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Abstract

Cell-penetrating and antimicrobial peptides show remarkable ability to translocate across 

physiological membranes. Along with factors such as electric potential induced-perturbations of 

membrane structure and surface tension effects, experiments invoke pore-like membrane 

configurations during the solute transfer process into vesicles and cells. The initiation and 

formation of pores are associated with a non-trivial free energy cost, thus necessitating 

consideration of the factors associated with pore formation and attendant free energetics. Due to 

experimental and modeling challenges related to the long timescales of the translocation process, 

we use umbrella-sampling molecular dynamics simulations with a lipid-density based order 

parameter to investigate membrane pore-formation free energy employing Martini coarse-grained 

models. We investigate structure and thermodynamic features of the pore in 18 lipids spanning a 

range of head-groups, charge states, acyl chain lengths and saturation. We probe the dependence of 

pore-formation barriers on area per lipid, lipid bilayer thickness, membrane bending rigidities in 

three different lipid classes. The pore formation free energy in pure bilayers and peptide 

translocating scenarios are significantly coupled with bilayer thickness. Thicker bilayers require 

more reversible work to create pores. Pore formation free energy is higher in peptide-lipid systems 

relative to the peptide-free lipid systems due to penalties to maintain solvation of charged 

hydrophilic solutes within the membrane environment.
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 1 Introduction

Lipid bilayers are the building blocks used by living organisms to form their cell membrane. 

The lipid bilayers are extremely thin hydrophobic barriers, approximately 2–5 nm thick. 

They include diverse chemistry and have complex structure. The defects and pores within 

lipid bilayers are important but they are transient structures in membrane biology and in 

biotechnology.1–5 Creating a pore in a biomembrane is central to many biological processes 

including apoptosis, membrane fusion, transport of molecules and ions for drug delivery and 

gene therapy.2,6,7 Several physico-chemical methods including a) adding suitable chemical 

agents8 b) changing physical conditions via electroporation,9 osmotic shock,10 temperature 

jump,11 and c) adhesion on porous12 or decorated substrates,12 have been developed to 

increase membrane permeability. Since pores are transient, local, and their sizes are on the 

nanometer scale, 13–15 it is difficult to characterize them experimentally. However, 

molecular simulations can probe the molecular-level details of the mechanism and energetics 

of pore formation in a number of situations.2,15–18

The classic physical model that describes the change in free energy, ΔG to open a circular 

pore of radius r in membrane at constant surface tension, Γ, was proposed simultaneously by 

Litster19 and Taupin.20

(1)

The first term in equation 1 is the free energy cost of having an edge of perimeter length 2πr, 
the circumference of the circular pore, exposed to the surrounding medium. The 

proportionality constant Γl, is the line tension, which has dimension of force. The second 

term contains the surface tension, Γs, and is the gain in free energy achieved by reducing the 

membrane area by an amount πr2. Thus, the formation of a pore of radius, r involves a 

balance between two forces. Optimizing the above expression with respect to radius, r, one 

obtains a critical pore radius, r* = Γl/Γs. The free energy associated with this radius, r* for 

this model is ΔG(r*) = πΓl
2/Γs, which is formally known as activation barrier of the pore 

formation process. Although the above model is simple and has an intuitive interpretation, it 

encounters limitations at small spatial scales. In particular, it ignores nucleation of a 

hydrophilic trans-membrane pore that involves a rearrangement of lipid molecules from an 

orientation parallel to membrane normal to perpendicular. Moreover, the model does not 

take into account microscopic details of the membrane components such as type of head and 

tail groups of lipid molecule, their length, degree of saturation etc.

To explore the free energy landscape of pore formation, the system must be manipulated in a 

more systematic fashion, since it is a rare event.1,3,17 Thus, it is extremely difficult and 

expensive to study the pore formation event using equilibrium atomistic molecular dynamics 

simulation. However, one can change the model and use enhanced sampling techniques to 

accelerate, or bias towards, pore formation; this may involve application of an external 

controlled force to realize the desired event. den Otter and coworkers proposed a method to 

calculate the free energy profile as function of the pore radius, under desired surface tension, 
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and applied it to a coarse grained amphiphilic model for radii ranging from zero up to the 

start of the mesoscopic regime.17,18 In this method, they applied a constraint on the local 

lipid density to maintain pores of fixed sizes and calculate the Helmholtz free energy as a 

function of the pore radius, which is popularly known as potential of mean constraint force 

(PMCF) method.21 Tieleman and co-workers used atomistic models of lipid bilayers along 

with electroporation to enhance the permeability of cellular membrane22,23 by application of 

an electric field across the bilayer. They enhanced the permeability of cellular membranes by 

applying mechanical stress and, increased thermal fluctuations on an atomistic model of 

lipid bilayer by raising temperature.22,23 However, it is difficult to obtain pore formation 

energetics and there is no control over pore structure.

A broad class of peptidic systems termed cell-penetrating peptides (CPPs) continue to offer 

an intriguing opportunity to effect cell-specific internalization of molecular cargo with 

minimal cytotoxicity.24,25 Recent experiments such as x-ray with neutron-reflection,26 solid-

state Nuclear Magnetic Resonance Spectroscopy (NMR),27 optical sectioning and state-of-

the-art single-molecule microscopy,13 and conductance measurements28 explore the 

important interaction between CPPs and lipid phosphates that distorts the membrane 

structure and initiates pore formation. In particular, Wong et al showed that CPPs induce 

negative Gaussian curvature in actin-encapsulated giant vesicles without receptor,29,30 thus 

initiating pore formation to allow CPP translocation. Such experiments suggest that the 

formation of pores (or at the very least, some type of defects) within the membrane may be 

crucial for translocation of CPPs. Membrane-spanning water pores (i.e. aqueous conduits 

across the patch of membrane under scrutiny in the simulation) may perhaps be necessary 

structural elements for CPP translocation via diffusion-like processes.31 In addition to 

experiments, simulation studies provide insights about pore formation during CPP 

translocation. Using the all-atom GROMOS87 force field for peptide, Berger force field for 

lipid and SPC model for water, Huang et al observed an 80kJ/mol reduction in the 

translocation free energy barrier (from bulk water to bilayer center) due to formation of 

pores.16 The authors conclude that a water pore spanning the membrane bilayer can lower 

the free energy barrier relative to the case where only modest water defects (not spanning the 

entire membrane thickness) are possible. Using simulations with the MARTINI coarse 

grained model, we observe that a pore-forming pathway for nona-arginine translocation into 

DPPC lowered the free energy by 90 kJ/mol.15 The presence of a water pore is predicated on 

structural perturbations of the bilayer itself, and thus that study recapitulates a series of 

molecular dynamics studies highlighting the intimate connection between translocation of 

charged peptides in bilayers and some type of structural perturbation at the scales of single 

(or several) lipid molecules.32,33

Acknowledging the work of den Otter and coworkers, we follow a different approach to 

study the free energetics of pore formation. We use umbrella sampling molecular 

simulations and adopt an order parameter (OP) suggested in the work of Tolpekina et 

al.,17,18 constructing it as a collective variable (CV) to sample the system. The umbrella 

sampling technique utilizes a harmonic restraint potential which overcomes the sampling 

issue present in den Otter’s method. We implemented the above OP in PLUMED 2.0 tool 

and it was patched with Gromacs to perform umbrella sampling (US) simulations. We 

describe this method in detail in the next section. In the following section, we discuss results 
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of our potentials of mean force (PMF) for pore formation and translocation of cyclic 

nonaarginine. The important findings and the conclusions of our study are recapitulated in 

the Summary Section.

