyl-
diacylglycerol (SQDG).16 Among GLs, CL, abundant in
mitochondrial inner membranes, is negatively charged (−1
or −2e) with a unique structure of four acyl chains attached to
two PA moieties that are connected by glycerol. Due to its
cone shape that can induce a negative curvature, CL plays an
important role in regulating the organization and function of
mitochondrial proteins, as well as fission and fusion of
mitochondrial membranes.17 Bis(monoacylglycero)phosphate
(BMP), an exclusive glycerophospholipid (PL) of late
endosomes and lysosomes, has two acyl chains on the sn-2
position of two glycerol backbones linked together by PA,
which can move to the sn-3 position by acyl migration.18 The
negatively charged and cone-shaped BMP plays important
roles in membrane binding and activation of enzymes for
membrane digestion and in promoting membrane invagina-
tions during the formation of multivesicular bodies.18

SLs have a sphingosine backbone, 16−24 carbon acyl chain
attached to the amine group, and head groups that are
composed of a hydroxyl group (in ceramide), PC (in
sphingomyelin), or highly diverse carbohydrates (in ganglio-
sides). The most common lipid acyl chains of GLs and SLs
include palmitic acid (16:0), oleic acid (18:1), stearic acid
(18:0), linoleic acid (18:2), palmitoleic acid (16:1), myristic
acid (14:0), arachidonic acid (20:4), and docosahexaenoic acid
(22:6).13 Membranes of plants and algae are enriched in
linoleic acid (18:2) and linolenic acid (18:3).19

Sterols have a hydrophobic four-fused ring core, a short acyl
tail, and hydrophilic groups attached to the C3 atom of the
core. In mammals, the most common sterol is cholesterol
(CHOL), which is primarily located in plasma membranes
(PMs), reaching up to 10−50 mol % of their lipid content.20

CHOL affects physicochemical properties of membranes,21,22

induces the formation of liquid-ordered (Lo) phase and lipid
segregation into nanoscale domains,13 and decreases mem-
brane permeability.23 Plants have a large variety of
phytosterols, among which the most common ones are
sitosterol, campesterol, and stigmasterol.24 In many fungi,
including baker’s yeast, ergosterol represents a dominant
sterol.25

PC, PG, PS, SL, PI, DGDG, and SQDG are cylindrically
shaped lipids that spontaneously assemble into bilayer
(lamellar) structures, while PE, PA, MGDG, DAG, BMP,
CL, and CHOL are cone-shaped lipids that are preferable for
nonbilayer structures with a negative curvature, such as an
inverted hexagonal phase or a cubic phase.26 Cone-shaped
lipids along with curvature-promoting membrane proteins are
key factors regulating the membrane curvature.5 Incorporation
of nonbilayer lipids into membranes imposes curvature stress
that affects membrane protein structure, function, and

oligomerization and promotes membrane fusion, fission, and
budding.26,27

Despite considerable efforts in experimental studies of
membrane proteins and the great progress in structure
determination techniques, our understanding of molecular
interactions between proteins and lipids in their native
membranes is still limited. Computational modeling and
simulation of cell membranes give an opportunity to analyze
protein behaviors in their natural membrane environment. It
has been demonstrated that using realistic membrane
complexity is essential for reproducing the energetics of
conformational transitions in membrane proteins.28

During the last 35 years, molecular simulations of lipid
membranes have substantially evolved from studies of single-
component bilayers29 to modeling realistic cellular membranes
with various lipid types.30 The progress became rapid with the
development of accurate force fields, programs to simulate
membrane models, and tools to preassemble lipids in a
bilayer.31−33 Recent advancements in computing technology
have made it routine to perform all-atom molecular dynamics
(MD) simulations on the time scale of hundreds of
nanoseconds, enabling proper equilibration of membrane
bilayers, and, in some cases, simulations lasting tens of
microseconds.30,34

Historically, MD simulations have focused on increasing the
complexity of individual biological membranes by expanding
lipid diversity35 and by implementing membrane asymmetry.36

This required developments of tools for easy building of
membranes with complex lipid compositions31,32 and improve-
ments to computational approaches.37 For example, all-atom
MD simulations of membranes with nativelike lipid composi-
tion have been performed for the outer38−41 and inner
membranes of Gram-negative bacteria,42−45 cell membrane of
Gram-positive bacteria,46 archaebacterial membranes,47 PM
and organelle membranes of yeast,48−50 and PM of plants,28,51

among others. These membrane systems usually included up
to 600 lipids of 4−10 lipid types that were simulated on the
nano- to microsecond (ns−μs) time scale. The larger
multicomponent membrane systems that require long
simulations for proper sampling are less practical using all-
atom force fields but can be modeled at the coarse-grained
(CG) resolution.52 Recently, CG simulations (up to 10 μs)
using Martini lipid models were applied to characterize
thylakoid membranes of plants (2044 lipids of 7 types) and
cyanobacteria (2044 lipids of 5 types).53 Rather long (∼80 μs)
GC simulations have been performed for the idealized
“average” mammalian PM composed of ∼20 000 lipids of 63
types54 and for the “brain-like” PM of a similar size.52,55

Comparison of computational results with experimental data
supports the reliability of MD simulations.56 When exper-
imental and simulation data are in good agreement, computa-
tional approaches provide more detailed interpretations of
experimental data on atomic, molecular, and macroscopic
(material) levels. Results of MD simulations describe general
properties of biomembranes, including their mechanical
(bending rigidity, compressibility, fluidity, etc.), structural
(thickness, tilt angles, area per lipid, lipid tail order parameters,
mass density profiles, and location of molecules within the
bilayer), and physicochemical properties (polarity profiles,
lateral heterogeneity, transition from Lo to liquid-disordered
(Ld) phase, and formation of nanoscale lipid domains).57

In this study, we have performed all-atom MD simulations of
18 biomembrane systems with nativelike lipid compositions
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corresponding to 14 eukaryotic cellular and organelle
membranes, the outer and the inner membranes of Gram-
negative bacteria (Escherichia coli), and cell membranes of
Gram-positive bacteria and archaebacteria. A comparative
analysis of structural and mechanical parameters obtained from
these simulations allows us to describe the properties of diverse
biological membranes and to obtain deeper insight into the
effects of sterols and lipid unsaturation on membrane
properties, including water permeation into the membrane
hydrocarbon core.

