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ABSTRACT: Transmembrane pores play an important role in various biophysical
processes such as membrane permeation, membrane fusion, and antimicrobial peptide
activity. In principal, all-atom molecular dynamics (MD) simulations provide an accurate
model of pore formation in lipid membranes. However, the free energy landscape of
transmembrane pore formation remains poorly understood, partly because potential of
mean force (PMF) calculations of pore formation strongly depend on the choice of the
reaction coordinate. In this study, we used umbrella sampling to compute PMFs for pore
formation using three different reaction coordinates, namely, (i) a coordinate that steers
the lipids in the lateral direction away from the pore center, (ii) the distance of a single
lipid phosphate group from the membrane center, and (iii) the average water density
inside a membrane-spanning cylinder. Our results show that while the three reaction coordinates efficiently form pores in
membranes, they suffer from strong hysteresis between pore-opening and pore-closing simulations, suggesting that they do not
restrain the systems close to the transition state for pore formation. The two reaction coordinates that act via restraining the
lipids lead to more pronounced hysteresis compared with the coordinate acting on the water molecules. By comparing PMFs
computed from membranes with different numbers of lipids, we observed significant artifacts from the periodic boundary
conditions in small simulation systems. Further analysis suggests that the formation and disruption of a continuous hydrogen-
bonding network across the membrane corresponds to the transition state for pore formation. Our study provides molecular
insights into the critical steps of transmembrane pore formation, and it may guide the development of efficient reaction
coordinates for pore formation.

■ INTRODUCTION
Formation of transmembrane pores is important for many
biophysical processes such as transport of small molecules and
ions, cellular signaling, and membrane fusion.1−6 In addition,
formation of pores provides a mechanism to control cell death,
as employed by T cells and natural killer cells to kill virus-
infected cells.7,8 Drugs derived from antimicrobial peptides act
via pore-mediated pathways.9 Likewise, cell-penetrating pep-
tides may deliver cargos across membranes by forming defects
in the lipid bilayer.10 The mechanisms of antimicrobial and cell-
penetrating peptides are far from fully understood. Thus, a
quantitative understanding of the process of pore formation
and pore closure may contribute to the design and control of
antimicrobial and cell-penetrating peptides.
Experimentally, transmembrane pores have been investigated

in detail using model systems such as vesicles. Pores were
observed under various stress conditions such as surface
tension, temperature, and electrochemical gradients.11−14

Typically, experiments provide estimates of the pore size as
well as rates of pore formation and closure. In parallel,
molecular dynamics (MD) simulations have been used to study
transmembrane pores in molecular detail.15,16 Pores were
formed in silico by applying surface tension17,18 or electrostatic
membrane potentials,17,19−21 by simulating membrane-active
agents such as antimicrobial or cell-penetrating peptides,22−24

or by inserting small charged solutes into the membrane.25,26

Pores were also observed as metastable intermediate structures
during spontaneous aggregation of membranes.27

The mechanism and free-energy landscape of transmem-
brane pore formation are still not understood. Bennett and
Tieleman3 observed water wires prior to spontaneous pore
formation in a thin dilauroylphosphatidylcholine (DLPC)
membrane, but it is unclear whether a similar mechanism
holds for thicker and biologically more relevant membranes.
Decades ago it was suggested that a free energy barrier
separates the open pore from the intact membrane, thus
implying a metastable “prepore” state.13,28,29However, the
existence of such metastable prepore states has remained
controversial.30Likewise, only little understanding of the
structures and energies of the transition state for pore
formation has developed.
In principle, it should be possible to compute the free energy

landscape for pore formation using MD simulations and
enhanced sampling techniques such as umbrella sampling.31

However, umbrella sampling requires the definition of one or
several suitable reaction coordinates, along which the system is
steered and the potentials of mean force (PMFs) are calculated.
Devising such a reaction coordinate is far from trivial.32 In the
context of pore formation, the reaction coordinate should steer
the system from the state of an intact membrane to the state
with an open transmembrane pore. However, this criterion is
not sufficient for a good reaction coordinate. Instead, steering
the system along the reaction coordinate should also allow one
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to restrain the system close to the transition state. With such an
ideal reaction coordinate, free energy calculations may converge
within reasonable simulation time, and the calculations would
not exhibit significant hysteresis between pore-opening and
pore-closing pathways. In contrast, PMF calculations using
suboptimal reaction coordinates face severe limitations: (i) they
converge slowly; (ii) rate-limiting barriers may be integrated
out if the barriers are oriented perpendicular (in phase space)
to the reaction coordinate; and (iii) if the transition state is not
sampled multiple times within a single simulation, such as one
window of an umbrella sampling simulation, it is impossible to
obtain a converged free energy difference between the intact
membrane and the open transmembrane pore. In recent years,
a number of reaction coordinates for pore formation have been
suggested. Steering the simulation systems along these
coordinates was found to efficiently form pores in the
membranes.33−36 However, the convergence of the PMFs
computed along these coordinates have not yet been
systematically compared, and it remains unclear whether the
coordinates are indeed capable of restraining the systems close
to the transition state.
In the present work, we tested the convergence of umbrella