The aim of this study is to highlight general trends associated with pore formation free 

energetics in model lipid bilayers that span a wide spectrum of headgroup types, chain 

lengths, saturation levels, area per lipid, and tensile properties (i.e. bending rigidities). To 

achieve sampling over sufficiently long time scales, we adopt coarse-grained force fields to 

extract observable trends; we address important caveats related to using coarse-grained 

models at appropriate points in the following discussion. By providing a broad study, we 

consider that a wide audience may be able to take away significant ideas that generally hold.

 2 Methods

 2.1 Simulation Details

We use Molecular Dynamics (MD) simulations to study free energetics and other properties 

related to pore formation in 18 different lipids: DSPC, DHPC, DLPC, DOPC, DOPE, 

DOPG, DOPS, POPC, POPE, POPG, POPS, DPPG, DHPS, DSPS, DLPS, DPPC, DPPE, 

DPPS. We explored the free energy cost for the formation of a simple, model pore inside 

model lipid bilayers along with the translocation of a cationic cell penetrating peptide (CPP), 

cyclic nonaarginine (Arg9) into such bilayers. We also addressed the structural properties of 

bilayers in this study. We present the results clustered into three broad classes based on the 

length, saturation of the hydrocarbon acyl chains and the charge state of the lipid 

headgroups.

The latest release of the non-polarizable Martini coarse-grained (CG) water model (version 

2.2) in combination with the latest non-polarizable Martini lipid and ion model (version 2.0) 

as developed by Marrink et al34–36 were used to simulate interactions among system 

components. The Martini non-polarizable CG model is widely used to simulate 

biomolecular processes such as peptide translocation, vesicle fusion, lipid/surfactant self-

assembly micelle formation, and transmembrane pore formation;15,22,37 as such, we employ 

this force field in order to maintain connection with these previous studies. We acknowledge 

that the newer polarizable Martini CG force field is a possible choice as well, and suggest 

future studies to compare pore formation related thermodynamics and structure in future 

work. The non-polarizable force field is able to characterize peptide-membrane-water-ion 

systems and capture salient structural and energetic aspects of membrane biophysics.32,35,38 

We also mention the BMW-Martini model of Yethiraj and coworkers39,40 which is a 

competent force field for describing CPP systems; future work will address the properties of 

this force field in the context of pore formation thermodynamics. Parameters of lipid 

molecules such as DPPG, DHPS, DSPS, DLPS, DPPS are not available in the default force 

field. We use available head group and acyl chain force field parameters of lipid molecules 

to construct the force field of missing lipid molecules. The detailed set of parameters can be 

found in the Supplementary Information (SI).

All MD simulations were carried out using MPI supported GROMACS software package 

(version 4.6.3), single precision, patched with the latest version of PLUMED2.0. The 
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simulation cell consists of a rectangular box with 256 lipid molecules (128 lipids per leaflet), 

surrounded by 7562 water and 150mM NaCl ions (82 sodium and 82 chloride ions). For the 

anionic lipid system, to keep the system charge neutral, 256 water molecules were 

substituted to sodium ions. Each lipid system was minimized using the steepest descent 

method and then equilibrated via constant particle, pressure and temperature (NPT) 

ensemble molecular dynamics simulations for 500 ns at 1 atm. All the simulations were 

carried out at 350 K for all lipid bilayers, above their liquid to gel phase transition 

temperatures (up to 328 K for DSPC). We used a time step of 20 fs and updated the neighbor 

list every ten steps. The Lennard-Jones (LJ) interactions were calculated by using simple 

spherical cutoff at a distance of 1.2 nm with a smooth switching function of distances 0.9 nm 

and 0.0 nm, respectively. The conditionally convergent long range electrostatic interactions 

was modeled by using PME method with a fourth-order spline and a 0.12 nm grid spacing. 

Since the non-polarizable Martini force field has been parameterized without PME, we 

performed an additional set of simulations using spherical cutoffs at a distance of 1.2 nm 

with a smooth switching function of distances 0.9 nm and 0 nm. The results obtained from 

the additional simulations are presented in SI (Figure S39–S45). The global dielectric 

constant εr = 15 is used for the non-polarizable Martini force fields. To maintain the 

temperature 350 K. we used the velocity rescaling scheme with time constants of τT = 1.0 

ps. We used two temperature coupling groups: water and ions were considered as one, and 

lipids were set as the second group. We use the Parrinello-Rahman coupling scheme with τp 

= 12.0 ps to maintain the pressure of 1 atm for the systems. To keep the bilayer in a 

tensionless state, periodic boundary conditions with a semi-isotropic pressure coupling 

algorithm with a 3.0×10−4 bar−1 compressibility was used. The LINCS algorithm was used 

to apply the bond constraint present in Martini force fields.

Although literature reports suggest concerns about the current generation of Martini force 

field with regard to free energies of pore formation in bilayers, there are several advantages 

of this force field22 such as the efficiency; the Martini model allows us to perform rapid 

calculations for numerically intensive free energy calculation, and it successfully captures 

membrane properties. We stress that this work is aimed at providing a set of pore-formation 

free energies for various lipid types within a single force field as a reference; here we are not 

suggesting any judgment about the quality of the force field for use in studying systems in 

which pore formation occurs.

 2.2 Definition of Transmembrane Pore Order Parameter

An unique definition (from both experimental and theoretical perspectives) of a pore in a 

membrane is in some sense unobtainable, thus necessitating a model of the pore. Here, we 

consider a pore as a cylindrical, hollow channel, with certain radius, spanning the bilayer 

across the two membrane leaflets.41,42 The pore allows free passage of water, ions and other 

components into and out of the membrane. Pore formation entails rearrangement of lipid 

headgroups resulting in a bilayer structure that may be significantly different from the 

unperturbed state. For instance, reorientation of headgroups from being orthogonal to the 

membrane interface to being parallel leads to hydrophilic headgroups lining a pore that can 

allow polar and charged species to translocate across the membrane.
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It is a challenge to observe stable pores in lipids via brute-force molecular dynamics 

simulations. Pore formation is a rare (activated) event.17 Transmembrane pores are transient 

entities as indirectly suggested by experimental results. 1,3–5 Such pores are energetically 

unfavorable (linked to their rare occurrences) and difficult to define by a unique collective 

variable, or order parameter (OP) to control the pore radius in molecular simulations. In this 

study, we adapted the OP suggested in the work of Tolpekina et al.,17,18 constructed as a 

collective variable (CV) for umbrella sampling, and implemented in PLUMED 2.0 tool 

which is patched with Gromacs. The OP is defined as the weighted number density of lipid 

atoms surrounding the pore.

