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ABSTRACT: Biological membranes are fundamental components of
living organisms that play an undeniable role in their survival. Molecular
dynamics (MD) serves as an essential computational tool for studying
biomembranes on molecular and atomistic scales. The status quo of MD
simulations of biomembranes studies a nanometer-sized membrane patch
periodically extended under periodic boundary conditions (PBCs). In
nature, membranes are usually composed of different lipids in their two
layers (referred to as leaflets). This compositional asymmetry imposes a
fixed ratio of lipid numbers between the two leaflets in a periodically
constrained membrane, which needs to be set appropriately. The widely
adopted methods of defining a leaflet lipid ratio suffer from the lack of
control over the mechanical tension of each leaflet, which could
significantly influence research findings. In this study, we investigate the
role of membrane-building protocol and the resulting initial stress state on the interaction between small molecules and asymmetric
membranes. We model the outer membrane of Pseudomonas aeruginosa bacteria using two different building protocols and probe
their interactions with the Pseudomonas quinolone signal (PQS). Our results show that differential stress could shift the position of
free energy minimum for the PQS molecule between the two leaflets of the asymmetric membrane. This work provides critical
insights into the relationship between the initial per-leaflet tension and the spontaneous intercalation of PQS.

■ INTRODUCTION
Biological membranes are present in all domains of life,
separating the cell interior from the external environment or
defining different cell organelles. As selectively permeable
barriers, they are involved in various cellular processes, such as
compartmentalization, signaling, transport and trafficking,
sensing, metabolism, and overall regulation of many biological
functions.1−3 These indispensable thin films are comprised of
various lipids and proteins, asymmetrically distributed between
the two bilayer leaflets.4 An important and widespread example
is the outer membrane (OM) of Gram-negative bacteria, which
is responsible for many of their biological traits.5,6 While the
inner leaflet of the OM is composed of common phospholipids
(PLs), the abundance of lipopolysaccharides (LPS) in the
outer leaflet renders the membrane highly asymmetric in leaflet
lipid composition.7 The complex structure of LPS helps shield
Gram-negative bacteria against environmental threats. The
structure consists of a diverse and variable length O-antigen
polysaccharide in the outermost region, a more conserved
oligosaccharide “core” region proximal to the membrane, and
most importantly, an endotoxic lipid A region anchored in the
outer leaflet of the OM.8 Bacterial membranes have been
studied extensively in the last few decades.9−12 Nevertheless,
the undeniable role of the OM in the survival of Gram-negative
bacteria, including its interaction with the human immune
system and contributions to bacterial pathogenesis, requires

that we continuously develop and refine tools to investigate
how the membrane will interact with important mole-
cules.13−15

Unfortunately, state-of-the-art experimental tools still face
numerous challenges in probing biomembranes and their
interactions with small molecules, proteins, and nanomaterials
on decreasing length and time scales.16−18 This limitation
stimulates the rapid advance in computational modeling of
biomembranes, particularly molecular dynamics (MD) simu-
lations, which offer nanoscale spatiotemporal resolutions and
provide detailed information on molecular interactions not
easily accessible to physical experiments.19,20 Rapid advances
in high-performance computing made it possible to use MD to
investigate realistic cell membranes with diverse and complex
compositions. However, the information obtained from MD
requires discreet interpretation since the accuracy and
reliability of these models depend highly on the modeling
process and system parameterization. Examples of the essential
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parameters include the number of molecules, the representa-
tion of chemical structures (e.g., all-atom, united-atom, or
coarse-grained), force fields, and electrical charge distribu-
tions.21−23 A poorly chosen set of system parameters could
significantly influence the results of MD simulations, leading to
defective conclusions.24,25 The sensitivity of MD systems could
bias the understanding of physical phenomena of interest and
compromise the outcomes of a research project. Therefore, it is
crucial to understand the influence of critical parameters in the
MD modeling of biomembranes.
Differential stress, defined as the difference between the

tension of membrane leaflets, has attracted considerable
attention in the community in the past few years. Hossein
and Deserno reported that the differential stress could
significantly influence the mechanical properties of a composi-
tionally asymmetric membrane.26 This behavior has also been
demonstrated in recent experiments on free-standing asym-
metric membranes.27 Realistic MD models of biological
membranes need to include lipid asymmetry and thus could
possess pre-existing differential stress due to asymmetric lipid
packing or suppressed spontaneous curvature in the periodic
simulation domain.28 Thus, the initial conditions would
significantly influence the differential stress and, consequently,
the mechanical properties of the model membrane. The initial
stress state of the membrane due to the coupling between
intrinsic bending and asymmetric lipid packing can also
influence the interactions with membrane-active components,
such as small molecules, nanoparticles, peptides, and proteins.
This emerging issue has prompted the development of new
methods for rationally building an asymmetric membrane with
controlled per-leaflet tension.29,30 This work aims to elucidate
the effects of building protocol as a system parameter often
overlooked for accurately modeling physiologically relevant

