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ABSTRACT The transport of molecules across cell membranes is vital for proper cell function and effective drug delivery.
While most cell membranes naturally possess an asymmetric lipid composition, research on membrane transport predominantly
uses symmetric lipid membranes. The permeation through the asymmetric membrane is then calculated as a sum of the inverse
permeabilities of leaflets from symmetric bilayers. In this study, we examined how two types of amphiphilic molecules translocate
across both asymmetric and symmetric membranes. Using computer simulations with both coarse-grained and atomistic force
fields, we calculated the free energy profiles for the passage of model amphiphilic peptides and a lipid across various mem-
branes. Our results consistently demonstrate that while the free energy profiles for asymmetric membranes with a small differ-
ential stress concur with symmetric ones in the region of lipid headgroups, the profiles differ around the center of the membrane.
In this region, the free energy for the asymmetric membrane transitions between the profiles for two symmetric membranes. In
addition, we show that peptide permeability through an asymmetric membrane cannot always be predicted from the permeabil-
ities of the symmetric membranes. This indicates that using symmetric membranes falls short in providing an accurate depiction
of peptide translocation across asymmetric membranes.
SIGNIFICANCE Cells are separated from their surroundings by a semipermeable cytoplasmic membrane. Peptides with
specific properties are able to spontaneously cross this barrier and act as drugs or drug carriers. Typically, the permeation
of these peptides is studied using symmetric model membranes, even though actual cell membranes are usually
asymmetric. It is commonly thought that the permeability of an asymmetric membrane can be approximated from the
permeabilities of the corresponding symmetric membranes. However, our findings indicate that for some peptides, this
assumption does not hold true. Specifically, the permeability of a peptide through an asymmetric membrane can vary
considerably and can even be much lower or much higher than the permeability through the related symmetric
membranes.
INTRODUCTION

Biological membranes are semipermeable barriers enabling
some molecules to spontaneously pass into the cell. While
these molecules are usually small and uncharged, it has
been documented that larger, amphiphilic molecules,
including peptides, can also undergo spontaneous transloca-
tion through membranes. Antimicrobial peptides, for
instance, can translocate across cell membranes and disrupt
intracellular processes, leading to cell death (1,2). Similarly,
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cell-penetrating peptides are utilized to transport various
types of molecular cargo, including drugs, across cell mem-
branes and into the cytosol (3,4). Therefore, understanding
the mechanisms of peptide translocation can be utilized
in the development of new therapies against infectious
diseases.

Many biological membranes are inherently asymmetric,
exhibiting different lipid compositions and properties in
each leaflet (5–7). Despite the asymmetry, both computa-
tional (8–12) and experimental (10,13,14) research has pri-
marily centered on peptide translocation across symmetric
membranes, i.e., bilayers with the same lipid composition
in both leaflets. The symmetric choice is partly due to the
challenges associated with constructing asymmetric bila-
yers for in vitro studies (15). While there are computational
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studies involving asymmetric membranes (16–21), they
have not specifically investigated the translocation of anti-
microbial and cell-penetrating peptides. As a result, our
knowledge of peptide translocation across asymmetric
membranes is limited, and it remains uncertain whether
findings from symmetric membrane studies can be reliably
applied to their asymmetric counterparts.

Here, we address this knowledge gap by studying peptide
translocation across asymmetric membranes using coarse-
grained molecular dynamics simulations with free energy
calculations. Our findings indicate that the rate at which a
peptide translocates through an asymmetric membrane often
cannot be accurately inferred from the rates observed in
symmetric membranes composed of the same lipids as the
individual leaflets of the asymmetric membrane. For asym-
metric membranes with a small differential stress, we iden-
tify specific translocation regions that resemble the behavior
seen in symmetric membranes, as well as regions that
exhibit unique characteristics. Additionally, by employing
both coarse-grained and atomistic free energy calculations,
we investigate lipid flip-flop in asymmetric membranes,
which demonstrates trends in the free energy profiles analo-
gous to those of the peptides.
MATERIALS AND METHODS

Coarse-grained peptide translocation simulations

All peptide translocation simulations were performed using the Gromacs

simulation package v2021.4 (22) with a coarse-grained Martini force field

3.0 (23).

We used two different model amphiphilic peptides: LS, a peptide with the

sequence LSSLLSLLSSLLSLLSSLLSL-NH2, and LK, a positively charged

peptide with the sequence LKKLLKLLKKLLKLLKKLLKL-NH2. The LS

peptide was chosen as a representative amphiphilic helix with a hydrophobic

and a hydrophilic patch. Similar peptides were also used in our previous

research (9,24). The positively charged LK peptide was selected as a repre-

sentative of antimicrobial and cell-penetrating peptides, which usually carry

a large positive charge. Both peptides had a positively charged N-terminus

and a neutral (amidated) C-terminus. Peptides and proteins were constructed

using Modeller v9.11 (25) and then coarse grained using the martinize2 script

(https://github.com/marrink-lab/vermouth-martinize). Both peptides were

restrained to stay in an a-helical conformation. Each coarse-grained peptide

was minimized in vacuum using the steepest-descent algorithm with

maximum force tolerance of 100 kJ mol�1 nm�1.

We used 14 symmetric and asymmetric membranes composed of 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; C16:0/C18:1 PC),

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE; C16:0/

C18:1 PE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG;

C16:0/C18:1 PG), 1,2-di-(11Z-eicosenoyl)-sn-glycero-3-phosphocholine

(DGPC; di-C20:1 PC), and 1-palmitoyl-2-(4Z, 7Z, 10Z, 13Z, 16Z, 19Z-do-

cosahexaenoyl)-sn-glycero-3-phosphocholine (PUPC; C16:0/C22:6 PC).

All of the used lipids mixed with each other when simulated at 310 K using

the Martini 3 force field and formed homogeneous bilayers, i.e., no phase

separation was observed in any of the simulated membranes.

Membranes were constructed using the insane script (https://github.com/

Tsjerk/Insanegithub.com/Tsjerk/Insane). In case of asymmetric two-

component membranes, we further manually removed several lipids from

one of the leaflets to achieve matching leaflet surface areas and small dif-

ferential stress in the membrane. Single-component symmetric membranes
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consisted of 144 lipids in each membrane leaflet (for a total of 288 lipids in

the entire membrane). Two-component symmetric membranes consisted of

72 lipids of each concerned lipid type in each leaflet (for a total of 288 lipids

in the entire membrane). The asymmetric POPE/POPG membrane was

composed of 144 POPE lipids in the upper leaflet and 135 POPG lipids

in the lower leaflet, the asymmetric POPC/DGPC membrane consisted of

144 POPC lipids in the upper leaflet and 138 DGPC lipids in the lower

leaflet, and the asymmetric POPC/PUPC membrane consisted of 144

POPC lipids in the upper leaflet and 120 PUPC lipids in the lower leaflet.

The asymmetric single-component POPC membrane contained 144

POPC lipids in the upper leaflet and 106 POPC lipids in the lower leaflet.

For insertion simulations, each system had an approximate size of

10� 10� 11 nm and was solvated with roughly 5500 water beads. For

adsorption simulations, the systems were larger at 10� 10� 17 nm and

solvated with roughly 10,000 water beads.

We have also prepared several larger membranes composed of POPE

and/or POPG. Large POPE and POPG membranes contained 484 lipids

in each leaflet, and large symmetric POPE:POPG consisted of 242 POPE

and 242 POPG lipids in each leaflet. Each of these membranes consisted

of 968 lipid molecules in total. The large asymmetric POPE/POPG mem-

brane was composed of 515 POPE lipids in one leaflet and 484 POPG lipids

in the other leaflet. For insertion simulations, each large system had an

approximate size of 18� 18� 9 nm and was solvated with roughly

14,000 water beads. For adsorption simulations, each large system had an

approximate size of 18� 18� 17 nm and was solvated with roughly

35,000 water beads.

The potential energy of each membrane was minimized without a peptide

using the steepest-descent algorithm and force tolerance of 100 kJ mol�1

nm�1 and was equilibrated in five stages of different simulation lengths

and time steps: 1) dt ¼ 2 fs, t ¼ 0.5 ns; 2) dt ¼ 5 fs, t ¼ 1.25 ns; 3)

dt ¼ 10 fs, t ¼ 1 ns; 4) dt ¼ 20 fs, t ¼ 30 ns; and 5) dt ¼ 20 fs,

t ¼ 1000 ns. In stages 1–4, the Berendsen barostat (26) was employed,

which was replaced with the Parrinello-Rahman barostat (27,28) in stage

5. All other simulation settings remained the same during the individual

stages of equilibration as well as in all the following simulations. All sim-

ulations were performed in NPT ensemble with temperature maintained at

310 K using a stochastic velocity rescaling thermostat (29) with a coupling

constant of 1 ps. Water with ions and membrane with peptide (if present)

were coupled to two separate thermal baths. Pressure was kept at 1 bar using

either the Berendsen (26) or Parrinello-Rahman (27,28) barostat (see

above) with a coupling constant of 12 ps. Semi-isotropic pressure coupling

was employed to independently scale the simulation box in the xy plane and
on the z axis with a compressibility of 3� 10� 4 bar�1. The leap-frog algo-

rithm was used to integrate the equations of motion. For nonbonded inter-

actions, we used the cutoff distance of 1.1 nm. The van der Waals potential

was shifted to zero at the cutoff distance. The relative dielectric constant

was set to 15.