sampling simulations using three suggested reaction coor-
dinates for pore formation: (i) the collective radial coordinate
method proposed by Tolpekina et al.;33 (ii) the distance of a
single phosphate group from the bilayer center, as suggested by
Tieleman and Marrink;36 and (iii) the average water density
inside a membrane-spanning cylinder, as suggested by Mirjalili
and Feig.35 The convergence was quantified by comparing
pore-opening and pore-closing simulations and by analyzing
increasing equilibration times. Our results show that all three
reaction coordinates are suitable for forming pores in
membranes. However, the time scale of convergence of the
PMFs strongly differs among the three methods. In addition,
we observed large hysteresis between pore-opening and pore-
closing simulations. This finding further suggests that these
reaction coordinates do not restrain the system close to the
transition state for pore formation, leading to poor sampling of
the transition state. On the basis of our simulations and
previous ones,3we suggest that the transition state is
characterized by the formation or rupture of a membrane-
spanning continuous water channel. Hence, we suggest that
future efforts should focus on the development of reaction
coordinates that directly probe the presence of a continuous
water hydrogen-bonding network.

■ METHODS

Reaction Coordinates for Pore Formation. In recent
years, three different reaction coordinates have been proposed
for modeling of transmembrane pore formation in MD
simulations. These coordinates are briefly described in the
following.
Reaction Coordinate 1: Collective Radial Coordinate. The

first reaction coordinate we tested was proposed by Tolpekina
et al.,30,33 and we refer to it as the “collective radial coordinate”
ξR. With this coordinate, the transmembrane pore is created by
pushing all of the lipid molecules radially outward (in the xy
plane) from the center of the pore (Figure 1A). The reaction
coordinate is defined as

ξ =
Σ − Σ

− ΣNR
0

0 (1)

in which
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=
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where N is the total number of lipid molecules and ri is the
lateral distance between the center of the pore and the center of
mass of lipid i. The parameter ζ determines the approximate
radius of the fully formed pore, and it was chosen as 1 nm as
suggested by Tolpekina et al.33 Σ0 is the equilibrium value of Σ,
which can be computed by assuming a random distribution of
lipids. The hyperbolic tangent serves as a switch function that
ensures that lipids close to the pore center are pushed more
strongly in the radial direction compared with lipids that are far
away from the pore. The reaction coordinate is normalized such
that ξR = 0 denotes the initial state with no pore and a random
distribution of lipids while ξR ≈ 1 corresponds to a fully
established transmembrane pore.

Reaction Coordinate 2: Distance of One Phosphate Group
from the Bilayer Center. The second reaction coordinate
applied in this study was suggested by Tieleman, Marrink, and
co-workers36 and is defined as the distance of a single lipid
phosphate group from the membrane center, dph (Figure 1B).
This reaction coordinate is mainly motivated by the observation
that pulling a phosphate group to the membrane center triggers
the formation of a water pore, primarily because the charged
phosphate group drags water inside the membrane.

Reaction Coordinate 3: Water Density inside a Mem-
brane-Spanning Cylinder. The third reaction coordinate
considered here is defined as the average water density inside
a membrane-spanning cylinder (Figure 1C), as suggested by
Mirjalili and Feig.35 Accordingly, a cylinder is defined with
radius Rcyl and height Zcyl, with the axis aligned with the bilayer
normal and placed symmetrically at the membrane center. The
coordinate is given by

ρ = Γ V/V V (3)

where V is the volume of the cylinder and ΓV denotes the
number of water molecules inside the cylinder, calculated as
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Figure 1. Illustration of the three reaction coordinates used for free
energy calculation of pores. (A) Collective radial reaction
coordinate.30,33 (B) Distance of a single phosphate group from the
bilayer center.36 (C) Water density inside a membrane-spanning
cylinder.35
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where Nw denotes the total number of water molecules, Ri is
the Cartesian coordinate of water oxygen atom i, and f is an
indicator function that is equal to unity inside and zero outside
the cylinder. To obtain a coordinate that is differentiable with
respect to the water coordinates, f is smoothly switched to zero
at the cylinder boundaries using third-order polynomials.35 For
a cylinder aligned along the z axis, f(Ri) is given by a product of
(i) a function of the radial distance ri from the cylinder axis,
f radial(ri), and (ii) a function of the z coordinate of water i,
faxial(zi). The volume of the cylinder is V = ∫ f(R) dR. It is
important to note that ρV does not correspond to a three-
dimensional density field but instead is a scalar quantity that
gives the number of water molecules inside the cylinder.
Simulation Setup and Parameters. Membrane bilayers