2. METHODS
2.1. Eighteen Biomembrane Systems. To analyze the

influence of lipid diversity on biological membrane properties,
we chose 18 model systems with complex lipid compositions:
plasma membranes of mammals (PMm), plants (PMp), and
fungi (PMf), endoplasmic reticulum (ER) membranes of
mammals (ERm) and fungi (ERf), apparatus Golgi membranes
of mammals (GOLm) and fungi (GOLf), mammalian
membranes of endosomes (ENDm) and lysosomes (LYSm),
mitochondrial outer (MOM) and inner membranes (MIM),
plant vacuole membranes (VAC), thylakoid membranes of
plants (THYp) and cyanobacteria (THYb), archaebacterial
plasma membranes (aPM), outer (G-OM) and inner (G-IM)
membranes of Gram-negative bacteria, and plasma membranes
of Gram-positive bacteria (G+PM) (Table 1). For each
system, we selected the most abundant lipid types with various
head groups and acyl chains based on experimental studies of
different membranes and using compositions of the previously
simulated mammalian, plant, yeast, and bacterial membranes
(see the Supporting Information, Tables S1−S18). Overall, we
used 105 lipid types, including diverse sterols and glycerol-
based lipids with acyl chains of various lengths, unsaturation
degree, and with branched or cyclic moieties. To compare
properties of complex and simple membranes, we also built
three homogeneous systems composed of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC).
2.2. Addition of New Lipids to CHARMM-GUI

Membrane Builder. A total of 59 lipids (underlined ones
in Tables S1−S18) were newly constructed and added to the
Membrane Builder58,59 lipid library for this study. These
include palmitoylated sterols, glycosylated sterols, new variants
of PG lipids present in the thylakoid plant system, and other
PLs.
2.3. System Setup and MD Simulation Protocol. A

summary of chosen lipids and their number in each system is
shown in Tables 1 and S1−S18. On average, each system
comprises ∼100 lipids per leaflet. All systems in this study are
particularly noteworthy for their complexity, in some cases
containing up to 23 different lipid types. PMm, PMf, PMp, G-
OM, MOM, and MIM were built asymmetrically, while all
other membranes were built symmetrically. For the asym-
metric membrane systems, following the suggested proce-
dure,37 the symmetric bilayer system of each leaflet’s
components was first built and equilibrated. Then, an
asymmetric membrane system was built by adjusting the
number of lipids in each leaflet to match the membrane area of
each leaflet.
All systems were generated by Membrane Builder,58,59 and

all simulations were performed using OpenMM69 with inputs
generated by CHARMM-GUI.70 Table S19 shows the initial

system sizes and the numbers of water and ions (e.g., 150 mM
NaCl). Ca2+ ions were added for G-OM to neutralize the
negative charges in the LPS lipid A and inner core parts.
Following Membrane Builder’s default six-step equilibration
protocol,33,49 the NVT (constant particle number, volume, and
temperature) dynamics was first applied with a 1 femtosecond
(fs) time step for 250 picoseconds (ps). Subsequently, the
NPT (constant particle number, pressure, and temperature)
ensemble was applied with a 1 fs time step (for 125 ps) and
with a 2 fs time step (for 1.5 ns). During the equilibration,
positional and dihedral restraint potentials were applied to
carbohydrate, lipid, and water molecules, and their force
constants were gradually reduced. A production run was
performed for 1 μs for each system (i.e., three replicas per
membrane type) with a 4 fs time step using the hydrogen mass
repartitioning technique71,72 without any restraint potential.
The SHAKE algorithm was applied to the bonds containing
hydrogen atoms.73 The van der Waals interactions were cutoff
at 12 Å with a force-switching function between 10 and 12 Å,74

and electrostatic interactions were calculated by the particle-
mesh Ewald method.75 The temperature (assigned differently
for different systems above the gel-to-liquid crystal phase
transition in Table S19) and the pressure (at 1 bar) were
controlled by Langevin dynamics with a friction coefficient of 1
ps−1 and a semi-isotropic Monte Carlo barostat, respec-
tively.76,77

2.4. Simulation Analysis. Trajectories were analyzed for
the following membrane properties: the membrane area (i.e.,
XY system area), the membrane thickness (DP‑P), the area
compressibility modulus (KA), the deuterium order parameters
(SCD), the sterol tilt angle (Θ), the mass density profiles
(MDPs), and the area per lipid (APL). Quantitative assess-
ment of membrane properties is reported as an average and
standard error of three replicas over the last 500 ns of each
simulation unless otherwise stated. This was done to ensure
that each system had proper time to equilibrate.

2.4.1. XY Membrane Area. The membrane area was
monitored as a function of time to check the simulation
equilibration. The XY dimensions changed in accordance with
one another throughout the simulation (i.e., X = Y), so only
changes to the X dimension were reported. As shown in Figure
S1, all systems were well equilibrated during the first 500 ns.

2.4.2. Thickness (DP‑P). The DP‑P was measured as the
distance between the average Z positions of all phosphate
groups in the inner and outer leaflets (close to the distance
between lipid head groups, DHH

78). In addition, we evaluated
the hydrophobic thickness (2DC) and the distance between
lipid carbonyls (DCG) (Table S20). 2DC was calculated as the
distance between the average Z positions of the first aliphatic
carbons of each acyl chain in each leaflet. DCG was calculated as
the distance between the average Z positions of carbonyl
carbons in each leaflet or ether oxygens for lipids with no
carbonyl carbons.

2.4.3. Area Compressibility Modulus (KA). The KA
characterizing the membrane area compressibility (i.e., the
resistance of a bilayer to isotropic area expansion or
compression) was calculated by KA = kBT⟨A⟩/⟨δA

2⟩, where
kB is the Boltzmann constant, T is the temperature, ⟨A⟩ is the
average system area, and ⟨δA2⟩ is the mean square fluctuation
of A. For each system, the final 500 ns trajectory was split into
two blocks in three replicas to calculate the average and
standard error of KA.
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2.4.4. Deuterium Order Parameters (SCD). The SCD
characterizing the acyl chain order (i.e., bilayer fluidity) was
calculated by SCD = <3 cos2 θ − 1 >/2, where θ is the angle
between the C−H vector and the bilayer membrane normal
(i.e., the Z-axis). Due to different lipid compositions, it is not
realistic to generalize SCD for all acyl chains. Instead, the
calculated SCD is based on the 16:0 sn-1 chain of the most
abundant lipid in each system, since the 16:0 sn-1 chain is
present in almost all systems. For aPM, the calculated SCD is
based on C20 sn-1 chain.
2.4.5. Sterol Tilt Angle (Θ). The Θ was calculated as an

angle between the vector of sterols (from C17 to C3) and the
Z-axis. The sterols include CHOL, β-sitosterol, stigmasterol,
ergosterol, campesterol, and their derivatives, depending on
the system.
2.4.6. Mass Density Profiles (MDPs). The Z-dependent

system component MDPs were calculated for lipid acyl tails
(CH2 + CH3), double-bonded acyl tails (CH), carbonyl and
glycerol groups (GC), phosphate groups (P), head groups
(HEAD), sterol oxygens (STE-O), and water (WAT). Each
MDP was calculated as an average of three replicas with a bin
size of 0.5 Å for −40 < Z < 40 Å. Note that the membrane is
centered at Z = 0, and the outer leaflet corresponds to Z > 0.
2.4.7. Water Penetration Depths (DH2O). Based on water

MDPs, the DH2O in both leaflets were calculated as the

distances (from Z = 0) showing less than 1% of bulk water
density.