OMs. Specifically, we characterize the stress states of a model
OM of Pseudomonas aeruginosa bacteria constructed using
different membrane-building protocols and systematically
probe how differential stress affects the membrane interaction
with signaling molecules. The findings will provide guidelines
for future simulation studies of asymmetric membranes.

■ MATERIALS AND METHODS
Outer Membrane and Signaling Molecule. Lipid A has

a disaccharide backbone acylated with four to eight fatty acid
tails. This potent activator of the innate immune system is also
accountable for the toxic effects of Gram-negative bacteria.31

In this model OM, the outer leaflet was composed of a hexa-
acylated P. aeruginosa lipid A corresponding to the PA14 strain
(see Figure 1). The lipid composition of the inner leaflet was
selected based on the previous experimental lipidome analysis,
which reported that the PLs in P. aeruginosa OM mostly have
one saturated and one unsaturated acyl chain.32 The fatty acid
profiles showed that the predominant pair is palmitic acid
(C16:0) and oleic acid (C18:1), and their molar ratio is
approximately 1:1.33,34 From the reported PL distributions,
phosphoethanolamine (PE) and phosphoglycerol (PG) are the
most abundant head groups with a PE/PG ratio of 2.0−
2.2.32,34 Thus, the inner leaflet of our model OM was
constructed by mixing 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG) at a ratio of 2.2. The bilayer was
solvated in water. The system also contained corresponding
numbers of calcium (Ca2+) and sodium (Na+) ions as
counterions to neutralize lipid A and POPG, respectively.
Additional NaCl at 150 mM concentration was added to
mimic physiological conditions.35 The 2-heptyl-3-hydroxy-4-
quinolone (Figure 1d) named Pseudomonas quinolone signal

Figure 1. Chemical structures of (a) P. aeruginosa PA14 lipid A, (b) POPE, (c) POPG, and (d) PQS in the model system.
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(PQS) is a self-produced quorum sensing molecule with
multiple functionalities in the survival of P. aeruginosa bacteria.
This study explores the PQS interaction with the model OM
and its quantitative effect on membrane stress.

Force Field, Lipid A Protonation State, and Equilibra-
tion Process. The CHARMM36 force field36,37 was selected
to perform all-atom molecular dynamics (AAMD) simulations.
We modified the standard CHARMM36 parameter set using
Ca2+ NBFIX35,38 and Na+ CUFIX.39 These nonbonded
interaction fixes improve the accuracy of ion−ion and ion−
lipid interactions by changing the minimum distance of the
Lennard-Jones potential defined between specific atom pairs.
The net charge of the lipid A phosphate group was set to be
−1, following the suggestion of a recent study by Rice et al.40
To be consistent with the membrane force field, we employed
the CHARMM General Force Field41,42 to parameterize the
force field and partial charge distribution of PQS.
The CHARMM-GUI membrane builder43,44 was used to

generate the initial configuration of the model membrane and
PQS. The exact lipid composition of membranes used in this
work can be found in Table S1. All simulations in this study
were carried out using the GROMACS 2021.3 package.45,46

The membrane geometry was optimized using the steepest
descent energy minimization algorithm, followed by an
isothermal−isochoric (NVT) equilibration of 100 ps at
310.15 K with the velocity-rescaling thermostat.47 The lipids
and solvent were separately coupled. After that, an isothermal−
isobaric (NPT) equilibration was performed for 1 ns at 1 bar
with semi-isotropic pressure coupling using the Berendsen
barostat while maintaining the temperature through the
Berendsen thermostat.48 The final equilibration was performed
for 500−1000 ns in the NPT ensemble at 310.15 K and 1 bar
with semi-isotropic pressure coupling using the Parrinello−
Rahman (PR) algorithm49 together with the Nose−́Hoover
thermostat.50 All bonds with hydrogen atoms were constrained
by the LINCS algorithm.51 The cutoff of short-range van der
Waals and electrostatic interactions was set to 1.2 nm with the
neighbor list updated every 20 time steps. Long-range
electrostatic interactions were calculated using the particle-
mesh Ewald method.52 The time step for a leapfrog integrator
was set to 2 fs.