(2)

Here, ξ is the OP, Γ is the weighted number of lipid atoms, and Γξ=0 and Γξ=1 are the 

average weighted number of lipid atoms in the membrane at the equilibrated (no pore) state 

and at the fully-formed pore state with a target restraint radius, R, respectively. The 

weighting function for the lipid atoms is:

(3)

where |Δr⃗(i)| is the lateral distance of the lipid atom to the center of the pore, and Δx(i). Δy(i) 

are the x and y components of this distance, respectively. Since tanh(3.0) ≈ 1, to simplify 

the problem, we used a parameter α as a normalization factor of the defined pore radius R, 

where α = 3.0/R. Γξ=1 is simply the total number of lipid atoms. A harmonic biasing 

potential is used to restrain the OP ξ to a reference value ξref,

(4)

where, Ubias is the biasing potential and k is the force constant. The applied biasing force on 

atom i is:

(5)

Here,  is the position vector of atom i. The three Cartesian components of F(r ⃗i) are:

Hu et al. Page 6

Langmuir. Author manuscript; available in PMC 2016 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(6)

The classical virial contribution from the biasing force is Σ(Fi·ri), which was used to correct 

the total pressure of the system.

 2.3 Umbrella Sampling of Membrane Pore Formation

Umbrella sampling (US) molecular dynamics simulations were carried out to study the pore 

formation free energy of 18 lipids. To obtain the PMFs of membrane pore formation, we 

used an in-house pore-formation collective variable (CV) code implemented into PLUMED 

2.0 source code as the pore OP for lipids (details of this OP is described in above section 

2.2). The OP is defined from equation 2 and 3. Γξ=0 and Γξ=1 are obtained from the average 

weighted number of all the CG lipid atoms. Various experimental and simulation 

studies13,15,43,44 indicate that the size of the trans-membrane pore is on the nanometer scale, 

and the suggested sizes are usually below 3.0 nm. We thus set a sufficiently large pore radius 

of 3.0 nm. Further tests (see Figure S37 in SI) show that pore formation free energy is 

independent of the choices of the ultimate pore radius (R) for this moderate size of 

membrane. For each lipid bilayer system, Γξ=0 is calculated from a 500ns equilibrated 

trajectory, and Γξ=1 is set to the values of total number of CG lipid atoms. We run 21 US 

windows that range from 0.0 to 1.0 at a spacing of 0.05 along this OP. Each window was 

sampled for 300 ns simulation time, starting from same initial unperturbed configuration of 

bilayer. The first 50 ns data for each window was considered as equilibration period and the 

last 250 ns data were used for free energy calculation. To ensure sufficient overlap of 

collective variable (OP) between neighboring windows, we employed an arithmetic 

sequence to assign window force constants. The force constant for the first window 

(OP=0.0) is set to 500 kJ/mol/nm2, and is sequentially incremented by 500 kJ/mol/nm2 for 

the adjacent window moving towards larger OP values. In this way, the force constant for the 

final window is (OP=1.0) 10500 kJ/mol/nm2.

 2.4 Umbrella Sampling of Nonaarginine Translocation

Mechanisms of nonaarginine translocation through lipid bilayers using MD simulations have 

been explored using umbrella sampling methods with defined OPs that are generally coupled 

to the position of the translocating species along the membrane normal. Recent studies have 

addressed the influence of aqueous pores, or defects, on translocation free energetics. This 

leads to the consideration of a pore path and pore-free path where membrane has only water 

defects in the former and no such defects in the latter. The studies suggest a pore path is 

capable of assisting nonaarginine translocation through a lipid bilayer as the free energy 

barrier is less along this path.15,16 In this work, we selected the nonaarginine peptide as 

model peptide to investigate the relation of peptide assisted pore formation free energy and 

inherent pore formation free energy of model bilayers in the absence of solute. We use 

umbrella sampling molecular dynamics simulations to study the translocation of 
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nonaarginine into each lipid bilayer system. We chose the z-dimension distance between the 

centers of mass of the peptide and bilayer as the OP, and we include 61 umbrella sampling 

windows ranging from 0.0 to 6.0 nm at a spacing of 0.1 nm along the chosen OP. We applied 

a harmonic potential with a force constant of 3000 kJ/mol/nm2 to restrain the peptide at each 

window. The initial configuration of pore in the membrane was generated from the method 

in our previous study.15 We gradually grow the peptide into the bilayer system at different 

values of z-position. We sampled each window for 300 ns simulation time, and the first 50 

ns data for each window was again considered as equilibration period and rest 250 ns data 

were used for free energy calculation. The details of the window setup and umbrella 

sampling method have been described in detail in our recent work.15

By checking OP histograms of each simulation window, we ascertained that sufficient 

overlap of OP values between adjacent windows was maintained for both US simulations 

(see histograms in DPPC as an example in Figure S1 and S2 in SI). The weighted histogram 

analysis method (WHAM) was used for postsimulation unbiasing of umbrella sampling data 

in this work.45 The Visual Molecular Dynamics (VMD) package46 was used to monitor the 

simulation, visualization and graphics preparation for this work. The details of the system 

composition for pore formation and nonaarginine translocation are summarized in Table 1.

 3 Result and Discussion

 3.1 Effect of the Transmembrane Pore Formation

 3.1.1 Evolution of a Pore Formation in DPPC System—We begin with discussion 

of critical aspects of the pore formation process within the context of the chosen protocol. To 

understand the relation between pore formation and order parameter ξ under a harmonic 

restraint, we selected the widely studied DPPC model system as an example. We applied the 

harmonic restraint in 21 umbrella sampling windows with a spacing of 0.05 along the order 

parameter ξ. Figure 1 shows the snapshots along the evolution of the transmembrane pore 

along the OP ξ. The effective pore is successfully formed with a toroidal shape. The rim of 

the pore is decorated with the polar headgroups of the lipid molecules, and the hydrocarbon 

tails are shielded within the membrane. Once the pore is created, water and ions can move 

freely across the channel (See the Movie M1 in the SI). To characterize pore evolution along 

the OP ξ in a quantitative manner, we computed the time average density distribution ρ(r, z) 
of membrane atoms along the OP ξ (see Figure 2). We excluded the first 50 ns data which is 

regarded as equilibration period during the calculation. This membrane density distribution 

is further separated into headgroup (containing first 4 beads: NC3, PO4, GL1, GL2) and tail 

group (containing 8 beads: C1A, C2A, C3A, C4A, C1B, C2B, C3B, C4B) density 

distributions and those are shown in Figure S21. All density distributions ρ(r, z) of the upper 

and lower leaflets are symmetric for each window. This is because both leaflets contain 

equal number of atoms and the harmonic restraint is applied to all the lipid atoms of the 

bilayer, so that both leaflets experience almost equal amount of net biasing force. Figure 2 

shows the gradual pore formation OP, ξ evolving from 0.0 to 1.0. When the average order 

parameter value < ξ > is smaller than 0.09, there is insignificant change in the density 

profiles as compared to the unperturbed equilibrated state. At < ξ >=0.13, the membrane 

starts to curve inward, and head- and tail-group densities begin to decrease at the center of 
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the pore (lateral distance r=0 nm). The membrane surface becomes concave at values of < ξ 

> between 0.13 and 0.47, and the upper and lower leaflets gradually coalesce to complete 

formation of the pore. Figure S21 in SI shows the density map of headgroups, which is 

gradually decreasing at the center of the pore, and finally forms two distinct lobes of 

symmetric density distribution around the fully formed pore. The figure further demonstrates 

that the degree of negative curvature of the headgroups at the local region of pore region is 

developed smoothly. Tail-group density shows similar behavior. We also noticed that lipid 

headgroups move toward the interior of the membrane, and they are arranged into 

appropriate manner to adapt to the shape of the pore. The headgroups of both leaflets tend to 

coalesce at the pore region of the bilayer. The density of tail groups also shows similar 

behavior. Specifically, we noticed that the density of lipid tail groups starts decreasing at < ξ 

> = 0.41, indicating that the interactions among tail groups weaken at the pore region. 