with 64, 128, 256, or 512 dimyristoylphosphatidylcholine
(DMPC) molecules along with water molecules were
constructed. The systems with 64, 128, and 256 lipids were
hydrated with 40 water molecules per lipid, and the system with
512 lipids was hydrated with 48 water molecules per lipid. Each
system was equilibrated until the box dimensions and the
potential energy were fully converged. Parameters from Berger
et al.38 were used for DMPC, and water was modeled with the
SPC model.39 The simulations were performed with the
GROMACS 4.6 simulation software.40 The SETTLE algo-
rithm41 was used to constrain water bonds and angles. All of the
other bonds were constrained using LINCS.42 All of the
simulations were performed at 323 K using a stochastic
dynamics integrator.43 The pressure was controlled at 1 bar
using a semi-isotropic weak coupling scheme (τ = 1 ps).44 Since
the DMPC model did not contain any explicit hydrogen atoms,
a time step of 4 fs was applied. Dispersive interactions and
short-range repulsion were described by a Lennard-Jones
potential with a cutoff at 1 nm. Electrostatic interactions were
calculated using the particle-mesh Ewald method45,46 using a 1
nm real-space cutoff and a Fourier grid spacing of 0.12 nm.
Umbrella Sampling along the Three Different Re-

action Coordinates. PMFs were computed along the three
reaction coordinates using a membrane of 128 lipids. In
addition, in order (i) to test the effect of system size on the
convergence of the PMFs and (ii) to allow direct comparison
with previous studies,30,35,37 additional PMFs using membranes
of 64, 256, and 512 lipids were computed. The umbrella
simulations are summarized in Table 1.
All of the PMFs for opening and closing of transmembrane

pores were computed with umbrella sampling.31 The PMFs
were constructed from the umbrella histograms using the
weighted histogram analysis method (WHAM) as implemented
in the g_wham software.47,48 The umbrella histograms were
visually inspected to ensure sufficient overlap between adjacent
histograms. All of the PMFs were defined to equal zero in the
equilibrium state in the absence of any pore. The reaction
coordinates ξR and ρV were implemented for umbrella sampling
in an in-house modification of GROMACS 4.6.40 Umbrella
sampling simulations along dph were done with the default
version of GROMACS 4.6.
Umbrella Sampling along the Collective Radial Coor-

dinate. In order to test whether hysteresis would affect the
computed PMFs, initial frames for umbrella sampling were
taken from “slow-growth” pore-opening or pore-closing
simulations. Accordingly, starting in the equilibrium state, the
pore was opened by pulling the system along the reaction
coordinate ξR with a harmonic potential (force constant =
50 000 kJ mol−1). The minimum of the harmonic potential was

moved with constant velocity from ξR = 0 at time 0 to ξR = 1 at
100 ns. Subsequently, the pore was closed by steering the
system from ξR = 1 to ξR = 0 within 100 ns. Initial frames for
“pore-opening” or “pore-closing” umbrella sampling simula-
tions (see below) were taken from these opening and closing
slow-growth pulling simulations. The parameter Σ0 was
computed prior to the simulations as Σ0 = ∫ box tanh[ζ

−1((x
− L/2)2 + (y − L/2)2)1/2] dx dy, where the integral was taken
over the membrane area.
PMFs along the collective radial coordinate ξR were

computed for membranes of 512 and 128 DMPC lipids.
Umbrella sampling was performed using 40 umbrella windows
equally spaced between ξR = 0 and ξR = 0.8. An umbrella force
constant of 40 000 kJ mol−1 was used. Each umbrella window
was simulated for 50 or 500 ns for the system with 512 or 128
lipids, respectively.
The water content between pore-opening and pore-closing

PMF calculations was quantified by the number of water
molecules inside a membrane-spanning cylinder, Nwater. Here
Nwater was taken as the function ΓV defined for the water density
reaction coordinate suggested by Mirjalili and Feig35 (see eq 4)
using Rcyl = 0.6 nm and Zcyl = 3.2 nm. Nwater was averaged
within each umbrella simulation (see below). Nwater was
calculated from the 500 ns trajectory for the 128 patch and
from the 50 ns trajectory for the 512 patch. Statistical errors in
Nwater were computed by binning analysis.49

Umbrella Sampling along the Distance of a Phosphate
from the Membrane Center. The PMFs along the reaction
coordinate dph were computed for membranes of 64 and 128
lipids. Initial frames for umbrella sampling were taken from
slow-growth pore-opening or pore-closing simulations that
steered the membrane along the dph coordinate. For the pore-
opening simulation, within 50 ns the center of mass of one
phosphate group was pulled from the equilibrium position (dph
≈ 1.63 nm) to the center of the membrane (dph = 0) using a
harmonic potential on the phosphate moving at constant
velocity (force constant = 3000 kJ mol−1 nm−2). Subsequently,
the state at dph = 0 was equilibrated for 500 ns. Eventually, the
phosphate was pulled out of the membrane within 50 ns. In
addition, to obtain starting configurations for an increased
distance of the phosphate from the membrane center, the same