Barostat: Parrinello−Rahman versus Stochastic Cell
Rescaling. Performing MD simulations at a constant pressure
requires a numerical algorithm to control the system stress,
referred to as a barostat. It has been shown that the most
commonly used Parrinello−Rahman (PR) barostat could cause
numerical artifacts in specific simulations.53 The PR algorithm
is based on the second Piola−Kirchhoff stress, which has a
negligible difference from the true (Cauchy) stress under
regular conditions with zero stress and trivial deformation.
However, this difference increases as deformation increases,
implying that the PR barostat may apply undesirable stress to a
highly deformed system. The difference in stress measures
could be problematic because the area compressibility
measurement in this study (described in detail later) requires
deforming the membrane from its relaxed state. We test the
performance of the PR barostat for a deformed membrane
under tension by comparing it with the stochastic cell rescaling
(SCR) barostat.54 This new algorithm was introduced recently
by adding a stochastic term to the Berendsen barostat to
capture correct volume fluctuations. The Berendsen barostat
controls true stress with adjustments of system volume by
weakly coupling it to an external bath. We performed a

benchmark membrane simulation in the NPT ensemble to
compare the behavior of these two barostats. The membrane
deformation was imposed by keeping the normal pressure (PN)
constant at 1 bar while changing the lateral pressure
systematically. The lateral pressure is defined as PL = 1/2(Pxx
+ Pyy). The bilayer mechanical tension can be obtained as γ =
Lz(PN − PL), where Lz is the dimension of the simulation box
in the membrane normal (z) direction. Figure 2 shows that the

variation of the measured mechanical tensions with respect to
area strain (ϵ) is comparable between PR and SCR barostats. It
indicates no notable difference between the two barostats for
our system with a strain of up to 42%. However, the inset of
Figure 2 shows a considerable difference between the
membrane’s actual calculated pressure and the targeted
reference pressure of both barostats, making it difficult to
control the exact pressure of the system. It is necessary to
consider this deviation during the data analysis.

Local Stress Tensor Calculation. The GROMACS-
LS,55−57 a custom version of GROMACS, was employed to
calculate the local stress tensor using the central force
decomposition (CFD) method58 and to obtain the lateral
and normal stress profile of the bilayer. Since the current
implementation of CFD in GROMACS-LS does not support
reciprocal space electrostatic interactions, the long-range
electrostatic contribution to the local stress has been
considered only up to a cutoff radius of 3.2 nm. We examined
the influences of this approximation by checking the stress
profile and tension variation as the cutoff increases. Figures S1
and S2 indicate that tension reaches a plateau at the Coulomb
cutoff of 2.8 nm. Interestingly, tension requires a higher cutoff
compared to stress profiles for convergence (see Figures S3
and S4). For the case of stress profile convergence, it has been
shown that 100 ns of analysis trajectory sampled every 5 ps is
sufficient for a PL bilayer.56 However, our preliminary
investigation showed that the model OM requires significantly
more data than the PL bilayer. Herein, we used 300 ns of
analysis run and 600,000 frames of trajectories sampled every 5
ps for the local stress tensor and tension calculation.

Potential of Mean Force: Initial Configurations,
Umbrella Sampling, and Weighted Histogram Analysis
Method. The potential of mean force (PMF) profile of a PQS
molecule interacting with the OM was obtained using the
umbrella sample method.59 A set of initial configurations was
generated by stimulating the translocation of PQS through the
membrane using the steered molecular dynamics (SMD)

Figure 2. Mechanical tension as a function of membrane area strain
for different barostat algorithms. Average lateral pressure as a function
of average normal pressure is depicted in the inset.
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simulation. PQS was initially positioned at 4.2 nm above the
membrane in the z-direction. The reaction coordinate was
defined as the center of mass (COM) distance between the
membrane and PQS in z. Using umbrella biasing potential with
a force constant of 1000 kJ mol−1 nm−2, we insert and pass the
PQS from the membrane with the pulling rate of 0.005 nm
ps−1.60 To minimize the influence of membrane undulation on
the COM distance,61 a cylindrical section of the membrane of
radius 1.5 nm located right below the PQS was specified to
calculate the effective membrane COM using the weighted
sum of all atoms within the cylinder.62 We selected 85
umbrella sampling windows with a 0.1 nm distance between
them to cover the entire range of PQS placement in the
membrane. Each sampling window was equilibrated for 10 ns
in the NPT ensemble. PQS can attain a multitude of
orientations and conformations within the membrane, making
it essential to choose an adequate time for umbrella sampling.
Hence, the convergence of the PMF profile was checked by
increasing the sample time by an increment of 10 ns (see
Figures S5−S7). To ensure proper sampling, each window was
sampled for 180−200 ns, depending on the membrane-
building protocol. The total simulation time for the umbrella
sampling process of each membrane is 15−17 μs. The
weighted histogram analysis method (WHAM)63 was
employed to construct unbiased probability distribution and
to obtain the PMF profile. The PQS position outside the
membrane was set to be the zero reference of the PMF profile.
The uncertainty in the PMF profiles was quantified using the
Bayesian bootstrapping method with a 1000 resampling.64