2.4.8. Area Per Lipid (APL). Since most systems are
heterogeneous, Voronoi tessellation was used to determine
the APL of each lipid type using the following atom selections:
C21, C31, and C2 for PLs (see POPC in Table S1), C2S, C3S,
and C1F for SLs (see SSM in Table S1), and O3 for sterols
(see CHOL in Table S1). All results are given in Tables S1−
S18. In addition, the average APL of each system was
calculated by dividing the membrane area by the total number
of lipids in each leaflet.

3. RESULTS AND DISCUSSION
3.1. Simulation of Mammalian, Yeast, and Fungi

Plasma Membranes. Lipid compositions of eukaryotic PMs
are highly complex, asymmetric, and dynamic, and the relative
amounts of lipids vary in different cell types.12 Here, we
simulated three PM systems: mammals (PMm), plants (PMp),
and fungi (PMf) containing 11, 18, and 9 lipid types,
respectively (Tables S1−S3).
PMm contains the most abundant lipid types from the

average human PM.54 PMp represents membranes of mung
bean hypocotyl19 that have a more complex lipid mixture than
previously modeled plant PMs containing up to 10 lipid
types.28,51 The lipid composition of PMf is similar to that of
the previously modeled yeast PM,48 although half of sterol
molecules is substituted by an inositol-containing SL,
mannosyl-inositol-phosphoryl-ceramide (MIPC) based on the
work of Hechtberger et al.79

The lipid distribution in all three PM systems is asymmetric
and similar to experimental data in that the majority of SLs are

Figure 1. Mass density profiles (MDPs) of PMm, PMp, and VAC. Note that the membrane is centered at Z = 0, and the outer leaflet corresponds
to Z > 0.
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in the outer leaflets, and 80% of PE, PA, PI, and almost all PS
are in the cytosolic leaflet.80 Importantly, these three PM
systems significantly differ in the content and distribution of
PC lipids, SLs, and sterols (Figure S2). PC lipids account for
27% of lipids in PMm with their 70% located in the outer
leaflet, while in PMf and PMp, PE lipids are the major PL,
while PC lipids account for less than 15% of lipids and their
60% is located in the inner leaflet. Sterols and SLs comprise
almost half of all lipids in all PMs, but a sterol:SL ratio
significantly differs among systems (e.g., 2:1 in PMm, 1:1 in
PMf, and 6:1 in PMp). Thus, PMm has 32% of CHOL and
17% of SLs; PMp is characterized by the high content (45%)
of diverse phytosterols, while PMf contains almost equal
amounts (∼25%) of ergosterol and MIPC. Although the
percent of unsaturated lipids is slightly higher in PMf (∼63 vs
∼56% in PMm and ∼53% in PMp), the number of double

bonds per tail is higher in PMp (1.15 vs 0.95 in PMm and 0.65
in PMf) due to the abundance of 18:2 and 18:3 acyl chains in
PMp (Table 1 and Figure S3).
The mass density profiles (MDPs) for aliphatic lipid groups

are more asymmetric in PMp and PMf than in PMm, possibly
due to the substantial sterol asymmetry (Figures 1, S4, and
S5). In the MDPs of all PMs, there is one maximum for double
bonds (CH) in the inner leaflet (Z < 0) but two such maxima
in the outer leaflet that correspond to cis-double bonds of PLs
and trans-double bonds of SLs, respectively. The PMp MDPs
show a significant increase of CH maxima relative to those in
PMm and PMf due to their higher fraction of polyunsaturated
acyl chains. Water profiles indicate that in all asymmetric PM
systems, water penetrates much deeper into the membrane
hydrophobic core from the inner side (up to Z = −14.2 Å for
PMm, −12.7 Å for PMp, and −8.3 Å for PMf) than from the

Table 2. Comparison of the Calculated Membrane Properties in This Study with Data from Published MD Simulations of
Similar Biological Membranesa

membrane DP‑P (Å) APL (Å2) (out/in) Θ (deg) SCD (out/in) KA (dyn/cm) DH2O (Å) (in/out)d reference