All simulations with the large membranes composed of POPE and/or

POPG lipids (see above) were conducted with neighbor list parameters

modified according to Kim et al. (30) to avoid errors in the instantaneous

pressure tensor. Verlet-buffer-tolerance was set to � 1; nstlist, nsttcouple,

and nstpcouple were all set to 20; and rlist was 1.35.

After membrane equilibration, a peptide was placed onto the membrane

surface in an orientation parallel with the membrane plane. Subsequently,

we added NaCl ions at a concentration of 0.154 mol dm�3 (with an excess

of ions to neutralize the system). The potential energy of the system was

then minimized with the same settings as for membrane minimization.

Stages 1–4 of system equilibration were the same as stages 1–4 of mem-

brane equilibration, while stage 5 was shortened to 100 ns, and an addi-

tional stage (dt ¼ 20 fs, t ¼ 15 ns) was added between stages 4 and 5. In

stages 1–4, all backbone beads of peptide were restrained to their initial po-

sitions using a harmonic potential with a force constant of 1000 kJ mol�1

nm�2. In the remaining two stages, peptide was restrained to stay in the ad-

sorbed state using two harmonic potentials applied to their N and C termini

(first and last three backbone beads of the peptide).

https://github.com/marrink-lab/vermouth-martinize
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Translocation across asymmetric membrane
The umbrella sampling method (31,32) was used to enhance the sam-

pling of the configuration space. Similarly to our previous studies (8,9),

we have divided the translocation process into eight separate subpro-

cesses: N-terminus insertion from the upper and lower leaflets,

C-terminus insertion from the upper and lower leaflets, N-terminus

adsorption onto the upper and lower leaflets, and C-terminus adsorption

onto the upper and lower leaflets. In the case of symmetric membranes,

it does not matter from which side of the membrane the peptide inserts

into the membrane or onto which membrane leaflet it adsorbs. Therefore,

peptide translocation across symmetric membranes can be completely

characterized by calculating the free energy of just four individual sub-

processes: N-terminus adsorption, N-terminus insertion, C-terminus

insertion, and C-terminus adsorption.

To describe the individual insertions/adsorptions, we employed a collec-

tive variable that was the oriented distance between the center of mass of

the peptide terminus (first—N—or last—C—three backbone beads of the

peptide) and local membrane center of mass on z axis. The local membrane

center of mass was calculated from the positions of lipid beads localized in

a cylinder with the radius of 2.0 nm and its principal axis going along the z

axis through the center of mass of the peptide terminus (Gromacs geometry

option cylinder; see Fig. S1 for a schematic).

The initial configurations of umbrella sampling windows for each inser-

tion were obtained by pulling a single peptide terminus through the mem-

brane. The terminus was pulled for 1 ms with a pulling rate of 4.2 nm ms�1.

The initial reference distance for the harmonic potential was roughly5 2:3

(depending on the membrane thickness), and its force constant was 5000 kJ

mol�1 nm�2.

For adsorption simulations, the initial configurations for umbrella sam-

pling were obtained by pulling a peptide terminus away from the membrane

for 500 ns with a pulling rate of 8.0 nm ms�1. Initial reference distance for

the harmonic potential was roughly 52:0 (depending on the membrane

thickness), and its force constant was 5000 kJ mol�1 nm�2.

Each insertion process was sampled using roughly 64 umbrella sam-

pling windows (the exact number varied depending on the membrane

thickness). The umbrella sampling windows were nonuniformly distrib-

uted along the range of the collective variable, with spacing of 0.1 nm

near the membrane surface and close to the transmembrane state of the

peptide and a spacing of 0.05 nm near the center of the membrane. Three

different force constants were used: 1000 kJ mol�1 nm�2 for windows

near the membrane surface and close to the transmembrane state,

5000 kJ mol�1 nm�2 for windows near the membrane center, and

3000 kJ mol�1 nm�2 for windows in intermediate areas. Each umbrella

sampling window was simulated for 2 (most systems), 1 (systems with

an asymmetric POPC membrane), 3 (systems with the LS peptide and

asymmetric POPC/PUPC membrane), or 4 ms (systems with the LK pep-

tide and large POPG and large asymmetric POPE/POPG membranes) with

the first 10 ns being used for equilibration only. A full list of umbrella

sampling windows with their reference positions and force constants

used for insertion simulations is shown in Table S1.

Each adsorption process was sampled by roughly 32 umbrella sampling

windows, nonuniformly distributed along the range of the collective vari-

able. The spacing between the windows was 0.1 nm near the membrane sur-

face and 0.2 nm in the solvent. Three different force constants were applied:

1000 kJ mol�1 nm�2 for windows near the membrane surface, 200 kJ mol�1

nm�2 in the solvent area, and 500 kJ mol�1 nm�2 in intermediate windows.

Each umbrella sampling window was simulated for 2 (most systems), 1

(systems with asymmetric POPC membrane), 3 (systems with the LS pep-

tide and asymmetric POPC/PUPCmembrane), or 4 ms (systems with the LS

peptide and POPE, POPG, or POPE/POPG membranes; systems with the

LK peptide and large POPG and large asymmetric POPE/POPG mem-

branes), with the first 10 ns being used for equilibration only. A full list

of umbrella sampling windows with their reference positions and force con-

stants used for adsorption simulations is shown in Table S2.

A free energy profile for each individual insertion/adsorption was ob-

tained from a set of umbrella sampling windows using the weighted histo-
gram analysis method (33,34) as implemented in the Grossfield Lab

WHAM program (available from hembrane.urmc.rochester.edu). Full trans-

location profiles were obtained by aligning and joining the individual sub-

processes using in-house-developed scripts. For a more detailed description

of the aligning process, refer to Fig. S2.

For each peptide, we conducted two additional pulling simulations in the

reverse direction to ensure the absence of hysteresis in the translocation

process. In the first ‘‘backward’’ pull, the peptide began in a transmembrane

state with its N-terminus in the lower leaflet. The N-terminus was then

pulled upwards, forcing the peptide to exit the membrane and adopt the ad-

sorbed state. In the second ‘‘backward’’ pull, the peptide started in solution,

and its N-terminus was pulled toward the membrane. We used configura-

tions from these trajectories as starting points for further umbrella sampling

simulations. Comparing the free energies from the ‘‘forward’’ (standard)

and ‘‘backward’’ pulls, we found no significant hysteresis, as depicted in

Fig. S3.
Coarse-grained simulations of lipid flip-flop

The coarse-grained simulations of lipid flip-flop were performed similarly

to the simulations of peptide translocation. We will thus only highlight the

differences between these two.

We used three different membranes: symmetric POPC, asymmetric

POPC/DGPC (both with the same composition as described for peptide

translocation), and symmetric DGPC membrane with one DGPC lipid

from the upper leaflet replaced by a single POPC lipid (containing 143

DGPC þ1 POPC in the upper leaflet and 144 DGPC in the lower leaflet).

After membrane equilibration (described previously), a POPC lipid from

the upper membrane leaflet was selected and pulled through the membrane

for 1 ms. The collective variable was the oriented distance between the

selected lipid phosphate and the local membrane center of mass on the z

axis (radius of 2.0 nm). The initial reference distance for the harmonic po-

tential was 2.3 (symmetric POPC) or 2.4 nm (symmetric DGPC or asym-

metric POPC/DGPC), and its force constant was 5000 kJ mol�1 nm�2.

The pulling rate was 4.6 (symmetric POPC) or 4.8 nm ms�1 (symmetric

DGPC or asymmetric POPC/DGPC).