■ RESULTS AND DISCUSSION
Building Protocol for Bilayers with Compositional

Asymmetry. In MD simulations, a bilayer membrane is
commonly simulated in a periodically constrained system that
prohibits the independent relaxation of leaflets. For mem-
branes having asymmetric lipid compositions between leaflets,
the periodic boundary conditions could lead to simulation
artifacts or even an unstable model.65 Hence, it is required to
set the number of lipids in each leaflet properly to have a
physical model membrane. Multiple methods have been
proposed for defining the ratio of lipid numbers between the
two leaflets, including matching numbers of acyl chains,66

matching leaflet area estimated based on the ideal area per lipid
of each component,67 and matching equilibrated surface areas
of leaflets (SA),68 which is considered the most commonly
used method based on our literature study. Although most of
these techniques are capable of generating a stable membrane,
none of them provides control over the mechanical tension (γ)
within each leaflet of the obtained bilayer. In particular, when
the total tension of the membrane can be maintained at zero
by the barostat, individual leaflet tensions are not guaranteed
to be zero. They may be equal in magnitude but with opposite
signs, resulting in nonzero differential stress (Δγ = γo − γi)

between leaflets. To address the lack of control over individual
leaflet tension, Doktorova and Weinstein29 proposed a new
method capable of building an asymmetrical membrane with
tensionless leaflets (0LT) (thus zero differential stress) using
the relation between tension and compressibility modulus. The
importance of initial conditions for asymmetric membranes
also motivated the development of new periodic boundary
conditions that allow interleaflet switching of specific lipid
species to achieve partial chemical equilibrium and consistent
mechanical properties.30 It is important to note that the SA
protocol does not regulate the sign and magnitude of
differential stress. Consequently, small variations in membrane
components or other related system parameters could
significantly change the differential stress. In other words, if
the membrane is made with the SA method, it will be almost
impossible to decouple the effect of differential stress from that
of a parameter of interest. Although neither method is
necessarily relevant to biological conditions and physical
experiments nor “right” in the theoretical framework, the
zero-differential-stress state provides a rational reference for
studying membrane mechanics in MD simulations.

Modeling P. aeruginosa Outer Membrane. To
investigate how the membrane-building protocol could affect
simulation results, we defined the leaflet lipid ratio of the
asymmetric outer membrane using the widely used SA method
and the 0LT method, which guarantees approximately zero
per-leaflet tension. The equilibrated surface area of each leaflet
is required for defining the ratio using the SA method. We thus
modeled two symmetrical membranes, one entirely made of
lipid A and another made of POPE/POPG mixture. After
proper equilibration, the areas per lipid of the symmetric
membranes define the leaflet lipid ratio of the final P.
aeruginosa outer membrane (see Table S1).
Even though the bilayer is stable, leaflets of the asymmetrical

membrane made by the SA method are under tension as
shown later (see Table 1). We can eliminate these tensions by
adjusting the lipid ratio using the 0LT method. This building
protocol assumes linear elasticity of the bilayer and defines the

ideal lipid ratio N
N

o

i
via the equation = +

+
N
N

N K

N K

( )

( )
o

i

o o A

i i A
. Here, No

and Ni are the respective numbers of corresponding lipids in
the outer and inner leaflet, which lead to zero per-leaflet
tension. The calculation requires the area compressibility (KA)
and per-leaflet tensions (γo and γi) of a reference membrane
made with an arbitrarily chosen lipid ratio N

N
o

i
. We selected the

membrane made by the SA method as the reference.
The area compressibility measurement was conducted based

on its mechanical definition via systematical deformation of the
membrane.69 A series of membranes were simulated in the
NPNAT ensemble, in which the area per lipid is controlled by
varying the lateral dimension of the simulation box (i.e., the
membrane area A) while keeping the total number of atoms