PMm 45.5 45.5/48.7 14.1 0.34 633 −14.2/14.7 this study
average PM 41 51/55 N/A 0.43/0.36 N/A N/A 54
PMf 42.2 43.3/58.9 13.3 0.28 877 −8.3/17.6 this study
PM1 43.4 47.4 17.9 0.35 570 −12.0/12.0 48
PMp 45.3 41.6/47.4 11.3 0.39 1306 −12.7/16.5 this study
Top10 42.0 42.9/45.7 N/A N/A N/A N/A 28
soybean root 42.7b 52.7 18 0.25 510 −12.0/12.0 51
soybean hypocotyl 51.9 0.30 570
ERm 40.2 62.2 22.3 0.24 264 −11.0/11.0 this study
ERf 37.9 63.0 24.1 0.23 358 −10.0/10.0 this study
ER1 37.8b 64.0 27.3 0.23 290 −10.0/10.0 48
GOLm 41.9 57.1 20.6 0.26 289 −11.6/11.6 this study
GOLf 39.6 54.5 21.7 0.26 384 −11.0/11.0 this study
TGN1 38.6b 60.6 26.3 0.22 280 −10.0/10.0 48
ENDm 44.9 49.6 16.1 0.32 452 −14.0/14.0 this study
LYSm 42.2 56.6 19.7 0.27 368 −12.3/12.3 this study
VAC 46.3 46.8 11.4 0.40 1510 −15/14.8 this study
MOM 39.5 66.2/66.2 N/A 0.22 265 −10.3/10.9 this study
MIM 39.1 73.8/78.1 N/A 0.23 293 −10.9/10.5 this study
THYp 39.0 65.4 N/A 0.22 313 −9.8/9.8 this study
plant membrane 293 K 28.0c 66.0 N/A N/A 311 −12.0/12.0 53
THYb 41.1 63.0 N/A 0.22 211 −10.6/10.6 this study
cyanobacterial membrane 293 K 30.0c 64.0 N/A N/A 350 N/A 53
aPM 43.3 69.7 N/A 0.15 187 −9.5/10.2 this study
20-MK8 37.8c N/A N/A 0.16 268 −10.0/10.0 47
DPhPC, 298 K 37.0b 76.1 N/A 0.18 605 N/A 44
G-OM 36.6 182.3/63.8 N/A 0.23 1573 −9.2/10.0 this study
LPS-PL 24.7c 180 N/A 0.24 N/A −10.0/9.0 39
G-IM 38.3 64.0 N/A 0.23 417 −10.3/10.3 this study
TOP6 37.3b 64.0 N/A 0.23 340 −10.0/10.0 42
G+PM 37.0 61.5 N/A 0.22 289 −9.2/9.2 this study
SaCM ∼40 61.8 N/A N/A N/A −10.0/10.0 46
DOPC 38.8 67.5 N/A 0.18 308 −10.0/10.0 this study
DOPC, 303 K 38.0b 67.4 N/A 0.18e 265f −10.0/10.0 81, 82d 83,e
DPPC 39.7 61.5 N/A 0.22 220 −9.3/9.3 this study
DPPC, 323 K 38.0b 63.1 N/A N/A N/A −10.0/10.0 81
POPC 39.0 64.4 N/A 0.22 325 −9.6/9.6 this study
POPC, 303 K 37.0b 68.3 N/A N/A N/A −10.0/10.0 84

aFor clarity, only the average values are reported in this table. bDHH, the distance between lipid head groups. c2DC, the hydrophobic thickness;
Table S20 summarizes the calculated 2DC values in this work. dDH2O, water penetration depths, when reported from the literature, were
approximated from the MDP figures of the relevant systems; negative values correspond to the inner leaflet; and positive values correspond to the
outer leaflet. N/A, not available.
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outer side (up to Z = 14.7 Å for PMm, 16.5 Å for PMp, and
17.6 Å for PMf). This result indicates that the PM outer
leaflets containing more sterols are more ordered and less
water permeable than the inner leaflets. The difference is
especially pronounced in the case of PMf, which has a sterol
ratio of 4:36 between the inner and the outer leaflets. As
shown in Table 2, the average APL from the PMf inner leaflet
is larger than in the outer leaflet by 15.6 Å2, which further
supports this observation.
Despite variances in lipid composition, the membrane

properties of three PMs (DP‑P, average APL, SCD, and KA)
are not dramatically different (Table 2 and Figure 2). The high
order of acyl chains (characterized by SCD larger than 0.28) is a
likely cause of the upright orientation of sterol rings in PMs
(average tilt angle of ∼13°) (Figure 3A,B). The previously
obtained membrane properties of the average human PM,54

yeast PM,48 and the soybean root and hypocotyl PMs51 are
close to our data for the corresponding PM systems (Table 2).
3.2. Modeling of Eukaryotic Organelle Membranes.

3.2.1. Endoplasmic Reticulum. Membranes of endoplasmic
reticulum (ER) have a nearly symmetric lipid distribution
between both leaflets that are mainly composed of PC, PE, and
PI lipids with a minor fraction of other lipid types.12 In this
study, we simulated ER membrane systems of mammals
(ERm) and fungi (ERf) with 12 and 9 lipid types, respectively
(Tables S4 and S5). The lipid composition of ERm

corresponds to that of rat liver microsomes,60 while the lipid
content in our ERf system is similar to that in the previously
modeled yeast ER membranes.48 Both ERm and ERf have
symmetric lipid distributions in both leaflets with a PC:PE:PI
ratio of 61:20:6 and 47:14:23, respectively. Interestingly,
although ERm has a much lower fraction of unsaturated lipids
(47% in ERm vs 84% in ERf), it has more double bonds per
lipid tail (1.2 vs 0.8 in ERf) (Table 1) due to the presence of
polyunsaturated fatty acids (18:2, 20:4) in ERm and only
monounsaturated acyl tails in ERf (Figure S3).
Our simulations show that the membrane properties of both

ER systems are quite similar but significantly different from
those of the three PM systems (Figures 2 and 3). The MDPs
show that ERf membranes are slightly thinner (by 2.3 Å) than
ERm, but water penetration depths (DH2O) are quite similar
for both membranes (up to Z = ±10 Å for ERf and ±11 Å for
ERm) (Table 2 and Figure S4). Comparison of ER and PM
systems reveals higher average APL and sterol tilt angles and
lower DP‑P, SCD, and KA for ER membranes, indicating that ER
membranes are more disordered than PMs. Looser lipid
packing in the ER bilayer could facilitate insertion of newly
synthesized lipid and protein molecules into ER membranes, as
well as the formation and budding out of vesicles and lipid
droplets.

3.2.2. Golgi Apparatus. Golgi apparatus is made of stacks of
vesicular cisternae with tubular connections that participate in

Figure 2. Various membrane properties calculated in this work. (A) Membrane thickness (DP‑P). (B) Average area per lipid (APL). The black bars
are for the outer leaflet and the gray bars are for the inner leaflet; the symmetric membrane has the same bars. (C) Order parameters (SCD). (D)
Area compressibility modulus (KA). Calculation details are given in the Methods section.
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vesicular transport in the secretory, lysosomal, and endocytic
pathways. Although trans-Golgi network (TGN) is known to
have an asymmetric lipid distribution between leaflets, we
simulated two symmetric membrane systems of Golgi
apparatus from mammals (GOLm) and fungi (GOLf)
containing 13 and 10 lipid types, respectively (Tables S6 and
S7). The lipid composition of GOLm corresponds to that in
rat liver Golgi membranes,60 while the lipid composition of
GOLf is similar to that in the previously modeled yeast TGN1
system.48 The most evident differences between lipid contents
of GOLm and GOLf are in PI lipids (9% in GOLm vs 37% in
GOLf) and SLs (12% in GOLm and absent in GOLf).
The membrane properties of GOLm and GOLf (Table 2;