The flip-flop process was sampled using 67 (symmetric POPC) or 69

(asymmetric DGPC or asymmetric POPC/DGPC) umbrella sampling win-

dows. These were nonuniformly distributed along the range of the collec-

tive variable with spacing of 0.1 nm for windows near the membrane

surface and 0.05 nm for windows near the membrane center. Force con-

stants used ranged from 1000 kJ mol�1 nm�2 for windows near the mem-

brane surface to 4000 kJ mol�1 nm�2 for windows near the membrane

center. Each umbrella sampling window was simulated for 1 ms, with the

first 10 ns being used for equilibration only. See Table S3 for a full list of

umbrella sampling windows used.
Atomistic simulations of lipid flip-flop

For atomistic simulations, we employed the CHARMM36m force field

(35). As with coarse-grained simulations, three membranes were used, all

constructed using the CHARMM-GUI web interface (36). The symmetric

POPC membrane was composed of 64 POPC lipids in each leaflet, the sym-

metric DGPC membrane consisted of 63 DGPC lipids and 1 POPC lipid in

the upper leaflet and 64 DGPC lipids in the lower leaflet, and the asym-

metric POPC/DGPC membrane contained 64 POPC lipids in the upper

leaflet and 62 DGPC lipids in the lower leaflet. Each membrane system

further contained roughly 5000 molecules of water and NaCl ions at a

concentration of 0.154 mol dm�3. The approximate size of each system

was 6.5 � 6.5 � 8.0 nm.

The potential energy of each system was minimized using the steepest-

descent algorithm with a force tolerance of 1000 kJ mol�1 nm�1. During

the minimization, position restraints were applied to the phosphorus atom
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of each lipid (force constant of 1000 kJ mol�1 nm�2). Dihedral restraints

(force constant of 1000 kJ mol�1 rad�2) were further applied to two dihe-

dral angles in all POPC molecules and to three dihedrals in all DGPC mol-

ecules. The restrained POPC dihedrals were between C1, C3, C2, and O21

(glycerol carbons and oxygen linking the oleoyl tail to glycerol) and be-

tween C28, C29, C210, and C211 (carbons around the double bond of

the oleyol tail). The C1-C3-C2-O21 dihedral was fixed at � 120+5

2:5+, while the C28-C29-C210-C211 was fixed at 0+50:0+. The restrained

DGPC dihedrals were between C1, C3, C2, and O21 (the same as for

POPC), between C210, C211, C212, and C213, and between C310,

C311, C312, and C313 (carbons around the double bonds of the eicosenoyl

tails). The C1-C3-C2-O21 dihedral was fixed at � 120+52:5+, while the

other two dihedrals were fixed at 0+50:0+.

Equilibration was carried out in six stages of varying simulation lengths:

stages 1–3 were each 250 ps long, while stages 4 and 5 were 1 ns long, and

stage 6 was 5 ns long. Stages 1–2 were performed in the NVT ensemble,

while stages 3–6 were performed in the NPT ensemble. A stochastic veloc-

ity rescaling thermostat (29) with a coupling constant of 0.5 ps was em-

ployed to maintain the temperature at 310 K. Two separate thermal baths

were used for water with ions and membrane, respectively. During NPT

stages of equilibration, the pressure was maintained at 1 bar using the Be-

rendsen barostat (26) with semi-isotropic pressure coupling, a coupling

constant of 5 ps, and a compressibility of 4:5� 10� 5 bar�1. The equations

of motion were integrated using the leap-frog algorithm. The simulation

time step was 1 fs in stages 1–3, while it was 2 fs in the rest of the equili-

bration and following simulations. Short-ranged nonbonded interactions

were truncated at 1.2 nm, and a force switch was applied starting from

1.0 nm. Long range electrostatic interactions were treated using fast smooth

particle-mesh Ewald (37). Bonds with hydrogens were constrained using

the LINCS algorithm (38). Translational velocity removal was applied

separately for membrane and water with ions. Position and dihedral re-

straints were strong in the initial stages of the equilibration and were grad-

ually reduced (position restraints: 1000/ 400/ 400/ 200/ 40/
0, all in kJ mol�1 nm�2; dihedral restraints: 1000 / 400 / 200 / 200

/ 100 / 0, all in kJ mol�1 rad�2).

Equilibration was followed by 100-ns-long molecular dynamics with

production parameters. The Berendsen thermostat was replaced with the

Parrinello-Rahman barostat (27,28), and no restraints were applied to the

system. All other simulation settings remained the same as in stage 6 of

equilibration.

As with coarse-grained simulations, the free energy of the flip-flop pro-

cess was calculated using the umbrella sampling method (31,32). To

enhance the sampling of the water defect formed during the lipid transloca-

tion (see Fig. S4 for simulation snapshots), we used the Plumed plugin

v2.7.2 (39) and applied Hamiltonian replica exchange (40) to 16 windows

near the membrane center (see Table S4). The initial configurations for the

umbrella sampling windows were generated by pulling a selected POPC

lipid from the upper membrane leaflet to the lower membrane leaflet.

The collective variable was the oriented distance between the selected lipid

phosphorus atom and the local membrane center of mass on z axis (radius of

2.0 nm). The pulling rate was 9.2 nm ms�1 with an initial reference distance

of 2.3 nm and a force constant of 5000 kJ mol�1 nm�2. The pulling was

performed for 500 ns.

The pulling trajectory was split into 59 nonuniformly distributed um-

brella sampling windows with spacing ranging from 0.1 nm near the mem-

brane surface to 0.03 nm near the membrane center. The force constant of

1000 kJ mol�1 nm�2 was applied in windows near the membrane surface,

while the force constant of 2000 kJ mol�1 nm�2 was used for windows near

the membrane center. Hamiltonian replica exchange was applied to 16 win-

dows in the membrane center (between� 0:25 and 0.21 nm). The exchange

of configurations was attempted every 100,000 integration steps (200 ps).

Each umbrella sampling window was simulated for 300 (symmetric

POPC, symmetric DGPC) or 400 ns (asymmetric POPC/DGPC), with the

first 50 ns being used for equilibration only. See Table S4 for a full list of

umbrella sampling windows used.
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The free energy profiles were obtained in the same way as for coarse-

grained simulations: using the weighted histogram analysis method (33,

34) and the Grossfield Lab WHAM program (available from membrane.

urmc.rochester.edu).
Pressure profile calculations

To further characterize the properties of symmetric and asymmetric mem-

branes, we simulated each equilibrated Martini membrane (without pep-

tide) for an additional 1 ms using Gromacs 2016.4. Subsequently, we

calculated the stresses in each membrane employing Gromacs-LS (2016

version) (41). Lateral pressure, PL, was determined as PL ¼ �
ðsxx þsyyÞ=2, where s represents the stress in the respective dimension.

Normal pressure, PN , was derived as PN ¼ � szz.

The tension of the upper leaflet, gþ, was calculated using the integralRN
0
ðPN � PLÞdz, and the tension of the lower leaflet, g�, was determined

with
R 0

�NðPN � PLÞdz, where z ¼ 0 corresponds to the midplane of the

membrane. The position of the membrane midplane was ascertained from

the lipid tail densities along the normal of the membrane.
RESULTS AND DISCUSSION

Studied systems

Using coarse-grained Martini 3 force field (23), we calcu-
lated translocation free energy profiles across several sym-
metric and asymmetric membranes. We employed two
a-helical peptides—LS and LK. LS is an amphiphilic pep-
tide comprising leucine and serine residues (LSSLLSLLSS
LLSLLSSLLSL-NH2), while LK consists of leucine and
lysine residues (LKKLLKLLKKLLKLLKKLLKL-NH2)
with a net charge of þ10. Both peptides had a positively
charged N-terminus and amidated (neutral) C-terminus.
For simplicity, we used asymmetric membranes comprising
two lipid types, with one leaflet entirely composed of one
lipid type and the other leaflet entirely composed of another
lipid type. The two-component asymmetric membranes
were constructed with matching leaflet surface areas, lead-
ing to leaflet tensions smaller than 54 mN/m. Refer to
Fig. S5 for the calculated pressure profiles and the specific
values of leaflet tensions for each Martini membrane.