Table 1. Differential Stress, Per-Leaflet Tension, and Area per Lipid (APL) of the Membranes Made with the SA and 0LT
Methodsa

γ (mN/m) APL (Å)

membrane Δγ (mN/m) outer inner LPA PL

SA −6.14 −5.40 (±0.26) 0.74 (±0.10) 157.1 (±2.0) 59.1 (±0.8)
0LT 1.36 1.31 (±0.09) −0.05 (±0.10) 160.0 (±1.9) 58.9 (±0.7)

aAPL is the projected total area of the membrane divided by the number of lipids. The standard errors of γ and the standard deviation of APL are
given in parentheses. The uncertainty in γ was estimated by block averaging.
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fixed and the normal pressure constant at 1 bar. The NPNAT
ensemble is essentially a partially coupled NPT ensemble with
the lateral dimension fixed and the normal dimension
deformed by a barostat to maintain constant pressure. Figure
3 shows the variations in mechanical tension as the membrane

deformation increases. The area compressibility can be

obtained by fitting this curve to the equation =( )A T

K
A

A

0
.

Considering the importance of KA in determining the lipid
ratio of the 0LT membrane, we performed these simulations
with both PR and SCR barostats, which provided us with
comparable values of 261 and 267 mN/m, respectively.

Calculation of Per-Leaflet Tension. The mechanical
tensions of the inner and outer leaflets were obtained by

= [ ]P z P z dz( ) ( )i N L
0

and = [ ]
+

P z P z dz( ) ( )o N L0
,

respectively, where the integration ranges are defined between
the bilayer midplane and the bulk water. Contrary to lateral
pressure, calculating the normal pressure profile is not a trivial
task in atomistic MD simulations. A nonconstant normal
pressure profile throughout the membrane has been reported
by several papers.70,71 This violation of mechanical equilibrium
condition has been related to the implementation of
constraints in pressure calculation.56 The incapability of the
commonly used Harasima/Ewald method in calculating
normal pressure further emphasizes this issue.72 To circumvent
these limitations, the normal pressure has been simplified by
effectively averaging the lateral pressure profile using the
equation = +

P P z z( ) dN L L
1

N
, which guarantees a constant

normal pressure.73 This equation has been used many times in
previous studies,29,74,75 assuming that the total mechanical
tension is always zero. Our barostat evaluation indicates that
this is not necessarily the case�the measured total tension of
the membrane could deviate from the zero reference value.
Alternatively, the CFD method included in the GROMACS-LS
can obtain a constant normal pressure profile with acceptable
precision (see Figure 4).
To define the lipid ratio, we need a normal pressure profile,

and there are two ways of calculating it as mentioned above.
To ensure a proper choice, we built two distinct membranes
following the 0LT protocol, each using a different way of
measuring the normal pressure. In particular, we employed the
CFD and GROMACS-LS for the first membrane and the
frequently used =P P z z( ) dN L L

1

z
equation for the second

membrane. Table S2 shows that the variation in the differential
stress between the SA and 0LT membranes is greater when the

normal pressure is calculated by GROMACS-LS. The
comparison indicates that implementing the 0LT method
with GROMACS-LS more efficiently reduces the initial
differential stress of asymmetric membranes. In addition,
using GROMACS-LS, we include information about the
membrane actual state in the normal pressure calculation
instead of assuming an ideal system. Thus, we employ this
method to calculate the normal pressure profile for the rest of
this study.
Figure 4 shows that the membrane-building protocol

significantly influences the pressure profile. Notably, we
observe a reduction in repulsive stress in the outer leaflet. In
addition, Table 1 demonstrates that the membrane made using
the 0LT method has lower differential stress and per-leaflet
tension compared to the SA membrane as expected. It is
impossible to build a finite membrane with exactly zero-tension
leaflets because the desired lipid ratio can only be
approximated given an integer number of lipids. Furthermore,
the pressure profile calculated using GROMACS-LS is not
exact due to the truncation of long-range electrostatic forces.
Perception of membrane initial stress state and its impact on

simulation results could be challenging by only comparing
numbers and discussing properties. In the following section, we
provide physical insights into this matter by exploring the
interaction of an important signaling molecule with the two P.
aeruginosa membranes made with the SA and 0LT methods.
Analyses and comparisons of these systems generate a deeper
understanding of how leaflets’ pre-existing tension influences
the behavior of a physiologically relevant system. More
importantly, the results highlight the importance of exercising
prudence in using the SA protocol for building a membrane.