Weakening of such interaction facilitates transmembrane channel formation observed at < ξ 

> = 0.47. Water molecules and ions move freely from one side of bilayer to the other. Lipid 

headgroups show similar behavior between 0.41 and 0.47 of < ξ >. Therefore, the values of 

< ξ > between 0.41 and 0.47 are regarded as a critical region of OP for the pore formation. 

Once the value of order parameter, < ξ > reaches the critical region, both head and tail 

groups rearrange and adopt a toroidal-shaped pore as depicted in Figure 1 and Figure 5. The 

pore radius progressively increases to the restrained size as the value of ξ increases. Along 

the pore formation path, we observe an apparent bilayer thinning. The thickness of 

membrane is gradually reduced at the local pore region, which is in agreement with 

experimental results47 and akin to local thinning effects in the context of hydrophobic 

mismatch arguments.48,49

 3.1.2 Potential of Mean Force of a Pore Formation in DPPC System—Pore 

formation PMF as function of ξ for the DPPC system is shown in Figure 3A. We discuss 

characteristic features of Figure 3A. First, the free energy barrier to open a pore of radius of 

3 nm is around 400 kJ/mol. Furthermore, it appears that the PMF is a combination of two 

quadratic functions, separated at a value of ξ=0.53. Such a feature of the pore-formation 

PMF has been reported by den Otter and co-workers using the PMCF method.17,18 However, 

this kink-like change in the PMF does not correlate exactly with the critical pore formation 

point discussed in the previous section. As suggested by the density distributions, the critical 

pore formation < ξ > should be between 0.41 and 0.47. This critical point indicates the 

formation of transmembrane pore or channel. Once the pore is opened up, the free energy 

barrier changes significantly from a steep surface to another quadratic surface. Moreover, we 

tested the sensitivity of free energy profiles on different choices of the pore radius for this 

system. The results are presented in the SI (Figure S37). We found that the free energy 

profiles are insensitive to the size of the pore. Moreover, the size of bilayer patches do not 

alter the PMF profile for pore formation (see Figure S38).

We further noticed that the lateral dimension of bilayer is increased during the pore 

formation. Figure 3B shows the change in average lateral area as a function of the pore 

formation OP, ξ. Two distinct regions are separated around the critical value of the OP, ξ. For 

ξ > 0.46, the lateral change in area linearly varies with the OP, ξ. However, beyond the kink 

position of PMF, the lateral area per lipid drops to a local minimum value, the favorable 
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stable interaction gain resulting from the formation of the initial hydrophilic pore (lined with 

polar groups that are able to interact with the polar non-membrane components in the 

system). Following, the lateral area per lipid increases via polynomial dependence on ξ. The 

free energetic penalty for the expansion of the pore is in part from the elastic resistance of 

the membrane.

We connect the increase of bilayer lateral area to pore size. We assume that the increase in 

bilayer area comes from the circular area of a pore with radius Rnet. Under this assumption, 

we have converted the change in lateral area to the net radius of pore formed inside the 

membrane along the OP ξ for all the trajectories using . Figure S22 shows our 

estimated pore radius as function of ξ. The pore starts to form after ξ < 0.46. The actual size 

of the pore is thus closely approximated as a radius of 1.5 nm. After pore initiation, the net 

radius decreases slightly from 1.5 nm to 1.4 nm, and then the pore radius approaches its final 

value near 3 nm.

Our observed changes in lateral dimensions indicates that a constant area (NPAT) or volume 

(NVT) ensemble may lead to quantitatively different estimates of pore formation free 

energetics. With the growing of the pore, the lipid atoms are removed from the pore region, 

resulting in increase of the system lateral area. However, compared to the results obtained 

from all atom simulations of pore formation of DPPC model system in the NPAT ensemble 

using PMCF method,18 the current CG DPPC model with US sampling method reproduces 

qualitatively similar results. Since the bilayer interfacial tension under constant area 

simulation is artificially larger, the change in free energy would be larger (which is about 

500 kJ/mol) as compared to our result.

 3.1.3 Hysteresis Test of Potential of Mean Force of a Pore Formation in 
DPPC System—To observe hysteresis within the current protocol, we performed an 

additional umbrella sampling MD simulation along the OP, ξ in the reverse direction (from 

pore state to pore-free state). Instead of using the unrestrained equilibrated lipid bilayer, we 

set the final configuration of the previous US trajectory at ξref = 1.00 in DPPC model system 

as the starting structures of all the new US windows. Therefore, we carried out US 

simulation for another 21 simulation windows for about 300 ns. The new PMF is shown in 

Figure S23. The PMFs obtained from unperturbed lipid configuration and the fully opened 

pore starting structure overlap with each other. Thus, we believe that hysteresis is minimal.

To check the activity of pore closure with the CG model, we run 5 replicates of simulations 

starting with a fully-formed transmembrane pore at ξref = 1.0 in the CG DPPC system, and 

then release the harmonic restraint. The CG force field leads to all the tested pores 

spontaneously closing on timescales of the order of 1.5 to 3.5 ns. Pore-closure starts after 

removing the harmonic restraint. The radius of pore is gradually reduced, as the lipid 

molecules move from the pore boundaries to the central region of pore, and the headgroups 

are progressively diffusing out from the pore and reoriented to the membrane normal 

direction. The lateral dimension of the membrane correspondingly reverts to that of the 

unperturbed equilibrated state. Water is gradually expelled from the pore. Headgroups in one 

layer start to lose contact with those in the other as the final pore-closure stage is reached. 
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The density of lipids in the pore region increases gradually, which results in the increase of 

the thickness. Within 3.5 ns, the pore is fully closed, and the lipids in the pore region relax 

back to the normal orientation as in the unperturbed state (See the Movie M2 in the SI). 

Differences in pore closure behaviors between CG and AA force fields (all-atom force fields 

display no pore closure) may be caused by several reasons. First, the diffusive motion in CG 

model is effectively about four times as large as that in all atom models.34 Second, the 

temperature of our systems are comparatively higher. Larger thermal fluctuations of 

membrane allow the lipids to reassemble to the ordered bilayer within a shorter time period.

 3.1.4 Overview of Pore-Formation Free Energetics—To find general relationships 

between free energetics of membrane pore formation and membrane bilayer properties, we 

used 18 different lipids for the analyses. Such analyses highlight the key properties of 

membrane that may be most directly related to the energetics of membrane pore formation. 

In particular, we calculated the membrane properties such as bilayer area per lipid (APL), 
thickness (d), bending rigidity (Kc) for all 18 different lipids from their unrestrained 

equilibrated trajectories. The results are summarized in Table 2. Table 3 shows the properties 

of membrane where the electrostatic interactions are computed by cutoff method. 