We supplemented the results by calculating the transloca-
tion free energy profiles across symmetric membranes each
composed of one lipid type. In addition, we used a symme-
trized/scrambled membrane made of lipid mixture of both
lipid types. In total, we used five distinct lipid species:
POPC, POPE, POPG, DGPC, and PUPC.
Translocation pathway

Both LS and LK peptides exhibited similar translocation
pathways across all simulated membranes, which was previ-
ously described in peptide translocation studies across sym-
metric membranes (9,11,12,42,43). Fig. 1 A provides a
schematic representation of the translocation process across
the membranes. Initially, the peptides adsorb onto the mem-
brane surface parallel to it, with their hydrophilic or charged

http://membrane.urmc.rochester.edu
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FIGURE 1 Translocation of the positively charged LK peptide across symmetric and asymmetric membranes composed of POPE and POPG lipids. (A)

Schematic representation of the LK peptide translocating across an asymmetric membrane with POPE lipids in the upper leaflet and POPG lipids in the lower

leaflet (POPE/POPG membrane) and across a membrane with the inverse composition (POPG/POPE membrane). The peptide is shown with its C-terminus

entering the lower leaflet; however, it can also insert with its N-terminus first. In such cases, the process is equivalent to translocation across a membrane with

inverse lipid composition, as the solvent environment on both sides of the simulated membrane is identical. (B) Free energy profiles of the LK peptide trans-

locating across pure POPE (blue), pure POPG (red), asymmetric POPE/POPG (purple), and asymmetric POPG/POPE (green) membranes, with a calculation

error below 5 kJ mol�1. We show the profiles for the asymmetric POPE/POPG (purple) and for the asymmetric POPG/POPE (green) membranes in two

separate charts for visual clarity. The labels correspond to specific translocation states depicted in (A). See Fig. S6 for the complete set of free energy profiles

of LK translocation, including those for the symmetric POPE:POPG 1:1 membrane, Fig. S7 for convergence data and additional information, and Fig. S3 to

verify the absence of hysteresis in our results. (C) Two simulation snapshots illustrating the LK peptide’s position at points where its translocation free energy

profile in the asymmetric membrane starts diverging from that in the symmetric membrane. Note how the peptide draws phosphates from the opposite mem-

brane leaflet toward its inserting terminus. (D) Left: the translocation barrier, DDGB, represents the highest difference between a local free energy maximum

and minimum that the peptide must overcome to cross the membrane. In asymmetric membranes, there are two distinct translocation barriers, one for each

translocation direction, denotedDDGBN andDDGBC, based on the initially inserting peptide terminus. Right: translocation barriers,DDGB, for the LK peptide

in pure POPE, pure POPG, symmetric POPE:POPG 1:1, asymmetric POPE/POPG, and asymmetric POPG/POPE membranes. The gray horizontal dashed

lines represent barriers for pure POPE and POPG membranes. Note that the translocation barriers for asymmetric membranes typically do not fall between

those for the corresponding pure membranes; they can be substantially higher or lower, depending on which leaflet the peptide inserts into the membrane

from. This suggests that for the LK peptide, the permeability of an asymmetric membrane cannot be deduced from the permeabilities of the pure membranes.

For comprehensive details on translocation barriers and other relevant free energy values, see Fig. S20 and Table S5. To see this figure in color, go

online.
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residues facing the solvent (2a). Subsequently, one of the
peptide termini inserts into the membrane (3a), accompa-
nied by a change of the peptide orientation. In the trans-
membrane state (4a), the peptide is perpendicular to the
membrane surface. The process of leaving the membrane
mirrors the insertion process.
Characteristics of the translocation free energy
profiles

Fig. 1 B shows the free energy profiles of the LK peptide
translocating across POPE, POPG, and asymmetric POPE/
POPG membranes (see also Fig. S6 for all free energy pro-
files calculated for the LK peptide, Fig. S7 for convergence
of the calculations, and Fig. S3, which shows that no hyster-
esis is present in our results). The profile of translocation
across asymmetric membranes with a small differential
stress can be divided into three distinct regions: 1) a
mimicking symmetric profile made of the upper leaflet, 2)
a mimicking symmetric profile made of the lower leaflet,
and 3) an intermediate region that is distinct from any sym-
metric membrane. In regions 1 and 2, the translocation pro-
cess is indistinguishable from a symmetric, one-component
membrane (further referred to as ‘‘pure membrane’’)
comprising only the lipid type that constitutes the upper or
lower leaflet of the asymmetric membrane, respectively. In
other words, these regions of peptide translocation across
the asymmetric membrane can be characterized well by
determining the translocation across the corresponding sym-
metric membrane.

The peptide in these mimicking regions remains unaf-
fected by the lipids of the opposite leaflet of the membrane,
Biophysical Journal 123, 693–702, March 19, 2024 697



FIGURE 2 Translocation of the LS peptide, composed of leucines and serines, across various membranes. The left image shows translocation across

POPE/POPG membranes composed of lipids with different headgroups but the same tails (POPE: C16:0/C18:1 PE vs. POPG: C16:0/C18:1 PG). The middle

image shows translocation across POPC/DGPCmembranes composed of lipids with different tail lengths and saturation in the central part of the tails (POPC:

C16:0/C18:1 PC vs. DGPC: di-C20:1 PC). The right image shows translocation across POPC/PUPC membranes composed of lipids that differ along the

entire tail segment in one of the acyl chains (POPC: C16:0/C18:1 PC vs. PUPC: C16:0/C22:6 PC). (A) Free energy profiles of the LS peptide translocating

across the symmetric and asymmetric membranes mentioned above. The calculation error is below 5 kJ mol�1. See also Figs. S13–S15 for all calculated free

energy profiles of LS translocation, Figs. S16–S18 for the convergence of the calculations and additional details, and Fig. S3, which shows that there is no

hysteresis in our results. (B) Simulation snapshots depicting the position of the LS peptide at translocation states where the free energy profile across the

asymmetric membrane starts to deviate from the translocation profile across the corresponding symmetric membrane. Note that when translocating across

the asymmetric POPC/PUPC membrane, the profile starts deviating much sooner than in the case of POPE/POPG and POPC/DGPC membranes, and the

peptide is significantly less inserted. To see this figure in color, go online.
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although it can still interact with them (see Figs. S8–S11).
The existence of these regions indicates that for peptide
translocation, the properties of the leaflets of the asymmetric
membrane do not significantly impact each other. To further
support this claim, we compared lipid order parameters of
the asymmetric and pure membranes. As depicted in
Fig. S12, the order parameters for lipids in both membranes
are quite similar, differing slightly only in the tail region. It
should also be noted that the mimicking regions exist
despite the fact that the employed asymmetric membranes
display nonzero, though small, differential stress (see
Fig. S5), signifying that small leaflet tensions do not signif-
icantly influence the translocation free energies.

In the intermediate region, the peptide is located deep in
the membrane and in direct contact with lipids in both upper
and lower leaflet (see Fig. 1 C). This results in a free energy
profile that deviates from those of pure membranes or sym-
metric two-component membrane (see Fig. S6 for the free
energy profile of the LK peptide translocating across a sym-
metric POPE:POPG 1:1 membrane). Instead, the profile un-
dergoes a gradual transition from conforming to the
translocation profile of one pure membrane to conforming
to the translocation profile of the other pure membrane.
This transition is governed by the proportion of interactions
698 Biophysical Journal 123, 693–702, March 19, 2024
between the peptide and the lipids in the lower and upper
leaflets.

The location and size of this intermediate region depend
on the specific membrane composition and the properties of
the peptide. For example, in the case of the LS peptide trans-
locating across an asymmetric POPC/PUPC membrane, the
free energy profile deviates much sooner from the profile
corresponding to pure membranes than in the case of trans-
location across POPE/POPG or POPC/DGPC membranes
(see Fig. 2). Therefore, it is difficult to predict the exact po-
sition of the intermediate region in advance. However, it can
be expected that for a single peptide, the intermediate region
will start sooner and be wider if the lipids composing the
two membrane leaflets differ in the character of their tails
(such as POPC vs. PUPC) rather than in headgroups (such
as POPE vs. POPG). See also Figs. S13–S15 for all calcu-
lated free energy profiles of the LS peptide translocating
across POPE/POPG, POPC/DGPC, and POPC/PUPC mem-
branes and Figs. S16–S18 for their convergence.

To verify that the observed behavior is not significantly
influenced by the size of the periodic system, we also con-
ducted simulations of the LK peptide translocating across
larger (roughly three times more lipids) POPE/POPG mem-
branes. As demonstrated in Fig. S19, we did not observe any
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notable differences between the free energy profiles calcu-
lated in normal-sized and larger systems.
Translocation barriers and difficulty of
translocation

The difficulty of translocation, indicated by the height of the
translocation barriers, cannot be always reliably approxi-
mated by simply averaging the translocation barriers for
two pure membranes or by using a symmetric two-compo-
nent membrane. Consider, for instance, the LK peptide
moving across an asymmetric POPE/POPG membrane. As
shown in Fig. 1 D, and if the membrane leaflet into which
the peptide inserts is made up of POPG lipids, the transloca-
tion barrier stands at either 182 or 196 kJ mol�1, depending
on whether the peptide inserts with its N-terminus or
C-terminus first. In this case, the peptide is more likely to
insert with its N-terminus first due to the lower translocation
barrier. Nonetheless, either of the barriers starkly contrasts
with translocation barriers calculated for pure POPE and
POPGmembranes, which are 166 and 140 kJ mol�1, respec-
tively (averaging to 153 kJ mol�1). The barrier for a sym-
metric POPE:POPG 1:1 membrane also significantly
deviates, registering at 157 kJ mol�1. Conversely, if the
membrane’s outer leaflet is comprised of POPE, then the
translocation process is easier due to the peptide’s reduced
stability when adsorbed on the POPE leaflet. Here, the bar-
rier amounts to 145 kJ mol�1 when the N-terminus inserts
first and to 129 kJ mol�1 for the more likely translocation
pathway with the C-terminus being inserted first. Although
these translocation barriers are closer to the ‘‘average’’ value
derived from the pure membranes, such a similarity is
merely coincidental. See Fig. S20 and Table S5 for more de-
tails concerning the translocation barriers and the free en-
ergy values of interest.