Table 1. Summary of Umbrella Sampling Simulations of
Pore Formationa

reaction coordinate direction Nlipids Nwin tsim (ns)

ξR pore-opening 128 40 500
ξR pore-closing 128 40 500
ξR pore-opening 512 40 50
ξR pore-closing 512 40 50
dph pore-opening 64 21 500
dph pore-closing 64 21 500
dph pore-opening 128 21 500
dph pore-closing 128 21 1000
ρV pore-opening 128 40 500
ρV pore-closing 128 40 500
ρV pore-opening 256 40 200
ρV pore-closing 256 40 200

aDefinitions: “direction” indicates whether starting frames were taken
from pore-opening or pore-closing simulations; Nlipids is the number of
DMPC lipids; Nwin is the number of umbrella windows; tsim is the
simulation time per window.
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phosphate was pulled up to 0.38 nm toward the bulk water
within 20 ns.
Umbrella sampling was performed using 21 equally spaced

umbrella windows. The phosphate was restrained along the
membrane normal with a harmonic umbrella potential (force
constant = 3000 kJ mol−1 nm−2). Umbrella windows for pore-
closing PMFs with the 128-lipid system were simulated for 1
μs, and all other windows were simulated for 500 ns.
Umbrella Sampling along the Water Density Coordinate.

PMFs along the water density coordinate were computed for
membranes of 256 and 128 lipids. Initial frames for umbrella
sampling were taken from slow-growth pore-opening or pore-
closing simulations that steered the membrane along the ΓV

coordinate. Starting from the equilibrium state, the system was
pulled up to ΓV = 125 within 25 ns using a harmonic potential
along ΓV with a force constant of 5 kJ mol−1. Next, the 256- and
128-lipid systems were restrained in the open-pore state and
equilibrated for 200 and 500 ns, respectively. Subsequently, the
system was pulled back to the equilibrium value of ΓV within 25
ns.
During umbrella sampling, the system was restrained along

ΓV. The membrane-spanning cylinder was defined with Rcyl =
0.6 nm and Zcyl = 3.2 nm. The width of the switching region in
the radial direction was taken as w = 0.2 nm, and the respective
width along z was taken as h = 0.6 nm.35 Forty umbrella
windows were distributed along the reaction coordinate.
Umbrella potentials with a force constant of 5 kJ mol−1 were
applied. Each umbrella simulation was conducted for 200 or
500 ns for the membrane system with 256 or 128 DMPC lipids,

respectively. After the PMF was computed as a function of ΓV,
it was translated into a function of the water density relative to
the density of bulk water, ρV/ρbulk, where ρbulk was taken as 32
water molecules nm−3. Hence, ρV/ρbulk = 0 and ρV/ρbulk = 1
correspond to empty and water-filled cylinders, respectively.

■ RESULTS

In order to test the convergence of the PMFs along the three
reaction coordinates, initial coordinates for umbrella sampling
were taken from either slow-growth pore-opening simulations
or slow-growth pore-closing simulations (see Methods). These
PMFs are in the following called “pore-opening PMFs” or
“pore-closing PMFs”, respectively. Since the PMF is an
equilibrium quantity, it should not depend on the initial
coordinates used for PMF calculations, and consequently, the
calculated pore-opening and pore-closing PMFs should be
identical. In other words, any difference between pore-opening
and pore-closing PMFs is indicative of poor convergence due to
long autocorrelation times and hysteresis.

Collective Radial Reaction Coordinate on Lipids.
Figure 2A,E shows the PMFs calculated using the collective
radial reaction coordinate ξR for membranes of 512 and 128
lipids, respectively.30,33 Umbrella simulations were conducted
for 50 ns for the 512-lipid bilayer (Figure 2A) and for 500 ns
for the 128-lipid bilayer (Figure 2E). Pore-opening PMFs are
shown as dashed lines and pore-closing PMFs as solid lines.
The convergence of the PMFs was further tested by computing
the PMFs from simulation time blocks with increasing
equilibration time, as indicated in the figure legends.

Figure 2. Pore formation using the collective radial reaction coordinate30,33 and a membrane of (A−D) 512 or (E−H) 128 DMPC lipids. (A, E)
PMFs for pore-opening (dashed lines) and pore-closing (solid lines) using an increasing equilibration time in umbrella sampling simulations (color
codes are given in the legends). (B, F) Number of water molecules Nwater in a cylindrical region around the pore as a function of ξR, taken from the
pore-opening (black lines) or pore-closing (red lines) umbrella windows. The Nwater curves demonstrate pronounced hysteresis. Regions with an
open membrane-spanning pore (blue), without a pore (green), and the transition region between (yellow) are indicated by shaded areas. (C, G)
Final umbrella simulation snapshots at ξR ≈ 0.37 taken from pore-opening umbrella simulations exhibiting no open pore. (D, H) Final simulation
snapshots at ξR ≈ 0.37 taken from pore-closing umbrella simulations exhibiting an open pore. These snapshots demonstrate that the pore-opening
and pore-closing simulations sampled different water structures. Lipid tails are visualized as gray sticks, head groups as black spheres, and water atoms
as red spheres.
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The PMFs typically exhibit a quadratic regime at small ξR,
corresponding to the thinning of the intact membrane and, in
other words, bending of the headgroup layer toward the
membrane center. The nucleation of the transmembrane pore
is indicated by a kink in the PMFs. Following pore nucleation,
the pore grows in size with increasing ξR, as reflected by a
reduced slope in the PMF.
We observed pronounced hysteresis between the pore-