Outer Membrane Interaction with Quorum Sensing
Molecule. Bacterial cell−cell communication (“quorum
sensing”) is critical for regulating population responses to the
environment. PQS is a signaling molecule produced by P.
aeruginosa that plays an essential role in bacterial communi-
cation in response to population change, including the
activation of many virulence-associated programs.76−78 This
molecule has also been recognized to induce outer membrane
vesicle (OMV) production through specific interactions with
the P. aeruginosa OM.79−81 In particular, PQS intercalation
into the OM induces membrane curvature formation, which is
an essential early step in OMV production.60,82 Considering

Figure 3. Mechanical tension as a function of area per lipid A from
the NPNAT simulations.

Figure 4. Pressure profiles as functions of the distance from the
membrane’s COM along the membrane normal direction. Lateral and
normal pressure profiles are represented by solid and dashed lines,
respectively. Scaled density profiles are depicted using shaded areas.
The interface of water and hydrocarbon tails (water/HC) is identified
by ρwater(z)·ρtails(z), and similarly, the lipid A and phospholipid (PL/
LPA) interface is presented by ρLPA‑tails(z)·ρPL‑tails(z).
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the influences of OMVs in the competitiveness and
pathogenicity of many gram-negative bacterial species,83−86

PQS has the potential as a drug target for combating various
infectious diseases.
We characterize the PQS interaction with the model OMs

through the PMF profile, which demonstrates the free energy
variations of PQS at different locations relevant to the
membrane. As shown in Figures S5−S7, the convergence of
the PMF profile for the SA membrane requires 120 ns of data
sampling for each window, while the PMF profile of the 0LT
membrane converges after 80 ns. For the current system, this
difference tallies up to 3.4 μs in the total simulation time for
the entire umbrella sampling of PQS interaction, which
reduces the computational cost substantially. Figure 5 shows

that the PMF profile is negative in the membrane region
independent of the building protocol, which denotes that PQS
would spontaneously insert into the membrane. For both
membranes, there are two local minima located in the tail
region of leaflets near the position where water density
completely vanishes, suggesting that the insertion is attributed
to the strong hydrophobic nature of the alkyl chain. The PMF
profile of the 0LT membrane exhibits a deeper well in the
inner leaflet corresponding to a global free energy minimum.
Interestingly, it is the outer leaflet that has a deeper well in the
SA membrane, suggesting that an unbalanced tension
influences the preferential position of a small molecule within
the membrane. This demonstrates a qualitative dependency of
the PMF profile on the differential stress and thereby the
membrane-building protocol. In addition, the comparison
between the SA and 0LT membrane highlights the energy
barrier separating the two local minima is also affected by the
membrane stress state. More specifically, the activation energy
for the outer-to-inner leaflet movement of PQS within the SA
membrane (EaSA = 8.0 ± 1.3 kJ/mol) is larger than the 0LT
membrane (Ea0LT = 2.8 ± 1.3 kJ/mol), indicating that nonzero
differential stress hinders PQS unrestrained motion within the
membrane. This energy barrier would influence the probability
and frequency of PQS transmembrane diffusion (flip-flop)
between the leaflets and therefore modulate the membrane
mechanical properties.87 Figure 6 shows that the average total
number of hydrogen bonds (NHb) between PQS and the
membrane is significantly influenced by the stress state and the

membrane made with the SA method has a larger NHb. This
explains the difference in the magnitude of PMF energy barrier
between the two membranes. These results provide critical
insights into how having an asymmetric membrane with an
incorrectly balanced tension could lead to incorrectly
estimating the translocation free energy of a molecule across
the bilayer. Furthermore, the z-positions of PMF local minima
do not coincide with peak positions of NHb. Instead, these
favorable positions of PQS are shifted toward the center to
avoid any interaction with water.
Our current model membrane possesses a differential stress

of 6.14 mN/m if we use the SA method. Compared with the
0LT method, this differential stress induces a variation of 5.2 ±
1.8 kJ/mol (∼2 kBT) in the outer-to-inner flip-flop activation
energy (Ea) and a 0.6 change in the number of hydrogen
bonds. Here, we should emphasize again that the SA method
does not control the sign or the magnitude of pre-existing
differential stress. This justifies using the 0LT building
protocol instead of the SA method in similar studies to obtain
a more consistent reference system.