This finding contrasts with the conventional method used
to study the permeation of molecules across asymmetric
membranes. Typically, the permeabilities of two pure
membranes are measured, and then the permeability of the
asymmetric membrane is determined using the equation
1=PAB ¼ 1=PA þ 1=PB. Here, PAB represents the
permeability of the entire asymmetric membrane AB, while
PA and PB denote the permeabilities of the individual
leaflets from the pure AA and BB membranes, respec-
tively (44,45). Permeability is directly proportional to
exp ð� DDGBÞ, where DDGB is the translocation barrier.
Clearly, the above approach to estimating permeabilities is
not suitable for the LK peptide since it fails to differentiate
between distinct translocation directions exhibiting dramat-
ically different translocation barriers.

The observed discrepancy between the simulation results
and the standard theoretical model originates from the
different stabilities of the peptide’s adsorbed states, which
codetermine the height of the translocation barriers (see
Fig. 1D). If we know the free energy profiles of peptide
translocation through pure membranes, then we can esti-
mate the barrier for the translocation of this peptide through
an asymmetric membrane. This estimate is obtained by
averaging the free energy maxima from pure membrane pro-
files and then subtracting the free energy of the minimum,
i.e., the adsorbed state. The subtracted adsorbed state is
taken from the pure membrane, the composition of which
corresponds to the leaflet from which the peptide inserts
into the asymmetric membrane.

Consequently, if the stability of the adsorbed states does
not dramatically differ between the pure membranes, then
the translocation barrier for the asymmetric membrane can
in fact be roughly estimated by averaging the translocation
barriers observed for the pure membranes. This is evident in
the case of the LS peptide in POPC/DGPC and POPC/PUPC
membranes, as detailed in Table S5. However, the sum of in-
verse permeabilities is unreliable when the stability of the
adsorbed states differs, as demonstrated on the studied
charged peptide (LK) interacting with charge-asymmetric
membranes (POPE/POPG). This scenario is likely very
common because most of the cell-penetrating peptides are
charged and the plasma membranes typically contain
charged lipids predominantly in one leaflet.
Number asymmetry and large differential stress

As it has recently been suggested that cell membranes may
be asymmetric not just in lipid composition but also in the
number of lipids (7), we investigated the translocation of
the LS peptide across a one-component asymmetric mem-
brane, where the leaflets differed in the number of lipids.
Specifically, we used a POPC membrane with 15% asym-
metry, i.e., containing 144 lipids in one leaflet and 106 lipids
in the other leaflet. As expected, this membrane exhibited
dramatically higher differential stress than the other asym-
metric membranes with leaflet tensions of roughly 5
21 mN/m (see Fig. S5). We found that, in this case, the
free energy profiles of peptide translocation across the
asymmetric membrane did not match any significant part
of the translocation profile for the symmetric POPC mem-
brane (see Fig. 3 for the results and Fig. S21 for the conver-
gence of the calculations), i.e., the intermediate region spans
the entire membrane. This result could be anticipated due to
the fact that neither leaflet in the asymmetric POPC mem-
brane corresponded to any leaflet in the symmetric POPC
membrane, given that one leaflet of the asymmetric mem-
brane was contracted while the other one was stretched.

We anticipate similar behavior in other asymmetric mem-
branes with significant differential stress. Nonetheless, even
in the presence of large differential stress, predicting the
peptide translocation barrier from symmetric membranes
is still unreliable. In fact, these predictions might be even
more challenging for such membranes, as the differen-
tial stress further alters the free energies of peptide
translocation.
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FIGURE 3 Free energy profiles of the LS peptide translocating through

an symmetric POPC membrane (red) and through a POPC membrane

with 15% number asymmetry (purple and green). Purple line corresponds

to the peptide inserting its N-terminus into the more populated leaflet,

and green line corresponds to the peptide inserting its N-terminus into

the less populated leaflet. The asymmetric membrane displays large differ-

ential stress, which leads to the different free energy profiles within the

entire membrane (including headgroups). See Fig. S21 for the free energy

profiles of the individual translocation subprocesses and convergence of the

calculations. To see this figure in color, go online.
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Lipid flip-flop and wider implications

To explore whether the described translocation behavior ex-
tends to other molecules and to validate our results, we
investigated phospholipid flip-flop in asymmetric and sym-
metric membranes. We employed both the coarse-grained
Martini 3 (23) and atomistic CHARMM36m (35) force
fields to compute the free energies of POPC flip-flop in
FIGURE 4 Free energy profiles of lipid flip-flop across symmetric POPC, sym

the coarse-grained Martini 3 force field (left) and the atomistic CHARMM36m f

brane follows the same trends as for the peptide translocation, with distinct regio

the convergence of the calculations and Fig. S4 for simulation snapshots depict
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pure POPC, pure DGPC, and asymmetric POPC/DGPC
membranes. Similar to peptide translocation, we observed
that the free energy profile of lipid flip-flop across asym-
metric membrane initially conforms to the profiles for sym-
metric membranes and transitions between them in the
center of the membrane (see Fig. 4 for the results and
Fig. S22 for the convergence of the calculations). The width
of the intermediate transition region was smaller for lipids
than for peptides, likely due to the smaller size of the lipid
molecules.

The existence of two mimicking regions and one interme-
diate region was observed with both coarse-grained and
atomistic models, although the exact shape of the free en-
ergy profiles and height of the free energy barriers differed
significantly between the models. These observations sug-
gest that the presence of regions mimicking pure mem-
branes and intermediate regions, as described for the
translocating peptides in the Martini 3 force field, 1) are
not artifacts of the coarse-grained model and 2) are appli-
cable to other molecules that pass through the hydrophobic
core of membranes.

Unlike the translocation barrier of the LK peptide in
POPE/POPG membranes, but similar to the LS peptide in
POPC/DGPC or POPC/PUPC membranes, we can approxi-
mate the flip-flop barrier for a POPC lipid in an asymmetric
POPC/DGPC membrane using the barriers calculated in
pure POPC and pure DGPC membranes. This approach is
applicable due to the free energy minima being essentially
equivalent on both sides of the asymmetric POPC/DGPC
membrane. However, this may not be the case for all lipid
types and membranes. If a lipid exhibits a significant
metric DGPC, and asymmetric POPC/DGPC membranes calculated using

orce field (right). The free energy of lipid flip-flop across asymmetric mem-

ns mimicking pure membranes and the intermediate region. See Fig. S22 for

ing flip-flop. To see this figure in color, go online.
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preference for one leaflet, accurately approximating the flip-
flop barrier for an asymmetric membrane using symmetric
membranes becomes unreliable, similar to the LK and LS
peptides in POPE/POPG membranes.

Although exploring the scrambling of other lipid types
and molecules is beyond the scope of this study, we hypoth-
esize that the permeation rate of any molecule significantly
favoring one leaflet of an asymmetric membrane cannot be
accurately estimated using permeation rates from symmet-
ric membranes. Nonetheless, for many other molecules, it
might be possible to reasonably approximate their perme-
ation across asymmetric membranes as the sum of the in-
verse permeabilities of the symmetric membranes.
CONCLUSIONS

We employed the coarse-grained Martini 3 force field to
calculate the translocation free energy of two model pep-
tides across both symmetric and asymmetric membranes
composed of lipids differing in their headgroups or acyl
tails. In asymmetric membranes with a small differential
stress, we identified regions of translocation that mimic
translocation across symmetric membranes, as well as a re-
gion with unique behavior. Using both coarse-grained as
well as atomistic free energy calculations, we show that
phospholipids moving between the membrane leaflets
exhibit similar behavior. For asymmetric membranes with
a large differential stress, we observed that the leaflet ten-
sions also significantly impact peptide adsorption, leading
to distinct behavior throughout the entire asymmetric mem-
brane. Our results also indicate that when a peptide adsorbs
with varying strengths to the opposing leaflets of the asym-
metric membrane, the translocation rate/barrier cannot be
simply approximated using the translocation rates/barriers
obtained for the corresponding symmetric membranes.
Our findings provide insights into the behavior of molecules
crossing asymmetric membranes and underscores the
importance of considering membrane asymmetry when
studying the permeation of biomolecules across cellular
membranes.
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8. Bro�zek, R., I. Kabelka, and R. Vácha. 2020. Effect of Helical Kink on
Peptide Translocation across Phospholipid Membranes. J. Phys. Chem.
B. 124:5940–5947. https://doi.org/10.1021/acs.jpcb.0c03291.