opening and pore-closing PMFs. For instance, the pore-
opening PMF computed from the 400−500 ns block of the
128-lipid system (Figure 2E, dashed magenta curve) indicates
pore nucleation at ξR = 0.4 with a nucleation free energy of 115
kJ mol−1. These numbers are qualitatively similar to the results
for a membrane of 512 DPPC lipids under tension reported by
Wohlert et al.,30 who found pore nucleation at ξR ≈ 0.45 and a
nucleation energy of ∼90 kJ mol−1. In discrepancy to the pore-
opening PMF, the corresponding pore-closing PMF suggests
pore nucleation at ξR = 0.3 with a nucleation free energy of only
60 kJ mol−1 (Figure 2E, solid magenta curve). Hence, the
simulations provide only a crude estimate of the nucleation free
energy, as the converged result may be any value between 60
and 115 kJ mol−1. This hysteresis indicates poor convergence of
the PMFs as a result of long autocorrelation times of the pore
nucleation and closing dynamics. Increasing the equilibration
time in steps of 100 ns reduced the hysteresis only slightly,
suggesting that at least microsecond umbrella simulations
would be required to obtain converged PMFs.
To gain structural insight into the mechanisms underlying

the hysteresis, we calculated the number of water molecules,
Nwater, present in a membrane-spanning cylinder centered at the
pore as a function of ξR (see Methods). Nwater was computed
from each umbrella sampling window used for pore-opening

and pore-closing PMF calculations (Figure 2B,F, black and red
curves). In line with the PMFs, the Nwater curves demonstrate
pronounced hysteresis. Indeed, the curves suggest that the
pore-opening and pore-closing simulations sampled similar
conformations only at small or large ξR and highly distinct
conformations at intermediate ξR. This finding was confirmed
by visual inspection of the simulation trajectories (Figure
2C,D,G,H). At ξR ≈ 0.37 during pore-opening simulations,
water penetrates the membrane only partially, either in a
symmetric shape (Figure 2G) or in an asymmetric shape
(Figure 2C), similar to a “hanging droplet” as observed in
simulations of ion permeation across membranes.26,50,51

However, water never spans the entire membrane. In contrast,
at ξR ≈ 0.37 during pore-closing simulations, the simulations
exhibit a fully formed water-filled pore that never closed within
500 ns (Figure 2D/H). Taken together, the pore-opening and
pore-closing simulations sample different regions of phase space
at intermediate ξR, corresponding to (i) an open, fully hydrated
pore (Figure 2B,F, blue area) or (ii) a perturbed membrane
without a fully formed pore (Figure 2B,F, green area). The
simulations do not cross the transition state between these
distinct regions within 500 ns of simulation (Figure 2B,F,
yellow area). In addition, our analysis suggests that the
transition between the open and closed pore would occur
orthogonal (in phase space) to the reaction coordinate ξR,
rationalizing why steering the system along ξR does not guide
the system over the transition state for pore formation.

Distance of a Phosphate from the Bilayer Center, dph.
Figure 3 shows the PMFs calculated using the distance of a
single phosphate group from the bilayer center, dph, as the
reaction coordinate for pore formation.34,36,37 We computed
PMFs for membranes of 64 DMPC lipids as reported by

Figure 3. Pore formation using the distance of a single phosphate group from the membrane center, dph, as the reaction coordinate
36 for a membrane

of (A−D) 64 or (E−G) 128 DMPC lipids. (A, E) PMFs for pore opening and (B, F) for pore closing. Pronounced hysteresis between pore opening
and pore closing is observed for the 128-lipid system. (C, D) Final simulation snapshot of the 64-lipid system at (C) dph = 0 and (D) dph ≈ 1.2 nm
taken from the pore-closing umbrella sampling simulations, demonstrating that the pore closed within 500 ns of umbrella sampling. Lipid tails are
visualized as gray sticks, headgroups as black spheres, and water atoms as red spheres. The lipid with the restrained phosphate group is highlighted in
green. (G) Final snapshot of the 128-lipid membrane at dph ≈ 1.2 nm taken from the pore-closing simulation. The pore did not close even after 1 μs
of umbrella sampling.
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Bennett et al.37 (Figure 3A−D) and for membranes of 128
DMPC lipids to test the effect of the membrane size on the
convergence of the PMFs (Figure 3E−G). The PMFs were
again computed from pore-opening (Figure 3A,E) and pore-
closing simulations (Figure 3B,F), and the convergence of the
PMFs was tested using an increasing equilibration time for
umbrella simulations (color codes are given in the figure
legends). The PMFs exhibit a quadratic regime, corresponding
to the thinning of the intact membrane in the absence of a
transmembrane pore. The plateau regions of the PMFs reflect
states with an open, fully hydrated pore, thereby allowing the
phosphate group to move along the membrane normal without
energetic cost. The kinks in the PMF are again indicative of
pore nucleation.
We found that PMFs for the 64-lipid membranes reported by