Membrane with a Preinserted PQS. In biological
systems, PQS molecules are generally believed to be
introduced to the membrane from the outer leaflet side.82,89

To further investigate this phenomenon, we insert a PQS to
the outer leaflet of both the SA and 0LT membranes at the
locations of free energy minima obtained from the PMF
profiles. The relative position is maintained by restraining the
COM distance of PQS and membrane in the z-direction using
an umbrella potential. The stress profile of the system as well
as per-leaflet tensions is calculated using the method described
before. Figure 7 indicates that PQS insertion changes the
lateral pressure of the 0LT membrane noticeably and
simultaneously reduces the APL slightly, rendering the system
more crowded (see Table 2). This deviation from the
equilibrium state of the system induces considerable differ-
ential stress within the membrane. In the previous section, we
showed that higher differential stress could reduce the
probability of PQS flip-flop. This could lead to the
accumulation of PQS molecules in the outer leaflet of P.
aeruginosa bacteria OM. The membrane may try to release this
excessive tension by forming curvature, which would initiate
the process of OMV production.82 Although PQS is located
within the outer leaflet, the inner leaflet tension reduces more
significantly, showing a more pronounced response to the

Figure 5. Transmembrane potential of mean force profiles along the
membrane normal direction for PQS interacting with the SA and 0LT
membranes. Scaled density profiles are depicted using shaded areas.
Ea represents the activation energy for the flip-flop of PQS from the
outer to the inner leaflet. The membrane center of mass is located at z
= 0. The shaded error region represents the standard deviation
obtained from bootstrapping.

Figure 6. Total average number of hydrogen bonds between the PQS
and membranes as a function of PQS distance from the COM of the
membrane in the normal coordinate. The donor−acceptor distance of
0.35 nm and an angle of 30° are used as criteria for hydrogen bond
formation.88 The solid lines represent the spline interpolation fit of
the data as guides for the eye.
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insertion. We believe the large number of hydrogen bonds
formed between PQS and the outer leaflet will compensate for
the effect of increased molecular packing on the tension.
Moreover, the addition of PQS will disturb the balance of the
membrane torque (second moment of the pressure profile)
under the constraint of periodic boundary conditions, which
could result in inconsistent variations in tension between
leaflets. We encourage future studies to investigate this
behavior by measuring the membrane torque, which is beyond
the scope of the current work.
Interestingly, PQS insertion has a minor influence on the

lateral pressure profile of the SA membrane (see Figure S8)
and, in contrast to the 0LT membrane, reduces the differential
stress. Since leaflets of the SA membrane are initially under
tension, PQS addition could either exacerbate that or help
balance the tension. Insertion of PQS or any other external
molecules into a membrane made with the SA method would
stimulate an unpredictable response due to the fact that this
method generates a membrane with an unknown initial stress
state.

■ CONCLUSIONS
The combination of asymmetry in membrane lipid composi-
tion with the periodic boundary condition necessitates the
specification of a fixed ratio of lipids between leaflets. Most
traditional protocols defining this ratio, including the
commonly used surface-area-matching method, create mem-
branes with pre-existing per-leaflet tension. Even though
physical per-leaflet tensions of biomembranes are still
unknown, the unawareness of the numerical approach that
generates this tension is alarming. In this study, we extended

previous studies in probing this newly recognized issue and
demonstrated the significance of the initial stress state on the
membrane interactions with signaling molecules. Our data
show that the lack of control over the per-leaflet tensions of a
membrane could cause significant inaccuracy in the measure-
ment of stress profiles, leaflets’ tension, number of hydrogen
bonds, and magnitude of potential of mean force. In addition,
variation in differential stress showed a qualitative influence on
the membrane response to the insertion of small molecules.
Essentially, with an unpredictable per-leaflet tension, it would
be difficult to delineate the dependency of the generated data
on the parameter of the study. For simulation purposes, it is
advantageous to use building methods that allow for the
control of initial leaflet tension versus other methods that do
not take this into account. The limitation of current numerical
tools in measuring the local stress tensors is also discussed in
this work. We encourage future studies to proceed with these
insights to improve the accurate modeling of biological
membranes.
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Table 2. Differential Stress, Per-Leaflet Tension, and Area per Lipid of the Membranes Made with the SA and 0LT Method
before and after the Insertion of PQS to the Outer Leafleta

γ (mN/m) APL (Å)

membrane Δγ (mN/m) outer inner LPA PL

SA −6.14 −5.40 0.74 157.1 59.1
SA + PQS −2.05 −1.04 (±0.08) 1.01 (±0.16) 157.7 (±2.0) 59.4 (±0.7)
0LT 1.36 1.31 −0.05 160.0 58.9
0LT + PQS 4.48 0.20 (±0.12) −4.28 (±0.16) 158.3 (±2.0) 58.2 (±0.7)

aThe standard errors of γ and the standard deviation of APL are given in parentheses. The uncertainty in γ was estimated by block averaging.
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Supplementary Figures 