9. Barto�s, L., I. Kabelka, and R. Vácha. 2021. Enhanced translocation of
amphiphilic peptides across membranes by transmembrane proteins.
Biophys. J. 120:2296–2305. https://www.sciencedirect.com/science/
article/pii/S0006349521003003.

10. Cardenas, A. E., C. I. Drexler, ., R. Elber. 2022. Peptide Permeation
across a Phosphocholine Membrane: An Atomically Detailed Mecha-
nism Determined through Simulations and Supported by Experimenta-
tion. J. Phys. Chem. B. 126:2834–2849. https://doi.org/10.1021/acs.
jpcb.1c10966.

11. Ulmschneider, J. P. 2017. Charged Antimicrobial Peptides Can Trans-
locate across Membranes without Forming Channel-like Pores.
Biophys. J. 113:73–81. https://linkinghub.elsevier.com/retrieve/pii/
S0006349517306239.

12. Irudayam, S. J., and M. L. Berkowitz. 2012. Binding and reorientation
of melittin in a POPC bilayer: Computer simulations. Biochim. Bio-
phys. Acta Biomembr. 1818:2975–2981. https://linkinghub.elsevier.
com/retrieve/pii/S0005273612002581.

13. Wheaten, S. A., F. D. O. Ablan,., P. F. Almeida. 2013. Translocation
of Cationic Amphipathic Peptides across the Membranes of Pure Phos-
pholipid Giant Vesicles. J. Am. Chem. Soc. 135:16517–16525. https://
doi.org/10.1021/ja407451c.
Biophysical Journal 123, 693–702, March 19, 2024 701

https://doi.org/10.1016/j.bpj.2024.02.006
https://doi.org/10.1016/j.bpj.2024.02.006
https://doi.org/10.1002/med.21542
https://doi.org/10.1002/med.21435
https://linkinghub.elsevier.com/retrieve/pii/S0165614717300172
https://linkinghub.elsevier.com/retrieve/pii/S0165614717300172
https://linkinghub.elsevier.com/retrieve/pii/S0960894X16312562
https://linkinghub.elsevier.com/retrieve/pii/S0960894X16312562
https://doi.org/10.1021/bi00219a001
https://doi.org/10.1021/bi00219a001
http://www.nature.com/articles/s41589-020-0529-6
http://www.nature.com/articles/s41589-020-0529-6
https://www.biorxiv.org/content/early/2023/07/31/2023.07.30.551157
https://www.biorxiv.org/content/early/2023/07/31/2023.07.30.551157
https://doi.org/10.1021/acs.jpcb.0c03291
https://www.sciencedirect.com/science/article/pii/S0006349521003003
https://www.sciencedirect.com/science/article/pii/S0006349521003003
https://doi.org/10.1021/acs.jpcb.1c10966
https://doi.org/10.1021/acs.jpcb.1c10966
https://linkinghub.elsevier.com/retrieve/pii/S0006349517306239
https://linkinghub.elsevier.com/retrieve/pii/S0006349517306239
https://linkinghub.elsevier.com/retrieve/pii/S0005273612002581
https://linkinghub.elsevier.com/retrieve/pii/S0005273612002581
https://doi.org/10.1021/ja407451c
https://doi.org/10.1021/ja407451c


Barto�s and Vácha
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Figure S1: Schematic representation of the local membrane center of mass calculation. Left. Schematic side view of the
membrane with peptide. Right. Schematic top view of the membrane with peptide. The local membrane center of mass
(highlighted as red ⇥ symbol) is calculated from the positions of lipid beads localized inside a cylinder (highlighted in gray)
with radius of 2.0 nm and its principal axis (purple dotted line) going along the z-axis through the center of mass of the inserting
peptide terminus. Peptide terminus is defined as the first (N-terminus) or last (C-terminus) three backbone beads of the peptide
and is highlighted in green. Note that the height of the cylinder (its dimension along the z-axis) is infinite.
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Table S1: Distribution of umbrella sampling windows along the collective variable with biasing force constants used for
insertion simulations of peptide translocation. Reference distances are in nm, force constants in kJ mol�1 nm�2.

Reference distance Force constant Reference distance Force constant
±2.50 1000⇤ ±0.30 5000
±2.40 1000† ±0.25 5000
±2.30 1000# ±0.20 5000
±2.20 1000# ±0.15 5000
±2.10 1000# ±0.10 5000
±2.00 1000 ±0.05 5000
±1.90 1000 0.00 5000
±1.80 1000 ⌥0.05 5000
±1.70 1000 ⌥0.10 5000
±1.60 1000 ⌥0.15 5000
±1.50 1000 ⌥0.20 5000
±1.45 3000 ⌥0.25 5000
±1.40 3000 ⌥0.30 5000
±1.35 3000 ⌥0.35 5000
±1.30 3000 ⌥0.40 5000
±1.25 3000 ⌥0.45 5000
±1.20 3000 ⌥0.50 3000
±1.15 3000 ⌥0.55 3000
±1.10 3000 ⌥0.60 3000
±1.05 3000 ⌥0.65 3000
±1.00 3000 ⌥0.70 3000
±0.95 3000 ⌥0.75 3000
±0.90 3000 ⌥0.80 3000
±0.85 3000 ⌥0.85 3000
±0.80 3000 ⌥0.90 3000
±0.75 3000 ⌥0.95 3000
±0.70 3000 ⌥1.00 1000
±0.65 3000 ⌥1.10 1000
±0.60 3000 ⌥1.20 1000
±0.55 3000 ⌥1.30 1000
±0.50 3000 ⌥1.40 1000
±0.45 5000 ⌥1.50 1000
±0.40 5000 ⌥1.60 1000⇤
±0.35 5000 ⌥1.70 1000⇤

⇤ only used for symmetric DGPC, † only used for symmetric DGPC and asymmetric POPC/DGPC, # not used for symmetric
PUPC
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Table S2: Distribution of umbrella sampling windows along the collective variable with biasing force constants used for the
adsorption simulations of peptide translocation. Reference distances are in nm, force constants in kJ mol�1 nm�2.

Reference distance Force constant Reference distance Force constant
±1.70 1000# ±3.50 500
±1.80 1000# ±3.60 500
±1.90 1000# ±3.70 500
±2.00 1000⇤† ±3.80 500
±2.10 1000⇤ ±3.90 500
±2.20 1000 ±4.00 500
±2.30 1000 ±4.10 500
±2.40 1000 ±4.20 200
±2.50 1000 ±4.40 200
±2.60 500 ±4.60 200
±2.70 500 ±4.80 200
±2.80 500 ±5.00 200
±2.90 500 ±5.20 200
±3.00 500 ±5.40 200
±3.10 500 ±5.60 200
±3.20 500 ±5.80 200
±3.30 500 ±6.00 200
±3.40 500

# only used for symmetric PUPC, ⇤ not used for symmetric DGPC, † not used for asymmetric POPC/DGPC
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Figure S2: Example of the translocation profile construction demonstrated on free energy profiles calculated for the LK peptide
translocating across symmetric POPE membrane. In symmetric membranes, the translocation process can be divided into four
individual subprocesses: N-terminus insertion, C-terminus insertion, N-terminus adsorption, and C-terminus adsorption. To
construct the complete translocation profile, we initially shift the profiles for N-terminus insertion and N-terminus adsorption in
the G-dimension so that the transmembrane state of the peptide corresponds to G = 0. These aligned profiles are then joined
with those for C-terminus insertion and adsorption. Since both N- and C-terminus insertion/adsorption are calculated using
the peptide adsorbed on the same membrane leaflet, specifically the upper leaflet, the profiles for C-terminus insertion and
adsorption must be flipped. This flipping is possible because the membrane is symmetric, and the leaflets are interchangeable.
Thus, we flip the profiles for C-terminus insertion and adsorption, changing positive distance values to negative and vice
versa. These flipped profiles represent insertion/adsorption from/to the lower leaflet. These profiles are again shifted in the
G-dimension so that the transmembrane state is at G = 0. As illustrated in the middle chart, the free energy profiles of the
individual subprocesses align almost perfectly, indicating only a small calculation error. We then combine the profiles and shift
the �⌧ values so that the free energy difference in the solvent (specifically in the solvent region of the N-terminus adsorption
profile) equals zero. The free energy differences for peptide in solvent and in the adsorbed states on the opposite sides of the
translocation profile provide a robust estimate of the error margin. It is important to note that in case of asymmetric membranes,
the free energy profiles of subprocesses cannot be flipped. For asymmetric membranes, insertion/adsorption on both membrane
leaflets is calculated, and appropriate free energy profiles are joined. The joining procedure for asymmetric membranes is
otherwise equivalent to that described here.
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Figure S3: Free energy profiles of N-terminus insertion and adsorption of the LK peptide in a pure POPE membrane (left) and
the LS peptide in a pure POPC membrane (right). The orange profiles were calculated from umbrella sampling windows which
initial configurations were obtained from the standard “forward” pulling simulations. The blue dashed profiles were calculated
from umbrella sampling windows with initial configurations from “backward” pulling simulations, performed in the opposite
direction. For the LK and LS peptides, the maximum observed hysteresis was less than 1 kJ mol�1 and less than 2 kJ mol�1,
respectively. These values are significantly lower than our reported maximum error margin of 5 kJ mol�1.
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Table S3: Distribution of umbrella sampling windows along the collective variable with biasing force constants used for
coarse-grained simulations of lipid flip-flop. Reference distances are in nm, force constants in kJ mol�1 nm�2.