Calculation details are given in SI. We found the 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and 1,2-dicaproyl-sn-glycero-3-phospho-L-serine (DHPS) possess the largest and 

smallest area per lipid with the values of 0.743 nm2 and 0.633 nm2 among all of the lipid 

bilayer systems considered. The table also shows that the thickest lipid bilayer system is 1,2-

Distearoyl-sn-glycero-3-phosphocholine (DSPC) with a value of thickness 4.3 nm, and 1,2-

dicaproyl-sn-glycero-3-phosphocholine (DHPC) and DHPS are thinnest (2.4 nm). The 

largest bending rigidity with a value of 15.84×10−20J is obtained for DSPS lipid bilayers, 

and the DHPC lipid bilayers have smallest value of 5.89 ×10−20J.

We consider the pore-formation free energy barrier as the intrinsic pore formation free 

energy, equal to the nucleation free energy, denoted as ΔGnucl. The energetic cost to create a 

3 nm radius pore inside the membrane is denoted ΔG1. We calculated intermediate radii, 

Rnet, of the pore for each configuration of the membrane using the previously described 

method (see Section 3.1.2). We plotted Rnet as a function of ξ in SI Figure S24 for all lipids. 

The figure shows that the value of pore radius at around ξ = 0.925 is similar for all lipids. 

We take the approximate free energy value for pore formation at ξ = 0.925 as ΔG1, 

corresponding to the radius of a fully-formed pore.

Figure S25 in SI shows no compelling correlation of ΔGnucl and ΔG1 with APL. We found 

that both the ΔGnucl and ΔG1 are scattered in the range of 0.63 to 0.75 nm2 of APL values. 

On the contrary, we find that pore formation free energetic barriers are correlated with lipid 

thickness (see Figure 3C and 3D). This could be rationalized by the strong hydrophobic 

interactions in the thick bilayers which have long hydrocarbon acyl chains. Separating 

longer lipids within a bilayer to form a pore requires higher free energy that overcomes the 

lipid-lipid interactions, especially the tail-tail hydrophobic interaction. Furthermore, Figure 

S25 in SI reveals that the pore formation free energy of membrane ΔGnucl and ΔG1 are likely 

associated with the bending rigidity Kc as well. As it is well-known that Kc relates to bilayer 

thickness, 50–52 it is not surprising that we observe Kc to strongly correlate with pore 

formation free energy. For a thicker bilayer, the stronger hydrophobic interaction increases 
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the resistance to membrane shape deformation, and decreases the elasticity of the 

membrane, associated with a large Kc. Higher free energetic penalties are incurred in 

deforming high-KC membranes away from an equilibrium planar membrane, whereas a 

membrane with small bending rigidity demands less free energy penalty. To further explore 

the relationships of headgroup type, charge state, and degree of tail group saturation to pore 

formation, we sorted the 18 lipids into three broad classes. The results are presented in 

section 3.3. We first reiterate salient features of Arg9 peptide translocation into a model 

DPPC bilayer as they relate to the notion of pores in bilayers/membranes.

 3.2 Peptide Translocation

 3.2.1 Peptide Translocation in DPPC Model Bilayer System—We choose a 

widely-used cell penetrating peptide, nonaarginine, as a model pore inducing peptide, and 

the DPPC bilayer system as an example system to discuss underlying peptide translocation 

free energetics via pore formation paths. Recent studies15,16 suggest that by using umbrella 

sampling molecular dynamics simulations with both all atomic and coarse grained force 

fields, the pore-forming path systematically predicts lower free-energy barriers than the 

pore-free paths. Decomposition of PMFs indicates that the membrane contributes a 

dominant stabilization effect on the peptide inside the pore, and the major penalty arises 

from peptide desolvation.15 Further analysis revealed the pore-forming path is entropically 

favorable due to the increase of microstates in the pore configurations as the peptide moves 

toward the bilayer center.

Here, we applied similar protocols as in our previous studies to generate pore-containing 

configurations of a peptide in membrane.15 We calculated PMFs of nonaarginine 

translocation via pore-forming paths at 350 K using the Martini non-polarizable CG force 

field with PME. Figure 4A shows the PMF of nonaarginine translocation into model DPPC 

system along the z distance between the center of mass of peptide and the membrane. The 

value of largest z distance corresponds to the peptide in the bulk solution, and the value of 

zero corresponds to the peptide at center of bilayer. Qualitatively, this PMF retains similar 

features as in our previous studies performed at 323 K.15 The free energy increases 

monotonically as peptide approaches the membrane interface, and proceeds from the 

interface of the membrane to bilayer interior. The characteristic kink in the PMF around 0.4 

nm, as described in our previous study,15 signifies the emergence of a visible transmembrane 

pore (see the configurations in Figure 5). We also noticed that the translocation of a 

nonaarginine through the transmembrane pore is almost barrierless, once the pore is formed 

(see the inset of Figure 4A). However, the kink position and PMF barrier of this result is 

slightly different than the previous result as we used higher temperature in the present study. 

The thermal expansion of membrane reduces the resistance of peptide translocation through 

the membrane. However, the increase of thermal fluctuation of membrane enhances the 

undulations which ultimately lower the stability of the pore structure.

Thus, in general the presence of the nonaarginine peptide at the center of the membrane not 

only induces the pore formation, but also stabilizes the transmembrane pore through the 

strong interaction between headgroups of lipid molecules present inside the pore and the 

Hu et al. Page 12

Langmuir. Author manuscript; available in PMC 2016 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



charged sites of peptide. We also observe that the peptide induced pore stable over the 

simulation period.

 3.2.2 Relation between Peptide Translocation and transmembrane Pore 
Formation in DPPC Model Bilayer System—Figure 5A shows typical snapshots of 

nonaarginine translocation configurations at windows corresponding to the bilayer center, 

inside the bilayer with pore and without pore, water-lipid interface, and bulk water in the 

model DPPC system. Compared with peptide-free systems, pore configurations are similar, 

but membrane deformation is no longer symmetric as the system contains a single peptide 

(see Figure 5B). To extract a relationship between the two free energies (i.e. umbrella 

sampling pore formation and peptide-induced), we calculated the average value of pore OP, 

ξ at each z-distance of the peptide in the induced pore forming system. Figure 4B illustrates 

evolution of the pore formation OP, ξ versus the nonaarginine translocation OP. We used 

same parameters (i.e. Γξ=0 and Γξ=1) for estimating ξ for this calculation. In Figure 4B, the 

OP for the peptide translocation is separated into four distinct regions, similar to the 

nonaarginine translocation PMF. The first region is bulk water from 4.0 to 6.0 nm. The 

corresponding ξ value is zero. No pore is formed in this region, where the membrane is 

unperturbed. The second region is at near-interface region ranging from 3.0 to 4.0 nm. As 

the peptide approaches the membrane, the distances between them come to lie within the 

non-bonded cutoff of the membrane surface. Since the interaction is not strong enough, there 

is no severe deformation of the membrane. The third region ranges from about 0.4 to 3.0 nm, 

where the peptide crosses the interface and moves toward the membrane core. We notice that 

the average value of ξ is gradually increasing but not large compared to the critical value of 