Figures 2 and 3) are rather similar, including DH2O (up to Z =
±11 Å for GOLf and ±11.6 Å for GOLm) (Figure S4). As
shown in Table 2, our calculations show slightly smaller
average APL and sterol tilt angles and higher values of DP‑P,
SCD, and KA for GOLf than the corresponding values obtained
in the previous yeast TGN1 simulations in which the
simulation time was only 200 ns with a different van der
Waals interaction switching method.48 Therefore, our GOLf
system appears to be a bit more rigid and ordered than in the
previous simulation.
3.2.3. Endosomes and Lysosomes. The lipid composition

of early endosomes resembles that of PMs. However,
membranes of late endosomes and lysosomes differ from
PMs by an increasing amount of acidic lipids and a high level
(up to 70%) of BMP, a poorly degradable nonbilayer
phospholipid.18 Our membrane models of mammalian endo-
somes (ENDm) and lysosomes (LYSm) contain 11 and 13
lipid types, respectively (Tables S8 and S9). The lipid
composition of ENDm61 is similar to that of PMm (Table

1). LYSm contains anionic lipids, PI, PS, and BMP (8, 3, and 7
mol %, respectively), in addition to PC, PE, SL, and CHOL,
the major lipid types of PMm and ENDm.62,63 The degree of
acyl chain unsaturation in both systems is similar to that in
PMm, but the number of double bonds per lipid tail is higher
(Table 1).
As expected, the membrane properties of ENDm resemble

those of PMm (Table 2; Figures 2 and 3). LYSm has slightly
lower DP‑P, SCD, KA, and higher average APL and cholesterol
tilt angle, compared to ENDm and PMm. These data indicate
more disordered LYSm, which is probably due to the
significant presence of anionic and nonbilayer lipids. This
observation is further supported by the MDPs that show
deeper water penetration into the hydrophobic region of LYSm
(up to Z = ±12.3 Å) than those of ENDm (up to Z = ±14 Å)
and PMm (up to Z = −14.2 and +14.7 Å) (Figure S4).

3.2.4. Outer and Inner Mitochondrial Membranes. In this
study, we modeled asymmetric mitochondrial outer (MOM)
and inner (MIM) membranes containing 10 and 9 lipid types,
respectively (Tables S10 and S11). The MOM system is
mainly composed of PC, PE, and PI lipids (54, 29, and 13 mol
%, respectively), while MIM has PC, PE, and CL lipids as
major phospholipids (41, 34, and 17 mol %, respectively).64,65

As shown in Table 1, both MIM and MOM have a large
number of double bonds (1.6−1.8 double bonds per lipid tail),
though MIM has more unsaturated lipids than MOM (70.6%
in the inner leaflet and 58.8% in the outer leaflet) due to the
abundance of eicosatetraenoic (20:4) and linoleic (18:2) fatty
acids in MIM. Despite some differences in the lipid content,
the membrane properties of MOM and MIM are almost
identical (Table 2 and Figure 2). The MDPs also show similar

Figure 3. (A) Distributions of sterol tilt angles and (B) their average values in 10 eukaryotic membrane systems containing sterols. (C) Sterol tilt
angle vs sterol fraction. (D) Sterol tilt angle vs order parameters (SCD).
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distributions of lipid components and deep DH2O (up to Z =
±10.5 Å) in both MOM and MIM (Figure S4).
3.2.5. Vacuoles. Vacuoles are the largest organelles in plant

cells. They participate in the transport and storage of ions and
metabolites and in cell turgor. Our vacuole membrane (VAC)
system contains 23 lipid types that are symmetrically
distributed between leaflets. It was modeled based on the
lipid composition of the tonoplast membrane from Acer
pseudoplutanus cells.66 VAC is composed of phospholipids (39
mol %), glycolipids (18 mol %), sterols (13 mol %), and
glycosylated sterols (31 mol %) (Table S12) and is
characterized by a high content of palmitic (16:0) and linoleic
(18:2) acyl chains that account for 54 and 23% of all fatty
acids. The predominant phospholipid is PE (50% more than
PC). This lipid composition is similar to that of PMp, though
two-thirds of sterols are glycosylated in VAC (Table 1). The
membrane properties of VAC are close to those of PMp
(Table 2; Figures 2 and 3), but the symmetric MDPs of lipid
components and water penetration profiles for VAC (up to Z =
∼±15 Å) resemble those of PMm (Figure 1).
3.2.6. Thylakoid Membranes. Thylakoid membranes form

compartments inside chloroplasts and their postulated
ancestors, cyanobacteria. This is the site of all light-dependent
processes of photosynthesis, i.e., the conversion of light energy
into chemical energy. The characteristic features of photo-
synthetic membranes in plants and cyanobacteria are unusual
abundance of nonphosphorus galactoglycerolipids, under-
representation of phospholipids, and presence of anionic
sulfolipids.16,85 Lipids of thylakoid membranes include a sole
phospholipid, PG, and three glycolipids (MGDG, DGDG, and
SQDG).
We simulated thylakoid membranes of plants (THYp) and

cyanobacteria (THYb) containing seven and five lipid types,
respectively (Tables S13 and S14). The lipid compositions of
these systems are similar to those modeled previously.53 Both
systems contain four lipid classes (PG, DGDG. MGDG, and
SQDG) at a ratio of 15:30:40:15 (THYp) and 9:24:43:24
(THYb). The major difference is the level of lipid unsaturation,
which is increased in THYp (Table 1). Accordingly, the
intensity of double bond (CH) peaks in the MDPs is greater in
THYp than in THYb (Figure S4).
Both systems have similar structural parameters (DP‑P,

average APL, and SCD) (Table 2 and Figure 2), as well as
DH2O (up to Z = ±9.8 Å for THYp and ±10.6 Å for THYb)
(Figure S4). The increased KA of THYp (313 ± 54 vs 211 ± 9
dyn/cm for THYb) may indicate slightly more rigid
membranes of plants. This is different from the CG simulation
results, where the photosynthetic membranes of cyanobacteria
were more rigid.53 According to our results, both THYb and
THYp have relatively high fluidity and low lipid order, which
are similar to those of mitochondrial membranes (Table 2 and
Figure 2).
3.3. Simulation of Archaebacterial Membranes with

Menaquinone-8. The archaebacterial membranes are formed
by isopranyl glycerol ether lipids, such as 1,2-diphytanoyl-sn-
glycero-3-PC (DPhPC), which is an important factor for
adaptation to extreme temperatures, acidity, and salinity.
Haloarchaea are one of the largest groups of archaea that can
thrive in high salt environments and withstand temperatures
up to 50 °C, a wide pH range (from 4 to 10), and extreme
levels of oxidative stress. Membranes of haloarchaea are highly
unsaturated, mainly due to the presence of menaquinones
(MENs) that reach up to 72% of the total lipids.67 MENs with