 

Figure S1. Total mechanical tension and differential stress as functions of Coulomb cutoff 
distance. 
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Figure S2. Per leaflet mechanical tension as a function of Coulomb cutoff distance for the outer 
and inner leaflets. 
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Figure S3. Average normal pressure and lateral pressure as functions of Coulomb cutoff 
distance. 
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Figure S4. Pressure profiles as functions of the distance from the membrane’s COM along the 
membrane normal direction. Lateral and normal pressure profiles are represented by solid lines 
and dashed lines, respectively.   
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Figure S5. Transmembrane potential of mean force profiles of PQS interacting with the SA 
membrane for different sampling times. The reaction coordinate was defined as the distance 
between PQS and the membrane’s COM along the membrane normal direction. 
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Figure S6. Transmembrane potential of mean force profiles of PQS interacting with the 0LT 
membrane for different sampling times. The reaction coordinate was defined as the distance 
between PQS and the membrane’s COM along the membrane normal direction.  
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Figure S7. Maximum variation in the potential of mean force profile as a function of per 

window sampling time within the range of -2 nm to 2 nm. ∆𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑃𝑃𝑃𝑃𝑃𝑃𝑧𝑧𝑖𝑖

𝑇𝑇−𝑃𝑃𝑃𝑃𝑃𝑃𝑧𝑧𝑖𝑖
𝑇𝑇−1

𝑃𝑃𝑃𝑃𝑃𝑃𝑧𝑧𝑖𝑖
𝑇𝑇−1 � , 

−2 nm < 𝑧𝑧𝑖𝑖 < 2 nm. T starts from 20 ns with an increment of 10 ns. 
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Figure S8. Lateral pressure profiles of the SA membranes before and after the insertion of PQS 

as functions of the distance from the membrane’s COM along the membrane normal direction. 

Scaled density profiles are depicted using shaded areas. The interface of water and hydrocarbon 

tails (Water/HC) is identified by 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑧𝑧) ∙ 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑧𝑧) , and similarly, the Lipid A and 

phospholipids interface (PL/LPA) interface is presented by 𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿-𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑧𝑧) ∙ 𝜌𝜌𝑃𝑃𝑃𝑃-𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑧𝑧). 
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Supplementary Table 

Table S1. Leaflet composition of all simulated membranes. 

Symmetric 
membrane 

Lipid/leaflet 
Asymmetric 
membrane 

Lipid/leaflet 

Outer 
(LPA) 

Inner 
(POPE-POPG) 

LPA 36 
SA 35 64-29 

0LT 39 73-33 

POPE-POPG 44-20 
0LT-II* 36 67-30 

*0LT-II is the membrane made using 𝑷𝑷𝑵𝑵 = 𝟏𝟏
𝑳𝑳𝒛𝒛
∫𝑷𝑷𝑳𝑳(𝒛𝒛)𝒅𝒅𝒛𝒛 as the normal pressure.  
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Table S2. Differential stress and per leaflet mechanical tension of the membranes made with the 

SA and 0LT methods. Standard errors of 𝛾𝛾  given in parentheses were measured by block 

averaging. 

Normal pressure measured by GROMACS-LS 

Membrane ∆𝛾𝛾 
(𝑚𝑚𝑚𝑚/𝑚𝑚) 

             𝛾𝛾 (𝑚𝑚𝑚𝑚/𝑚𝑚) 
Outer Inner 

SA -6.14 -5.40 
(±0.26) 

0.74 
(±0.10) 

0LT 1.36 1.31 
(±0.09) 

-0.05 
(±0.10) 

 

 

Normal pressure measured by 𝑷𝑷𝑵𝑵 = 𝟏𝟏
𝑳𝑳𝒛𝒛
∫𝑷𝑷𝑳𝑳(𝒛𝒛)𝒅𝒅𝒛𝒛 

Membrane ∆𝛾𝛾 
(𝑚𝑚𝑚𝑚/𝑚𝑚) 

             𝛾𝛾 (𝑚𝑚𝑚𝑚/𝑚𝑚) 
Outer Inner 

SA -3.64 -1.82 
(±0.06) 

1.82 
(±0.06) 

0LT-I 1.16 0.58 
(±0.05) 

-0.58 
(±0.05) 

 