Bennett et al.37 converged within 500 ns of simulation time per
umbrella window, as suggested by similar pore-opening and
pore-closing PMFs (Figure 3A,B). Here the pore-opening
PMFs converged in even shorter simulation time compared
with the pore-closing PMFs. Indeed, the pore-opening PMFs
hardly change with increasing equilibration time beyond 100 ns,
whereas the pore-closing PMFs required 450 ns of equilibration
to achieve convergence, suggesting that the dph reaction
coordinate efficiently forms pores but is less efficient in closing
them. Typical final snapshots from pore-closing umbrella
simulations with 64 lipids are shown in Figure 3C,D.
Remarkably, in contrast to the PMFs for the 64-lipid

membranes, the PMFs for the 128-lipid membrane did not
converge within the accessible simulation time. The respective
pore-opening PMFs again hardly changed after 200 ns (Figure
3D). However, the pore-closing PMFs (Figure 3F) are
essentially flat even after 1 μs of umbrella simulations,
demonstrating poor convergence due to drastic hysteresis.
The flat PMFs (Figure 3F) reflect the fact that the pore did not
close in any of the umbrella windows within 1 μs of simulation,
even after the restrained phosphate was steered back to the
equilibrium position (dph = 1.7 nm), because the simulation
replaced the removed phosphate in the pore by other
phosphate groups (Figure 3G). Hence, the simulations do
not provide a justified estimate of the free energy of pore
formation since the converged free energy may take any value
between 0 and 55 kJ mol−1.
Our analysis confirms that steering the system along the dph

coordinate provides an efficient method to create pores in
membranes.34,36,37 However, because of slow relaxation along
orthogonal degrees of freedom involving other phosphate
groups and water, the dph coordinate does not allow for efficient
sampling of the transition state for pore formation, leading to
pronounced hysteresis between pore-opening and pore-closing
simulations.
In addition, the comparison between the 64- and 128-lipid

systems indicates pronounced finite-size effects, as previously
reported in the context of ion permeation.50,52 To further
demonstrate these finite-size effects, we conducted 20 free
simulations of the 64- and 128-lipid systems, starting from an
open pore. Figure 4 presents the number of water molecules
within a 14 Å slab centered at the membrane center as a
function of simulation time. We found that the open pore in
the 64-lipid system contains ∼23 water molecules, whereas the
open pore in the 128-lipid system contains ∼53 water
molecules, confirming that the pore topology strongly depends
on the system size. The pores in the 64-lipid system closed with
an average lifetime of 50 ns (Figure 4A). In contrast, we did not

observe a single pore-closing event in the 128-lipid system
within a total of 10 μs of simulation (Figure 4B), suggesting
that the open pore is a metastable state in the 128-lipid
membrane.13,28,29 In addition, the comparison confirms that the
free energy landscape for pore formation strongly depends on
the membrane size. Apparently, in the 64-lipid system, the
periodic boundaries enforce stark membrane curvature in the
presence of a pore (Figure 3C), thereby destabilizing the pore
state and accelerating the pore-closing kinetics.

Water Density Reaction Coordinate. Figure 5 shows the
PMFs using the reaction coordinate suggested by Mirjalili and
Feig,35 given by the average water density ρV within a
membrane-spanning cylinder. In Figure 5A,D, we normalized
ρV inside the cylinder with respect to the bulk density ρbulk,
such that ρV/ρbulk = 1 corresponds to a fully water-filled
cylinder. To test convergence and the effect of system size,
PMFs were again computed from pore-opening (dashed lines)
and pore-closing (solid lines) simulations using an increasing
equilibration time (color codes are given in the legends) and
membranes of either 128 or 256 lipids (Figure 5A,D,
respectively). Similar to the PMFs presented above, these
PMFs exhibit a quadratic regime reflecting the thinning of the
membrane and partial penetration of water into the membrane
(Figure 5C) as well as flat regions reflecting states with fully
formed transmembrane pores (Figure 5B/E). The steps in
nonconverged pore-closing PMFs originate from single
umbrella windows in which the pores did not close within
simulation time.
For the 128-lipid membrane, the PMFs converged within