Reference distance Force constant Reference distance Force constant
2.40 1000⇤ �0.05 4000
2.30 1000 �0.10 4000
2.20 1000 �0.15 3000
2.10 1000 �0.20 3000
2.00 1000 �0.25 3000
1.90 1000 �0.30 3000
1.80 1000 �0.35 2000
1.70 1000 �0.40 2000
1.60 1000 �0.45 2000
1.50 1000 �0.50 2000
1.40 1000 �0.55 2000
1.30 1000 �0.60 2000
1.20 1000 �0.65 2000
1.10 1000 �0.70 2000
1.00 2000 �0.75 2000
0.95 2000 �0.80 2000
0.90 2000 �0.85 2000
0.85 2000 �0.90 2000
0.80 2000 �0.95 2000
0.75 2000 �1.00 2000
0.70 2000 �1.10 1000
0.65 2000 �1.20 1000
0.60 2000 �1.30 1000
0.55 2000 �1.40 1000
0.50 2000 �1.50 1000
0.45 2000 �1.60 1000
0.40 2000 �1.70 1000
0.35 2000 �1.80 1000
0.30 2000 �1.90 1000
0.25 3000 �2.00 1000
0.20 3000 �2.10 1000
0.15 3000 �2.20 1000
0.10 4000 �2.30 1000
0.05 4000 �2.40 1000⇤
0.00 4000

⇤ not used for symmetric POPC
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Table S4: Distribution of umbrella sampling windows along the collective variable with biasing force constants used for
atomistic simulations of lipid flip-flop. Reference distances are in nm, force constants in kJ mol�1 nm�2.

Reference distance Force constant Reference distance Force constant
2.30 1000 �0.03 2000'

2.20 1000 �0.06 2000'

2.10 1000 �0.09 2000'

2.00 1000 �0.12 2000'

1.90 1000 �0.15 2000'

1.80 1000 �0.18 2000'

1.70 1000 �0.21 2000'

1.60 1000 �0.25 2000'

1.50 1000 �0.30 1000
1.40 1000 �0.40 1000
1.30 1000 �0.50 1000
1.20 1000 �0.60 1000
1.10 1000 �0.70 1000
1.00 1000 �0.80 1000
0.90 1000 �0.90 1000
0.80 1000 �1.00 1000
0.70 1000 �1.10 1000
0.60 1000 �1.20 1000
0.50 1000 �1.30 1000
0.40 1000 �1.40 1000
0.30 1000 �1.50 1000
0.25 2000 �1.60 1000
0.21 2000' �1.70 1000
0.18 2000' �1.80 1000
0.15 2000' �1.90 1000
0.12 2000' �2.00 1000
0.09 2000' �2.10 1000
0.06 2000' �2.20 1000
0.03 2000' �2.30 1000
0.00 2000'

' windows where Hamiltonian replica exchange was applied
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Figure S4: Representative simulation snapshots showing a POPC lipid translocating across a pure POPC membrane, taken from
umbrella sampling windows employing the Martini 3 force field (upper row) or CHARMM36m force field (lower row). The
snapshots are centered on the headgroup of the translocating lipid. This lipid is highlighted in orange, while only headgroups
are shown for other lipids (gray beads). Water molecules are represented by blue beads. A particular emphasis is placed on
configurations where the lipid is near the membrane center (panels B–D). In the Martini 3 simulations, there are no significant
water defects, membrane disruptions, or water channels, but in the atomistic force field, large water defects are observed. The
presence of the lipid at the membrane’s center can lead to the formation of water defects from either the upper or the lower
leaflet, or from both simultaneously, creating a water channel. The application of Hamiltonian replica exchange to atomistic
umbrella sampling windows, where the lipid is near the membrane center, enhances the sampling of these distinct disrupted
membrane structures.
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Figure S5: Lateral (%!) and normal (%# ) pressure profiles along the membrane normal calculated for each peptide-free Martini
membrane. Tension of the upper (W+, orange) and lower (W� , purple) leaflets are presented in units of mN/m. For details
concerning the calculation procedure, refer to the Methods section. The calculation error was estimated from the symmetric
membranes to be below 1 mN/m.

Figure S6: Free energy profiles of the LK peptide translocating through symmetric and asymmetric POPE/POPG membranes
(blue = pure POPE, red = pure POPG, black = symmetric POPE:POPG 1:1, purple = asymmetric POPE/POPG, green =
asymmetric POPG/POPE). The calculation error is below 5 kJ mol�1. See Figure S7 for the free energy profiles of the individual
translocation subprocesses and convergence of the calculations.
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Figure S7: Free energy profiles for individual subprocesses of the LK peptide translocating through both symmetric and asymmetric POPE/POPG membranes. The full
translocation profile is constructed by aligning and joining the individual subprocesses calculated for the same system, sharing the color. The color scheme is consistent
with Figure S6. The first row presents the free energy profiles of peptide insertion, whereas the second row shows the free energy profiles of peptide adsorption. The
columns labeled “N” and “C” correspond to the insertion/adsorption of the peptide’s N-terminus and C-terminus, respectively. Shading depicts the convergence of the
calculation as it corresponds to the difference between the free energy profiles calculated from the initial half and the latter half of the production phase of the umbrella
sampling simulation.
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Figure S8: Interaction energy of the LK peptide translocating through asymmetric POPE/POPG membranes with phospholipid
tails (left column) and heads (right column). The interaction energies were calculated from all umbrella sampling windows.
Purple lines correspond to system in which the peptide translocated through POPE/POPG membrane, while green lines
correspond to system in which the peptide translocated through POPG/POPE membrane. Full lines correspond to interaction
with POPE lipids while dashed lines correspond to interaction with POPG lipids. Vertical dotted lines show approximate
positions where the translocation profile for the asymmetric membrane differs from that for the symmetric membrane.
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Figure S9: Interaction energy of the LS peptide translocating through asymmetric POPE/POPG membranes with phospholipid
tails (left column) and heads (right column). The interaction energies were calculated from all umbrella sampling windows.
Purple lines correspond to system in which the peptide translocated through POPE/POPG membrane, while green lines
correspond to system in which the peptide translocated through POPG/POPE membrane. Full lines correspond to interaction
with POPE lipids while dashed lines correspond to interaction with POPG lipids. Vertical dotted lines show approximate
positions where the translocation profile for the asymmetric membrane differs from that for the symmetric membrane.
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Figure S10: Interaction energy of the LS peptide translocating through asymmetric POPC/DGPC membranes with phospholipid
tails (left column) and heads (right column). The interaction energies were calculated from all umbrella sampling windows.
Purple lines correspond to system in which the peptide translocated through POPC/DGPC membrane, while green lines
correspond to system in which the peptide translocated through DGPC/POPC membrane. Full lines correspond to interaction
with POPC lipids while dashed lines correspond to interaction with DGPC lipids. Vertical dotted lines show approximate
positions where the translocation profile for the asymmetric membrane differs from that for the symmetric membrane.
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Figure S11: Interaction energy of the LS peptide translocating through asymmetric POPC/PUPC membranes with phospholipid
tails (left column) and heads (right column). The interaction energies were calculated from all umbrella sampling windows.
Purple lines correspond to system in which the peptide translocated through POPC/PUPC membrane, while green lines
correspond to system in which the peptide translocated through PUPC/POPC membrane. Full lines correspond to interaction
with POPC lipids while dashed lines correspond to interaction with PUPC lipids. Vertical dotted lines show approximate
positions where the translocation profile for the asymmetric membrane differs from that for the symmetric membrane.
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Figure S12: Coarse-grained order parameters calculated in symmetric and asymmetric membranes without the presence of
a peptide. First row corresponds to membranes composed of POPE and POPG lipids. Second row corresponds to membranes
composed of POPC and DGPC lipids. Third row corresponds to membranes composed of POPC and PUPC lipids. Black lines
show order parameters calculated in one-component symmetric membranes composed of the concerned lipid type. Red lines
show order parameters of the concerned lipid type calculated in an asymmetric membrane. The magnitude of the difference
between the black and red line reflects how much the studied lipids are affected by the presence of the other leaflet, which
is composed of a different lipid type, in the asymmetric membrane. Order parameters were calculated using the order tool
available from doi.org/10.5281/zenodo.8369479.
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Figure S13: Free energy profiles of the LS peptide translocating through symmetric and asymmetric POPE/POPG membranes
(blue = pure POPE, red = pure POPG, black = symmetric POPE:POPG 1:1, purple = asymmetric POPE/POPG, green =
asymmetric POPG/POPE). The calculation error is below 5 kJ mol�1. See Figure S16 for free energy profiles of the individual
translocation subprocesses and convergence of the calculations.