ξ. The membrane is constantly being deformed but there is no pore formation, and the free 

energy barrier for the translocation is increasing in a continuous manner. The fourth region 

is the pore region that ranges between 0.0 to 0.4 nm. When the peptide reaches this region, 

the value of ξ sharply rises, indicating onset of pore formation. The corresponding ξ value at 

the kink is about 0.52, where the z distance between the center of mass of the peptide and 

the membrane is about 0.35 nm. The value of ξ in this region is slightly larger than the value 

of critical pore formation ξ, shown in Figure 4B. The peptide translocation barrier in Figure 

4A is around 201.9 kJ/mol, larger than the nucleation free energy (found in peptide-free 

system, 139.7 kJ/mol). The translocation PMF may be considered as free energy for peptide-

induced (peptide fills the pore along with membrane deformation) pore formation, as 

opposed to pore formation free energy due to membrane deformation and water and ion 

filling the pore in a pure bilayer. The peptide translocation scenario presents transformation 

from a no pore state to a peptide-containing pore state; the peptide acts like the polar water 

and ions in the case of no peptide. The difference is rationalized through a combination of 

factors present in the peptide systems, but it is most likely dominated by the presence of 

peptide interactions with other system components, interactions that are absent in the 

scenario of generating a pore in a pure bilayer. First, in this system, the peptide is not 

symmetrically distributed in the bilayer system, the average structure of the pore state at the 

same ξ is not the same as the peptide-free system. Due to the asymmetrical distribution of 

peptide, one leaflet of the membrane is forced to accommodate the peptide. Thus, the 

density of lipid in the pore is asymmetrically distributed until the peptide reaches bilayer 

center (see Figure 5B). Second, the highly charged nonaarginine peptide is hydrophilic, and 
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the strong interactions of the peptide with the ions, water and membrane headgroups lead to 

a high free energy cost for desolvating the peptide and transferring it to membrane interior. 

These collective effects lead to higher pore formation free energy in the peptide system than 

in the intrinsic pore formation case. Upon pore initiation, the OP ξ varies within a small 

range from 0.52 to 0.55 to accommodate the peptide. This implies that there is insignificant 

change in the pore size during the peptide translocation through the membrane once the pore 

is formed. The free energy of translocation of nonaarginine through membrane pore is 

essentially barrierless. The size of the peptide-induced pore in part depends on the globular 

shape of the peptide. We characterized the globular shape of peptide by calculating its radius 

of gyration. The peptide radius of gyration decreases from bulk water to bilayer core(see 

Figure S26). Once the pore is formed, the size of the peptide is almost constant and does not 

influence pore size.

 3.2.3 Relation between Free Energetics of the Nonaarginine Translocation 
and Pore Formation—The free energetics of peptide translocation from the aqueous 

medium to bilayer center are summarized in Table 2. For anionic lipid systems, the 

positively charged peptide is stabilized by the negatively charged headgroups. We find a 

global PMF minimum at the interface and refer to it as ΔG2. The free energetic change from 

peptide at interface to peptide at bilayer center is termed ΔG3. Figure 6A shows ΔG3 

increases linearly with lipid thickness. In all lipid systems tested, the free energy barriers 

from the global minima to the kink position are considered as pore formation free energies 

ΔGpore. Since the PMF changes very little upon reaching the pore formation region, ΔGpore 

is approximately equal to ΔG3. Figure 6B shows that ΔGpore is also a linear function of the 

lipid thickness, and the slope is almost the same as ΔG3. There is a similar correlation 

between the bending rigidity and ΔGpore, but it decorrelates with area per lipid(see Figure 

S27 in SI). Thus, the linear correlation of the lipid thickness to both the nucleation free 

energy ΔGnucl in peptide-free system and pore formation ΔGpore of nonaarginine implies 

that the formation free energy of pore induced by the nonaarginine is also a function of the 

intrinsic pore formation free energy.

 3.3 Effect of membrane properties on free energy

A lipid molecule is composed of a hydrophilic head group, and a hydrophobic hydrocarbon 

tail groups. In this work, we have studied 18 planar lipid bilayers. To systematically explore 

the transmembrane pore, we made three classifications based on the length, degree of 

saturation of the hydrocarbon tails and the charge state of the lipid headgroups. Several 

lipids fall in multiple classes.

The first class contains lipids with equivalent headgroups and tailgroup saturation states, but 

different tail chain length based on the number of beads in coarse-grained lipid molecular 

constructs. Two subclasses are defined based on the charge state of the lipid headgroups. The 

first subclass consists of lipids with zwitterionic/neutral headgroup–DHPC (8 beads), DLPC 

(10 beads), DPPC (12 beads), DSPC (14 beads), and the second subclass composes of lipids 

with anionic headgroup–DHPS (8 beads), DLPS (10 beads), DPPS (12 beads), DSPS (14 

beads) (note: the number of beads per CG lipid molecule is shown in parentheses).
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The second class is defined as lipids with same headgroups and similar length of tail groups 

but different degrees of saturation state of the hydrocarbon chains. Four subclasses are 

investigated. The first subclass contains lipids with PC headgroup–DPPC, POPC, DOPC, 

second subclass contains lipids with PE headgroup–DPPE, POPE, DOPE, third subclass 

contains lipids with PG headgroup–DPPG, DOPG, POPG, and fourth subclass contains 

lipids with PS headgroup–DPPS, POPS, DOPS.

The third class is defined as lipids with same tail groups but different headgroups. In this 

class we have three subclasses of lipids distinguished by the headgroup type. First subclass 

contains lipids with saturated hydrocarbon tails–DPPC, DPPE, DPPG, DPPS (12 beads): 

second subclass contains lipids with one saturated and one unsaturated tails–POPC, POPE, 

POPG, POPS (13 beads); third subclass contains lipids with both unsaturated tails–DOPC, 

DOPE, DOPG, DOPS (14 beads) (Note: the number of beads per lipid in each subclass is 

labeled in the parentheses).

 3.3.1 Effect of lipid hydrocarbon chain length

 3.3.1.1 3 nm Radius of Pore Formation and Intrinsic Pore Formation Free Energy: 
Figure S28 in SI shows PMFs of class 1 lipids. The left panel shows the subclass of lipids 

with zwitterionic/neutral headgroup, and the right panel shows the lipids with anionic 

headgroups. Increasing length of hydrophobic tail of lipid disfavors pore formation. From 

the PMFs, ΔG1 follows the trend as DHPC < DLPC < DPPC < DSPC for the zwitterionic/

neutral lipids. and DHPS < DLPS < DPPS < DSPS for the anionic lipids.

The intrinsic nucleation free energy, ΔGnucl and the free energy to create a 3 nm radius pore, 

ΔG1 are shown in Table 4. Figure 8 reveals a linear dependence on area per lipid, thickness 

and bending rigidity of the bilayers in the subclasses of class 1. Both ΔGnucl and ΔG1 

increase linearly with increasing thickness of hydrophobic layer. The systems containing PS 

headgroups require higher free energy cost to open a pore in those two subclasses. The 

relative change in free energy (i.e. ΔG (PS) = ΔG(PC) + 50kJ/mol) between PC and PS for a 

fixed chain length is around 50 kJ/mol. We believe such increase in free energy is likely 

associated with increased headgroup region order in PS lipids (see Figure S29 in SI for the 

order parameter of the lipid bond). The bending rigidity of PS bilayer systems is larger than 

the PC systems for a fixed chain length of lipid molecules. Larger bending rigidity resists 

membrane deformation. Recently, Bennett et al.42 demonstrated pore formation in DLPC, 

DMPC and DPPC bilayers by moving phosphate group of a single lipid into the center of the 

bilayer via a lipid flip-flop mechanism. The result qualitatively agrees with our observations. 