1,4 naphtoquinine head group function as electron/proton
carriers in the photosynthetic cycle,86 while their polyunsatu-
rated isoprenoid tails supposedly play an antioxidative role as
scavengers of free radicals.87

Our model of archaebacterial plasma membranes (aPM) was
built from more common acidic, neutral archaeal lipids, and
menaquonine-8 (MEN-8) at a ratio of 71:8:2167 (Table S15).
This lipid composition differs from the previous MD
simulation systems of archaeal membranes that were composed
of acidic (PG-AR) and zwitterionic (PE-AR) isoprenoid GLs
at 3:2 and with increasing MEN-8 concentration from 0 to 50
mol %.47

Despite the different lipid compositions, the current aPM
model reproduces the main structural features of the previously
simulated membrane system with 20 mol % of MEN-8 (20-
MK8). In particular, the MDPs of aPM (Figures S4 and S5)
show an increased membrane thickness (DP‑P = 43.3 Å) due to
the accumulation of the major fraction of MEN-8 at the
membrane midplane, as in the previous study of 20-MK8.47 At
the same time, the distribution of MEN-8 head groups along
the Z-axis is rather broad (Figure S5), indicating that some of
them are located at the membrane/water interface, while their
isoprenoid chains are aligned along the membrane normal and
intercalate with lipid acyl chains. In addition, SCD for C20 acyl
chains has three plateaus (Figure S6), which is consistent with
other simulations of bilayers with diphytanoyl lipids.44,47

aPM has the lowest KA and SCD, and a rather deep water
penetration profile (up to Z = −9.5 Å and +10.2 Å), indicating
that aPM is less ordered than any other biomembrane systems
in this study (Table 2 and Figure 2). The KA for the pure
DPhPC bilayer is higher (KA = 605 dyn/cm at 298 K)44 than
in aPM (KA = 187 dyn/cm). In addition, aPM is thinner and
more loosely packed than 20-MK847 (Table 2). It is possible
that acidic lipids and a low level of MEN-8 significantly perturb
not only the hydrophobic core but also the head group packing
at the membrane/water interface, resulting in the more
distorted and disordered bilayer with a reduced water-barrier
function.

3.4. Simulation of Bacterial Membranes. 3.4.1. Outer
Membrane of Gram-Negative Bacteria. Unlike a typical
phospholipid bilayer, the Gram-negative bacterial outer
membrane (OM) has an extremely asymmetric structure,
where the inner leaflet is composed of PLs, primarily PE, PG,
and CL lipids, and the outer leaflet contains unique
lipopolysaccharides (LPS).88,89 We have previously simulated
LPS-containing OMs of E. coli and other Gram-negative
bacteria.38−41 In this study, we generated an outer membrane
of the Gram-negative bacteria (G-OM) system that has the
same lipid composition of the asymmetric LPS-PL system of E.
coli39 (Table S16): 35 molecules of lipid A-R1 core in the outer
leaflet and PE, PG, and CL lipids at a ratio of 75:20:5 in the
inner leaflet. The membrane properties of G-OM were almost
identical to those found previously (Table 2).
In comparison with other biomembrane systems, as shown

in Table 2, G-OM has a decreased membrane thickness (DP‑P
of 36.6 Å) and the highest value of KA. These results show that
due to the presence of LPS and their electrostatic crosslinking
via divalent ions (Ca2+), G-OM is much stiffer than all other
biomembranes considered in this study. The APL in the outer
leaflet is 182.3 Å2 or approximately 30 Å2 per acyl chain, which
is close to the experimental value of 26 Å2.90

3.4.2. Inner Membrane of Gram-Negative Bacteria. The
inner membrane of Gram-negative bacteria (G-IM) is less
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complex than PMs of eukaryotic cells. However, as an
adaptation to environmental conditions, bacteria often develop
modifications of their acyl tails, such as the incorporation of
cyclic moieties. It has been shown that the inclusion of the
cyclopropane ring decreases the surface density of the bilayer
and produces a more rigid membrane compared to membranes
with no cyclopropane ring in acyl chains.42

We generated a G-IM system composed of seven lipid types
with PE:PG:CL at a ratio of 79:19:2 that contain cyclopropane
rings in their sn-2 acyl tails (Table S17). This lipid composition
is close to that of the previously modeled TOP6 system,42

except the added 2 mol % of CL. Consequently, the membrane
properties of G-IM are almost identical to those of TOP6
(Table 2), except for a slightly higher value of KA (417 dyn/cm
in G-IM vs 340 dyn/cm in TOP6). Overall, the properties of
G-IM are similar to those of mitochondrial and thylakoid
membranes (Figure 2).
3.4.3. Plasma Membrane of Gram-Positive Bacteria. Lipid

composition of Gram-positive bacterial plasma membranes (G
+PM) is variable and depends on the environmental
conditions.91 Mechanisms of bacteria adaptation to a wide
range of temperature include regulation of the lipid fatty acid
iso/anteiso composition91 or the unsaturation level.92 We
modeled G+PM based on the lipid composition of Bacillus
subtilis (a Gram-positive bacterium) that contains PE (27 mol
%), PG (65 mol %), and CL lipids (8 mol %) (Table S18).
Most lipid tails are branched due to the presence of iso/anteiso
C15 fatty acids in both sn-1 and sn-2 positions (Figures S2 and
S3).
Lipid membranes with iso/anteiso C15 fatty acids have been

previously modeled for Chlamydia trachomatis 44 (a Gram-

negative bacterium) and Staphylococcus aureus (a Gram-
positive bacterium).46 However, their lipid compositions
were quite different from our G+PM system; in the former
case, model bilayers contained PC lipids with branched fatty
acids, while the latter system contained 57 mol % PG, 5 mol %
CL, and 38 mol % of a positively charged lysyl-
phosphatidylglycerol (Lys-PG). It has been shown that acyl
tail branching increases average APL, KA, and lipid axial
relaxation times in the corresponding lipid bilayers relative to
the DPPC bilayer while decreasing lipid chain order and
changing MDPs.44 However, our G+PM system shows only a
slight increase of the average APL and KA relative to DPPC,
while the SCD and MDPs of G+PM and DPPC are very similar
(Figures 2, S4, and S5).