Figure S14: Free energy profiles of the LS peptide translocating through symmetric and asymmetric POPC/DGPC membranes
(blue = pure DGPC, red = pure POPC, black = symmetric POPC:DGPC 1:1, purple = asymmetric POPC/DGPC, green =
asymmetric DGPC/POPC). The calculation error is below 5 kJ mol�1. See Figure S17 for free energy profiles of the individual
translocation subprocesses and convergence of the calculations.
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Figure S15: Free energy profiles of the LS peptide translocating through symmetric and asymmetric POPC/PUPC membranes
(blue = pure PUPC, red = pure POPC, black = symmetric POPC:PUPC 1:1, purple = asymmetric POPC/PUPC, green =
asymmetric PUPC/POPC). The calculation error is below 5 kJ mol�1. See Figure S18 for free energy profiles of the individual
translocation subprocesses and convergence of the calculations.
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Figure S16: Free energy profiles for individual subprocesses of the LS peptide translocating through both symmetric and asymmetric POPE/POPG membranes. The full
translocation profile is constructed by aligning and joining the individual subprocesses calculated for the same system, sharing the color. The color scheme is consistent
with that in Figure S13. The first row presents the free energy profiles of peptide insertion, whereas the second row shows the free energy profiles of peptide adsorption.
The columns labeled “N” and “C” correspond to the insertion/adsorption of the peptide’s N-terminus and C-terminus, respectively. Shading depicts the convergence of
the calculation as it corresponds to the difference between the free energy profiles calculated from the initial half and the latter half of the production phase of the
umbrella sampling simulation.

Figure S17: Free energy profiles for individual subprocesses of the LS peptide translocating through both symmetric and asymmetric POPC/DGPC membranes. The full
translocation profile is constructed by aligning and joining the individual subprocesses calculated for the same system, sharing the color. The color scheme is consistent
with that in Figure S14. The first row presents the free energy profiles of peptide insertion, whereas the second row shows the free energy profiles of peptide adsorption.
The columns labeled “N” and “C” correspond to the insertion/adsorption of the peptide’s N-terminus and C-terminus, respectively. Shading depicts the convergence of
the calculation as it corresponds to the difference between the free energy profiles calculated from the initial half and the latter half of the production phase of the
umbrella sampling simulation.
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Figure S18: Free energy profiles for individual subprocesses of the LS peptide translocating through both symmetric and asymmetric POPC/PUPC membranes. The full
translocation profile is constructed by aligning and joining the individual subprocesses calculated for the same system, sharing the color. The color scheme is consistent
with that in Figure S15. The first row presents the free energy profiles of peptide insertion, whereas the second row shows the free energy profiles of peptide adsorption.
The columns labeled “N” and “C” correspond to the insertion/adsorption of the peptide’s N-terminus and C-terminus, respectively. Shading depicts the convergence of
the calculation as it corresponds to the difference between the free energy profiles calculated from the initial half and the latter half of the production phase of the
umbrella sampling simulation.
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Figure S19: Free energy profiles of the LK peptide translocating through symmetric and asymmetric POPE/POPG membranes.
The profiles include those for membranes composed of approximately 290 lipid molecules (normal membrane size, orange) and
for larger membranes composed of roughly 970 lipid molecules (large membrane size, blue). No systematic differences were
observed between the profiles calculated in normal-sized and larger membranes. This suggests that the behavior described in
the main text is not an artifact of the periodic system size.
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Table S5: Free energy differences for key stages in the translocation profiles of the peptides LK and LS across various symmetric
and asymmetric membranes. The displayed free energy values are given relative to the peptide in solution [kJ mol�1]. The error
was estimated to be below 5 kJ mol�1. �⌧AN and �⌧AC represent the free energies of the peptide’s adsorbed states on either
side of the membrane. �⌧IN and �⌧IC denote the maximum free energies when the peptide inserts its N- or C-terminus into
the membrane. �⌧TM corresponds to the peptide’s free energy in its transmembrane state. ��⌧BN and ��⌧BC represent the
translocation barriers when the peptide inserts using its N-terminus (BN) or C-terminus (BC) first. These barriers are computed
by subtracting the adsorbed state’s free energy (�⌧AN for BN and �⌧AC for BC) from the profile’s maximum free energy. A
higher translocation barrier signifies a more difficult translocation. See Figure S20 for graphical explanation of the free energy
values of interest.

peptide membrane �⌧AN �⌧AC �⌧IN �⌧IC �⌧TM ��⌧BN ��⌧BC

LK

POPE �32 �31 134 120 120 166 165
POPG �80 �80 60 50 44 140 140

sym POPE:POPG �66 �66 91 77 74 157 157
asym POPE/POPG �31 �82 114 69 69 145 196
asym POPG/POPE �84 �31 80 98 80 182 129

LS

POPE �45 �46 98 86 83 143 144
POPG �59 �58 76 68 74 135 134

sym POPE:POPG �52 �52 91 82 78 143 143
asym POPE/POPG �43 �59 93 74 74 136 152
asym POPG/POPE �59 �42 85 84 76 144 127

LS

DGPC �41 �41 111 100 100 152 152
POPC �37 �36 85 75 71 122 121

sym POPC:DGPC �39 �40 95 84 82 134 135
asym POPC/DGPC �35 �42 99 87 88 134 141
asym DGPC/POPC �43 �35 97 87 85 140 132

LS

PUPC �30 �30 67 61 59 97 97
POPC �37 �36 85 75 71 122 121

sym POPC:PUPC �31 �30 69 63 61 100 99
asym POPC/PUPC �35 �27 74 70 66 109 101
asym PUPC/POPC �28 �34 78 68 66 106 112
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Figure S20: Free energy profile of the LK peptide translocating through asymmetric POPE/POPG membrane with important
points in the profile highlighted. �⌧AN and �⌧AC represent the free energies of the adsorbed states of the peptide on either
side of the membrane. �⌧IN and �⌧IC denote the free energy maxima when the peptide inserts its N- or C-terminus into the
membrane. �⌧TM represents the free energy of the peptide in its transmembrane state. ��⌧BN and ��⌧BC correspond to the
translocation barriers when the peptide inserts with its N-terminus (BN) or C-terminus (BC) first. The translocation barrier is
determined by the difference between the profile’s free energy maximum and the free energy of the relevant adsorbed state. In
this case, ��⌧BN = �⌧IN � �⌧AN and ��⌧BC = �⌧IN � �⌧AC.

Figure S21: Free energy profiles for individual subprocesses of the LS peptide translocating through both symmetric and
asymmetric POPC membranes. The full translocation profile is constructed by aligning and joining the individual subprocesses
calculated for the same system, sharing the color. The color scheme is consistent with that in Figure 3. The first row presents the
free energy profiles of peptide insertion, whereas the second row shows the free energy profiles of peptide adsorption. The
columns labeled “N” and “C” correspond to the insertion/adsorption of the peptide’s N-terminus and C-terminus, respectively.
Shading depicts the convergence of the calculation as it corresponds to the difference between the free energy profiles calculated
from the initial half and the latter half of the production phase of the umbrella sampling simulation.
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Figure S22: Free energy profiles of POPC lipid translocating through symmetric and asymmetric POPC/DGPC membranes. The
color scheme is consistent with that in Figure 4. Shading is used to illustrate the convergence of the calculation. The width of the
shaded area corresponds to the difference between the free energy profiles calculated from the initial half and the latter half of
the production phase of the umbrella sampling simulation. A more expansive shaded region denotes a greater margin of error.
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