The free energetics of pore formation are more unfavorable as the thickness of bilayer 

increases. Since a single lipid is restrained as a solute inside the bilayer, the size of the pore 

was unrestrained in their simulation. However, our study shows that free energy cost to form 

a pore for thicker bilayer is larger as compared to thinner bilayer.

 3.3.1.2 Nonaarginine Induced Pore Formation: Nonaarginine translocation PMF, 

shown in Figure S30 of SI, indicates strong binding with the headgroups of anionic lipids 

through favorable electrostatic interactions between positively charged peptide and 

negatively charged headgroups; the corresponding PMF value is 60 kJ/mol lower as 
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compared to other systems. This agrees with experimental studies showing strong 

association between cationic peptides and anionic lipid membranes.53 The binding affinity 

between peptide and bilayer is quantitatively similar for the lipids containing identical 

headgroups. Bilayer thickness does not alter the value of PMF minimum, but rather 

systematically increases its location with increasing bilayer thickness. Although the anionic 

lipid bilayers bind strongly with nonaarginine peptide at the membrane interface, the barriers 

from the minima to the center of the membrane core are still in the same order of magnitude 

(see the data in Table 4). However, the area per lipid, lipid thickness and bending rigidity are 

correlated with translocation PMFs for identical headgroups in a subclass, which is in 

agreement with the thickness effect as discussed in Section (see Figure 8). Longer 

hydrocarbon chain increases free energetic cost for nonaarginine translocation and pore 

formation. Finally, we also observed there is no minimum in PMF for all neutral lipid 

bilayers, suggesting there is weak binding between cationic peptide and headgroups of 

neutral lipid.

 3.3.2 Effect of saturation level of hydrocarbon chain

 3.3.2.1 3 nm Radius of Pore Formation and Intrinsic Pore Formation Free Energy: 
Depending on the level of unsaturation present in the two acyl chains (i.e. sn-1 and sn-2), we 

consider three different subclasses, 1) all of the bonds present in both acyl chains of a lipid 

are saturated (i.e. DP type) 2) one of the acyl chain of a lipid is unsaturated and another one 

is saturated (i.e. PO type) 3) both of the acyl chains of a lipid are unsaturated (i.e. DO type). 

Lipids in each of the subclasses have identical headgroups, but the degree of tail saturation 

differs. The order of lipid tails decreases with increasing unsaturation, thus it decreases from 

DP to DO type lipids. We next try to make a relationship between intrinsic pore formation 

free energy and the area per lipid for each of the subclasses. Figure S46 in SI shows intrinsic 

pore formation free energy as a function of the area per lipid. The generic trend that we 

observed from this analysis is quite similar with the results that we obtained in class 1. The 

observation is in agreement with our expectation that disorder of lipid chains results in 

increase of area per lipid. However, for an identical headgroup and similar bilayer thickness, 

it implies that the level of saturation does alter the pore formation free energy. We also 

observe that a small change in lipid thickness causes little change in bending rigidity. 

However, there is no influence of bending rigidity or thickness on pore formation free 

energy.

 3.3.2.2 Nonaarginine Induced Pore Formation: Free energy of translocation of 

nonaarginine for the four different subclasses is shown in Table 5 (Figure S33 in SI). There 

is ineffective binding between the charged nonaarginine with the neutral lipid, but strong 

binding affinity to the anionic headgroups. The free energy of binding between peptide and 

lipid is 65 to 67 kJ/mol and 56 to 62 kJ/mol for the PG and PS lipids. The peptide induced 

pore formation free energy does not vary linearly with thickness but rather with APL. This is 

not surprising and it correlates with intrinsic pore formation free energy obtained from 

restrained simulations for pure lipid systems. We find that the cost of free energy for peptide 

translocation into relatively more deformed bilayer is larger as compared to its less deformed 

form, which contradicts with our expectation. However, we notice that (see the Table 5) the 

thicker bilayers lead to an increase in free energy of translocation. Thus, our results suggest 
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that the degree of saturation of acyl chain has little influence on the free energy of peptide 

translocation, but it is primarily influenced by the thickness of bilayer.

 3.3.3 Effect of lipid headgroup

 3.3.3.1 3 nm Radius of Pore Formation and Intrinsic Pore Formation Free Energy: 
The PMFs of lipid systems in class 3 are shown in Figure S34 in SI. The tail groups of the 

lipids are identical but their headgroups are different in this class. The change of thickness 

due to different type of headgroups is trivial for lipids in this class. The results are 

summarized in Table 6. The PMFs follow the trends: PE > PG ≈ PS > PC. We didn’t 

observe a strong correlation of the thickness or bending rigidity to the pore formation free 

energy or nucleation free energy. However, free energies are linear functions of area per lipid 

for lipids in all three subclasses (see Figure S48 in SI) Increase of the area per lipid causes a 

decrease of the pore formation free energy. This is likely associated with the interaction of 

the headgroups. Since the choline is largest of the functional groups present in headgroup 

region, it assists and accommodates expansion of PC bilayers. However, the presence of an 

NH3 group in PE bilayers may not support such expansion. The expansion of the area per 

lipid indicates that those bilayers can easily undergo deformation, and thus it is expected that 

their bending rigidities are relatively small. Table 6 shows values of APL of bilayers in class 

3; these values correlate well with the bending rigidity of bilayers. However, it is important 

to note that unlike for the lipids in class 2, the pore formation free energy cost for lipids in 

this class increases with increase of APL.

 3.3.3.2 Nonaarginine Translocation Induced Pore Formation: The free energy for 

nonaarginine translocation shows the similar behavior to the peptide-free systems (see 

Figure S36 in SI). We found that the translocation free energy is anti-correlated to the area 

per lipid for each of the subclasses, shown in Figure S48 in SI. We further noticed that the 

charge state of the lipid headgroups differentiate the peptide binding events, where there is 

no local minimum at the interface region for all the PC, PE lipids, but for all the PG and PS 

there is a minimum depth around 60 kJ/mol. Although the translocation free energy barrier 

from bulk to the center of the bilayer is relatively smaller in the anionic lipid systems, the 

free energy from the global minimum to the maximum follows similar trend that we 

observed in other systems in other classes. Nonetheless, it has been shown experimentally 

that the cationic peptide can translocate easily through the anionic lipid systems. That might 

result from strong binding interactions between cationic peptide and anionic headgroups of 

the lipid systems that causes an increase of the concentration of the peptide near the 

membrane interface, and increased the probability of peptide uptake into the membrane.54

 3.3.4 Free Energetics of Intrinsic Pore Formation vs Peptide Induced Pore 
Formation—Table 4 summarizes pore formation free energy ΔGpore for the cyclic 

nonaarginine systems where the kink position in PMF corresponds the nucleation free 

energy in the pure lipid systems. The free energy costs for creating a pore inside bilayer 

using nonaarginine peptide is always larger than that obtained directly from restrained 

simulation for pure lipid systems. Figure 8 presents the peptide pore formation free energy 

for the bilayers containing lipid molecules with different tail length, as a function of the 

nucleation free energy for a fixed value of OP ξ. Figure S47 in SI shows that the peptide 
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induced pore formation free energy is a function of the intrinsic pore formation free energy 

for the bilayers containing lipid molecules with different level of unsaturation. We further 

found that PE lipids require highest free energy cost for both nonaarginine translocation and 

the pore formation. The compact structure of the DPPE disfavors peptide translocation and 

the associated pore formation. We found both of the free energies qualitatively correlated to 

each other for class 1 and class 2 bilayers but the class 3 bilayers do not follow such 

correlation. However, the numerical values for peptide induced pore formation are slightly 

higher as compared to intrinsic pore formation free energy. This is possibly because the 

desolvation free energy of the cationic peptide is much higher as compared to free energy 

that causes a disruption of hydrophobic contacts among the lipid tails.