3.5. Comparative Analysis of 18 Biomembrane
Systems. MD simulations of 18 biomembrane systems with
distinct lipid compositions provide us a unique opportunity to
make a comparative analysis of membrane properties of all of
these different biological membranes. From our simulations,
PMm, PMp, PMf, and VAC have the highest membrane
rigidity, tighter lipid packing, and greater acyl chain order,
especially in their outer leaflets, than all other membranes. This
conclusion is based on the lowest APL and the largest KA, DP‑P,
and SCD for PMs and VAC (Table 2; Figures 2 and 3). Overall,
the membrane rigidity and lipid order decrease in the following
sequence: PMs and VAC > ENDm and LYS > GOLm and
GOLf > ERm and ERf, which is based on the decreasing DP‑P,
SCD, and KA, as well as the increasing average APL and
cholesterol tilt angles. A similar trend was found previously for
the membranes of yeast organelles.48

Figure 4. Correlation of sterol fraction in sterol-containing 10 membrane systems with (A) membrane thickness (DP‑P), (B) average area per lipid
(APL), (C) order parameters (SCD), and (D) compressibility modulus (KA). For asymmetric PMm, PMp, and PMf, the average APLs in the inner
and the outer leaflets are shown separately. Three single-component lipid bilayers devoid of sterols are also included for comparison.
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Interestingly, despite largely different lipid compositions,
mitochondrial membranes (MOM and MIM), thylakoid
membranes (THYb and THYp), and bacterial cell membranes
(G-IM and G+PM) are characterized by much lower rigidity
and lipid order, which distinguishes them from PMs, VAC, and
ENDm. Two notable outliers are the LPS-containing G-OM
and aPM. In G-OM, acyl chain packing is tighter than those in
artificial bilayers composed of typical membrane lipids
(DOPC, DPPC, POPC), although still less dense than PMs,
ENDm, and VAC (Figure 2). This compact packing could be
critical to ensure the protective properties of the bacterial OM
as a permeability barrier. Our aPM system, which is mainly
formed by phytanyl-ether acidic lipids with 20 mol % of MEN-
8, shows the lowest KA and SCD among all systems considered
in this study. Such low stiffness and high fluidity probably arise
from the broad distribution MEN-8 along the membrane
normal, causing membrane thickening and disordering.
A more detailed comparative analysis of 18 biomembrane

systems allows us to uncover the role of sterols and lipid
unsaturation in the structural and mechanical properties of
these biological membranes and their effects on membrane
permeability to water, which is elaborated below.
3.5.1. Role of Sterols and Lipid Order. It is well

documented that CHOL affects the physicochemical proper-
ties of membranes, such as mechanical strength, area per lipid,
lipid order, and thickness,21 induces the formation of Lo phase
and lipid segregation into nanoscale domains,13 and decreases
membrane permeability.23

In this study, 10 of 18 systems contain various levels of
sterols, and sterol levels are different in the inner and the outer
leaflets of PMm, PMp, and PMf. To investigate the influence of

sterols on the membrane properties, we analyzed the
dependencies of structural and mechanical parameters on
sterol fraction in these 10 systems that represent different
eukaryotic cellular and organelle membranes. For comparison,
pure DOPC, POPC, and DPPC lipid bilayer lacking sterols are
also considered. As shown in Figure 4, sterol fraction shows
strong correlations with DP‑P (correlation coefficient, R2 of
0.88), average APL (R2 of 0.90), SCD (R2 of 0.96), and KA (R

2

of 0.75), indicating that the fraction of sterols in a membrane
plays a key role in the lipid order (SCD), membrane thickness
(DP‑P), lipid packaging (characterized by the average APL),
and, in a lesser extent, the membrane stiffness and ability to
resist dilation and compression (characterized by KA).
In membranes with higher sterol content and lipid order

(SCD), sterol molecules align more vertically with respect to the
membrane normal, and thus their average tilt angles decrease
(Figure 3C,D). Clearly, sterols increase membrane thickness,
lipid order parameter, area compressibility modulus, and
decrease area per lipid in eukaryotic cellular and organelle
membranes. Our findings for biological membranes with
complex lipid mixtures are in line with previous results of
computational21,93 or experimental94 studies of simpler
cholesterol-containing lipid bilayers.
Since sterols produce the main effect on the lipid order, we

analyzed how the membrane properties of biological
membranes lacking sterols depend on SCD. This analysis can
be applied to all 18 complex biomembrane systems and three
artificial lipid bilayers. As shown in Figure 5, there is a good
correlation between membrane thickness and SCD (R2 of 0.82),
though slightly worse correlations are observed between SCD
and KA (R

2 of 0.77) and between SCD and the average APL (R2

Figure 5. Correlation of acyl chain order (SCD) in 16 multicomponent and 3 single-component membrane systems with (A) membrane thickness
(DP‑P), (B) area compressibility modulus (KA), (C) average area per lipid (APL) in the outer leaflet, and (D) average APL in the inner leaflet. Note
that aPM and G-OM systems are excluded from all scatter plots as outliers.
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of 0.74 (outer leaflet) and 0.72 (inner leaflet)). The notable
outlier in the latter case is the MIM system, which contains 17
mol % CL (10% in the outer leaflet and 26% in the inner
leaflet) with a high APL value (APL ∼ 134 Å2 for CL vs APL ∼
63 Å for POPC, see Table S11).
3.5.2. Role of Lipid Unsaturation. All eukaryotic cellular

and organelle membranes studied here are characterized by a
high degree of lipid unsaturation. More than 35% of their lipids
have at least one double bond in their acyl chains, although
many lipids contain polyunsaturated chains (e.g., 18:2, 18:3,
20:4, 22:6) (Table 1). To analyze the effect of lipid
unsaturation on the membrane properties while excluding
the effect of sterols, we selected eukaryotic membranes lacking
sterols (MOM, MIM, THYp, and THYb) and analyzed their
leaflets separately. As shown in Figure 6A, there is a modest

correlation between the acyl chain unsaturation level and DP‑P
(R2 of 0.50). However, there is no significant correlation
between the acyl chain unsaturation level and the average APL,
KA, or SCD for these membrane systems (data not shown).
These results indicate that higher lipid unsaturation slightly
reduces the membrane thickness. A similar tendency was
experimentally observed for SOPC (DP‑P = 40.7 Å) and DOPC
(DP‑P = 36.9 Å).83 Thus, the presence of sterols and lipid
unsaturation produce opposite effects on the membrane
thickness.
3.5.3. Water Penetration Depths. To understand the ability

of water to penetrate into the hydrophobic core of various
biological membranes, we analyzed water MDPs of all 18
membrane systems (Figure S4) and obtained the DH2O for each

leaflet. As shown in Figure 6B, DH2O significantly increases in
eukaryotic membranes with a higher sterol fraction (R2 of
0.79). However, there is no significant effect of acyl chain

unsaturation on DH2O in sterol-free MOM, MIM, THYp, and
THYb (data not shown). Apparently, sterols are more
important than lipid double bonds for creating additional
permeability barriers below lipid carbonyl regions that prevent
water from entering into the membrane hydrophobic core.
This conclusion complies with experimental observations of
CHOL reducing the membrane penetration of water95 and the
bilayer permeability.94