∼500 ns, as demonstrated by the nearly identical pore-opening
and pore-closing PMFs. The pore-opening and pore-closing
simulations are also subject to hysteresis, but the hysteresis is
removed within a shorter simulation time compared with the ξR
and dph coordinates considered above. Consequently, steering
the system along ρV is the only method used in this study that
was capable of closing the transmembrane pore within 500 ns
(Figure 5C).
However, the pore-opening PMFs converged with a shorter

equilibration time than the pore-closing PMFs. Hence, the ρV
coordinate, like the dph coordinate, is efficient in forming
transmembrane pores but less efficient for pore closure. Visual

Figure 4. Free simulations of (A) 64 and (B) 128 DMPC lipids,
starting from a state with an open pore. The curves show the number
of water molecules within a 14 Å slab at the membrane center as a
function of simulation time, taken from 20 independent 500 ns
simulations. The analysis demonstrates that the pore topology and the
pore-closing kinetics may be biased by finite-size effects.
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inspection of the trajectories showed that when the system is
steered toward smaller ρV, the pore does not rapidly close.
Instead, the water pore moves laterally, thereby reducing the
number of water molecules inside the predefined membrane-
spanning cylinder.
To test for possible finite-size effects, we further computed

PMFs for a 256-lipid membrane, restricting the umbrella
simulations to 200 ns because of computational limitations
(Figure 5D,E). These PMFs converged on a similar time scale
as for the 128-lipid simulations, suggesting that the free energy
landscapes for pore formation are similar in the 128- and 256-
lipid systems. This analysis further suggests that simulations of
pore formation in the 128-lipid membrane are not significantly
affected by finite-size effects.

■ DISCUSSION

The simulations presented here provide atomistic insight into
the mechanisms involving pore formation. For all the PMFs
discussed above, we consistently observed that the formation
and rupture of a continuous water column is the defining
feature of the transition region. Pore closing involves (i)
breaking of a continuous channel of water, (ii) removal of all of
the water molecules from the membrane center, which (iii)
allows the lipids at the membrane center to reduce the
curvature. Eventually, the lipid headgroups diffuse out from the
center of the bilayer back to the equilibrium headgroup region.
The disruption of a continuous water column involves breaking
of multiple hydrogen bonds between water molecules that

cannot be fully compensated by alternative interactions. Hence,
on the basis of our simulations and previous ones,37 we propose
that the disruption of the continuous water channel is the
critical and energetically expensive event that limits the kinetics
of pore closure. From a computational perspective, this
suggests that accurate calculations of the energy landscape for
pore formation depend on an accurate model of the hydrogen-
bonding network. Hence, it remains to be tested whether
coarse-grained simulations or continuum models, which use
simplified models of water−water interactions, predict different
free energy landscapes for pore formation compared with
atomistic simulations.53,54

An ideal reaction coordinate should be able to keep the
system close to the transition state for pore formation, which
would allow multiple crossings over the transition state within a
single umbrella simulation. Otherwise, it is impossible to obtain
a converged free energy difference between the pore-open and
pore-closed states (i.e., the free energy difference beween the
green and blue areas in Figure 2B,F). Finding such reaction
coordinates is often difficult. Indeed, none of the coordinates
investigated here follow this ideal behavior. Instead, during
umbrella simulations close to the transition state, either
transitions between pore-open and pore-closed states never
occurred or the transition occurred only once, similar to the
sampling problems reported for simulations of membrane
permeation.32,52

The limitations of the reaction coordinates used here are
further apparent from the lack of a barrier between the pore-
open and pore-closed states in the PMFs. In simulations of 128

Figure 5. Pore formation using the water density inside a membrane-spanning cylinder as the reaction coordinate35 and a membrane of (A−C) 128
or (D−F) 256 DMPC lipids. (A) PMFs for pore opening (dashed lines) and pore closing (solid lines) for a membrane of 128 DMPC lipids. (B)
Simulation snapshot taken from the pore-opening umbrella simulation of ρV/ρbulk ≈ 0.8 showing an open pore. (C) Simulation snapshot taken from
the pore-closing umbrella simulation of ρV/ρbulk ≈ 0.65 at 500 ns visualizing the closing of the pore. (D) PMFs for pore opening (dashed lines) and
pore closing (solid lines) for a membrane of 256 DMPC lipids. (E) Simulation snapshot taken from the pore-opening umbrella simulation of ρV/ρbulk
≈ 0.8.
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DMPC lipids, the pore did not close in free simulations with a
total simulation time of 10 μs (Figure 4B), suggesting that pore
closure is associated with a significant free energy barrier.
However, none of the calculated PMFs exhibit a barrier
between the pore-open and pore-closed states. Hence, the
transition state was crossed orthogonal to the three reaction
coordinates tested here, and the barrier was integrated out.
Therefore, future efforts might focus on the development of
reaction coordinates that directly probe the formation and
disruption of a continuous water column. We believe that such
coordinates might be capable of keeping the system closer to
the transition state, thereby allowing more efficient and
accurate free energy calculations of pore formation. In addition,
PMFs along such coordinates may quantify the free energy
barrier associated with pore closure. As soon as better reaction
coordinates are available, additional insight might be obtained
by computing multidimensional free energy landscapes of pore
formation, complementary to the one-dimensional PMFs
considered here.
The PMF calculations along the three reaction coordinates