4. CONCLUSIONS
In this work, we present all-atom MD simulations of 18
biomembrane systems with complex lipid mixtures corre-
sponding to diverse eukaryotic, bacterial, and archaebacterial
membranes. Lipid bilayer systems are composed of 4−23 lipid
types, including diverse sterols, glycerol-based lipids, and
sphingolipids with acyl tails of various lengths, degree of
saturation, and branched and cyclic moieties. In addition,
Membrane Builder in CHARMM-GUI96 has been expanded to
cover 59 new lipid types for this study and used to build all
biomembrane systems composed of 200−250 lipids for the
symmetric or asymmetric bilayer systems.
Modeling and simulation of different nativelike membranes

allow us to characterize and to compare their structural and
mechanical properties, including mass density profiles of lipid
components and water molecules, localizations and tilt of
sterols in the lipid bilayer, bilayer thicknesses, lipid tail order
parameters, areas per lipid, and area compressibility moduli.
The comparative analysis provides deeper insight into the role
of sterols and lipid unsaturation on the membrane properties,
including water penetration depths into the hydrophobic core
of various biomembranes. Our analysis shows that sterols
increase membrane thickness, ordering, and stiffness and
prevent water penetration into the membrane hydrophobic
core. Unlike sterols, the increased lipid unsaturation slightly
decreases the membrane thickness but does not significantly
affect other membrane properties.
All simulated membrane systems are accessible for public

use in CHARMM-GUI Archive (https://www.charmm-gui.
org/docs/archive/biomembrane). They can be used as
templates to expedite future modeling of realistic cell
membranes with transmembrane and peripheral membrane
proteins to study their structure, dynamics, molecular
interactions, and function in a nativelike membrane environ-
ment.
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Lipid compositions and area per lipids of 18
biomembranes (Tables S1−S18); initial system size,
simulation temperature, and numbers of water and ions
for each biomembrane system (Table S19); hydro-
phobic thickness (2DC), membrane thickness between
phosphate groups (DP‑P), and membrane thickness
between carbonyl groups (DCG) for each biomembrane
system (Table S20); time series of the X dimension of
each biomembrane system (Figure S1); lipid type
distribution in each biomembrane system (Figure S2);
lipid acyl chain distribution in each biomembrane
system (Figure S3); mass density profiles in 18
biomembrane systems (Figure S4); head group density

Figure 6. Correlation of acyl chain unsaturation in sterol-free
eukaryotic membranes with membrane thickness (DP‑P) (A).
Correlation of water penetration depth as the distance from the
membrane center (Z = 0 is the membrane center) with sterol faction
in sterol-containing membranes (B). Data for the inner and the outer
leaflets of asymmetric systems are included separately as both leaflets
have different degrees of acyl unsaturation or sterol fraction.
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profiles in 18 biomembrane systems (Figure S5); and
deuterium order parameters of sn-1 16:0 acyl chain in 18
biomembrane systems (Figure S6) (PDF)
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plant vacuole membranes; BMP, bis(monoacylglycero)-
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tanoyl-sn-glycero-3-PC; DPPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine; GLs, glycerol-based lipids; LPS, lipopolysac-
charide; MEN, menaquinone; MGDG, monogalactosyl-diac-
ylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PL, phospholipid; POPC, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine; PS, phosphatidylserine;
SL, sphingolipid; SQDG, sulfoquinovosyl-diacylglycerol; APL,
area per lipid; CG, coarse grained; MDPs, mass density
profiles; MD, molecular dynamics
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(81) Kucěrka, N.; Nagle, J. F.; Sachs, J. N.; Feller, S. E.; Pencer, J.;
Jackson, A.; Katsaras, J. Lipid Bilayer Structure Determined by the
Simultaneous Analysis of Neutron and X-Ray Scattering Data.
Biophys. J. 2008, 95, 2356−2367.
(82) Kim, S.; Chang, R. Structure, Dynamics, and Phase Behavior of
DOPC/DSPC Mixture Membrane Systems: Molecular Dynamics
Simulation Studies. Bull. Korean Chem. Soc. 2016, 37, 1076−1085.
(83) Rawicz, W.; Olbrich, K. C.; McIntosh, T.; Needham, D.; Evans,
E. Effect of Chain Length and Unsaturation on Elasticity of Lipid
Bilayers. Biophys. J. 2000, 79, 328−339.
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(93) Gallová, J.; Uhríková, D.; Kucěrka, N.; Teixeira, J.; Balgavy,́ P.
Hydrophobic Thickness, Lipid Surface Area and Polar Region
Hydration in Monounsaturated Diacylphosphatidylcholine Bilayers:
Sans Study of Effects of Cholesterol and β-Sitosterol in Unilamellar
Vesicles. Biochim. Biophys. Acta 2008, 1778, 2627−2632.
(94) Rawicz, W.; Smith, B. A.; McIntosh, T. J.; Simon, S. A.; Evans,
E. Elasticity, Strength, and Water Permeability of Bilayers That
Contain Raft Microdomain-Forming Lipids. Biophys. J. 2008, 94,
4725−4736.
(95) Marsh, D. Membrane Water-Penetration Profiles from Spin
Labels. Eur. Biophys. J. 2002, 31, 559−562.
(96) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. Charmm-Gui: A Web-Based
Graphical User Interface for CHARMM. J. Comput. Chem. 2008, 29,
1859−1865.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c01514
J. Chem. Inf. Model. 2022, 62, 1036−1051

1051

https://doi.org/10.1007/s00203-005-0759-8
https://doi.org/10.1007/s00203-005-0759-8
https://doi.org/10.1007/s00203-005-0759-8
https://doi.org/10.1016/j.bbamem.2008.08.009
https://doi.org/10.1016/j.bbamem.2008.08.009
https://doi.org/10.1016/j.bbamem.2008.08.009
https://doi.org/10.1016/j.bbamem.2008.08.009
https://doi.org/10.1529/biophysj.107.121731
https://doi.org/10.1529/biophysj.107.121731
https://doi.org/10.1007/s00249-002-0245-z
https://doi.org/10.1007/s00249-002-0245-z
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c01514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