for pore formation studied here exhibit significant differences in
terms of both the resulting PMFs and the convergence. We
observed that the reaction coordinates acting via perturbation
of lipids suffer from stronger hysteresis and convergence issues
than the coordinate acting on the water molecules. Using the
water density reaction coordinate, in contrast, we achieved
converged PMFs within 500 ns for both pore-opening and
pore-closing simulations. Nevertheless, all three reaction
coordinates suffer from hysteresis due to slow relaxation
along degrees of freedom that are orthogonal to the reaction
coordinate. (i) The collective radial coordinate, ξR, steers the
lipids purely in the radial direction.30 Hence, it does not guide
the lipid headgroups and/or water molecules in and out of the
membrane center, as required for pore formation and closure.
In addition, estimates of the pore nucleation free energy from
the ξR coordinate are larger than the estimates from the other
two coordinates. This may indicate that the ξR coordinate
perturbs the membrane more strongly than is strictly required
for pore formation. We note that these findings may depend
upon the parameter ζ, which we have not tested in this study.
(ii) Steering the distance of a single phosphate group from the
membrane center, dph, efficiently induces pores.34,36,37 How-
ever, it is inefficient for pore closure because the restrained
phosphate can be replaced by other phosphate groups. (iii)
Likewise, the water density coordinate ρV efficiently induces
pores.35 However, instead of closing the pore, the system can
reduce ρV by shifting the intact water pore laterally out of the
cylinder, leading to pore closure with a delay of a few hundred
nanoseconds.
In addition to the influence of the reaction coordinates, we

tested the role of system size in simulations of pore formation.
We found increased rates of pore closure in membranes of 64
lipids compared with membranes of 128 lipids, suggesting that
the barrier for pore closure is reduced by periodic boundary
effects in small systems. These findings may be rationalized by
the strong membrane curvature observed in such simulations
with an open pore. For PMF calculations along the ρV
coordinate, we did not find significant differences between
simulations containing 128 or 256 lipids. Hence, for the
simulations of small water defects considered here, membranes
of 128 lipids might provide a reasonable balance between
accuracy and simulation efficiency.

In this study, we have focused on the PMFs for pore
formation. Since PMFs are an ensemble (or equilibrium)
property, any hysteresis between pore-opening and pore-
closing PMFs indicates a severe sampling problem, presumably
as a consequence of using a poor reaction coordinate. In
contrast, under experimental conditions, pore opening and
closing are typically driven by an external perturbation, such as
a transmembrane potential, which may shift the free energy
minimum between the open and closed states. The pathways
for pore opening and closing under such nonequilibrium
conditions may very well exhibit pronounced hysteresis, as is
common for first-order phase transitions, and the pathways may
depend on the magnitude of the external perturbation. Hence,
in a future study, it will be interesting to compute the influence
of external perturbations on the free energy landscape and to
compare the landscape with the actual pathways of pore
opening and closing.
Finally, we note that the nucleation free energies for DMPC

membranes reported by Bennett et al.37 are slightly smaller
than the values found here, despite the fact that the same force
field was applied. We found that these differences might be
explained by (i) the type of temperature coupling scheme and
(ii) the amount of water present in the simulations (data not
shown). However, these tested parameters had no influence on
the hysteresis, convergence, and finite-size effects observed for
the pore-opening and pore-closing simulations as described
above.

■ CONCLUSIONS

The simulations shown here suggest that the transition state for
pore formation is characterized by the formation and disruption
of a continuous channel of water. We systematically compared
three reaction coordinates for transmembrane pore formation
and found that all three reaction coordinates efficiently form
pores. However, we observed pronounced hysteresis between
pore-opening and pore-closing simulations, as none of the three
reaction coordinates restrain the membranes close to the
transition state for pore formation. We have described the
molecular mechanisms underlying the hysteresis. Hence, our
study provides molecular insight into membrane defects, and it
may guide ongoing efforts for the development of efficient
reaction coordinates for transmembrane pore formation.
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(53) Ting, C. L.; Appelö, D.; Wang, Z.-G Phys. Rev. Lett. 2011, 106,
168101.
(54) Bennett, W. D.; Tieleman, D. P. J. Chem. Theory Comput. 2011,
7, 2981−2988.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.6b00369
J. Chem. Theory Comput. 2016, 12, 3261−3269

3269

http://dx.doi.org/10.1016/j.bbamem.2016.03.006
http://dx.doi.org/10.1021/acs.jctc.6b00369