 4 Summary

We delineated pore formation free energies in 18 different lipid bilayer systems partitioned 

into three broad classes based on the length, saturation of hydrocarbon acyl chains and 

charge state of lipid headgroups. We employed two different methodologies: a) restraining 

an OP along the pore forming degrees of freedom in pure lipid systems, and b) inserting a 

cationic peptide into bilayer to induce a pore. Both methods use US simulation protocol 

where size of the pore was restrained in former methodology, whereas the position of the 

peptide was restrained in latter methodology. We investigated the intrinsic pore formation 

free energy, and the cost of free energy to create a pore of 3 nm radius using former 

methodology for each of the systems. We used cyclic nonaarginine to investigate free 

energetics of creating a peptide-induced pore inside the bilayers. We had chosen cyclic 

nonaarginine over other cell penetrating peptides because a) it is one of the most well 

studied and widely used CPP b) it is short and contains positive charge, and c) can 

translocate through membrane with or without molecular cargos.24,55 Both experiment and 

simulation suggest that nonaarginine can induce a transmembrane pore. CPP translocation 

free energy along pore paths is relatively lower than the pore-free pathways.

The findings suggest that thicker bilayers require larger free energy to deform the 

membrane, and create a pore. For bilayers of similar thickness, the free energy barriers were 

further differentiated by the type of the headgroups, and the degree of saturation of the tail 

groups. The pore-formation free energy using peptide is in general higher than restraining 

along pore-formation reaction coordinate. Several factors such as a) absence of pore-size 

control in peptide induced pore formation b) degree of desolvation of cationic peptide, and 

c) size and charge of peptide, influence observed free energy differences. The bending 

rigidity is another major parameter that measures the cost of deformation free energy, and it 

linearly varies with the lipid thickness and structure. Our calculation shows that both of the 

free energies couple to the bending rigidities of the membrane. However, we find strong 

correlation between the change in area per lipid and pore formation free energy for each 

defined class. Importantly, we found that bilayer properties such as APL, thickness, bending 

rigidity are almost independent of the method of handling electrostatic interactions.

In class 1, lipid molecules contain identical headgroups and degree of saturation level, but 

with different overall chain length. We observe a positive correlation between the thickness 

of the bilayer with both free energies. This may be due to the fact that the systems were 
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simulated at high temperature condition. As reported in Marrink’s work, the APL is anti-

correlated with the lipid thickness at a temperature below 338 K, where a longer acyl tail 

gives a smaller lipid area per lipid.34 We simulated our system at 350 K, and found the APL 

shows a positive correlation with the membrane thickness.

For class 2, the bilayers have almost similar thickness but the degree of saturation level of 

the tails are different. We mentioned above that the degree of saturation of the tails increases 

the disorder of the bilayer which as a consequence increases the APL. Here, we found that 

the cost of both free energies are positively correlated to the APL.

For class 3, lipid molecules having identical tail groups, but they have different headgroups 

and the thicknesses of the bilayer changes within a narrow range. The APL of bilayers in 

this class have been changed due to the alteration of the size of the headgroups, which 

further modifies the free energy of pore formation. However, in this class, the cost of free 

energy is anti-correlated with APL. The above negative correlation can be explained by the 

fact that the interspace among lipid molecules present in bilayer increases due to the 

increase of the size of headgroups.

In general, our study reveals that the free energy to form a pore inside a thick bilayer using a 

cationic peptide is relatively high due to the strong interaction between cationic peptide and 

aqueous solvent. Therefore, the desolvation free energy of cationic peptide from bulk to 

bilayer is large, increasing the cost of free energy. The deformation free energy penalty also 

increases as the thickness of bilayers increases, which lowers the probability of peptide 

translocation through bilayer. Thus, it disfavors pore induction. This may be related to force 

field. Marrink and co-workers showed that a disordered toroidal pore can be generated using 

the current generation of all atom force field.56,57 However, because of the time scale 

limitation, it is not known if the observed disordered pores represent a transient phenomena 

during which peptide translocates across the membrane. In a relatively recent work, use of 

big multipole water (BMW) with MARTINI lipid demonstrates that modulation of bilayer 

and CPP structure produces negative Gaussian curvature.39,40 In other word, it induces pore 

formation. Their findings were also in agreement with experiment. Thus, a combination of 

the present protocol with BMW-Martini force field may demonstrate lower pore formation 

free energies; this is a worthy future direction. Studies using BMW-Martini are further 

warranted.

We found the cost of free energy to form a pore using nonaarginine is a linear function of the 

intrinsic nucleation free energy cost. We observed that the magnitude of this free energy 

strongly depends on the thickness and rigidity of the bilayer. We further calculated value of 

pore formation OP, ξ for the membrane-peptide system to compare results obtained by 

restraining OP along pore forming degrees of freedom. Interestingly, we observed that the 

value of peptide induced pore formation free energy is larger as compared to the free energy 

obtained by restraining OP along pore forming degrees of freedom for a fixed OP, ξ. We 

argued that several factors such as lipid thickness, hydration penalty, membrane-peptide 

interaction might involved for the difference between two free energies. Since our peptide is 

highly hydrophilic, hence desolvation free energy penalty is one of the major factor among 

all others. Therefore, the peptide dislikes hydrophobic core of the lipid bilayers, and hence 
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lowering trafficking into the bilayer. However, the cost of pore formation free energy may be 

much lower for the partial or fully hydrophobic peptide, since the peptide-lipid hydrophobic 

interaction would stabilize the overall free energy of the system.

Unlike neutral lipid systems, we observe a strong binding affinity of nonaarginine with the 

anionic system due the strong electrostatic interactions. The probability of translocation of 

those peptide is significantly increased even in dilute solution because they can accumulate 

at the membrane-water interface, and their collective electrostatic effects enhance the 

probability of translocation. However, the barrier for the peptide to escape it from the global 

minimum of PMF for all types of lipids are still on the same order of magnitude.

We believe that this study sheds light on the intrinsic pore formation probability based on the 

composition of the lipid bilayers, and also presents a novel view of pore formation in peptide 

systems. The OP allows one to study the free energetics of pore formation in a convenient 

and accurate way for the membrane systems. This method may also be potentially applied to 

study the pore formation in mixed lipid systems, asymmetric leaflets, and cholesterol, 

surfactant effects and so on to investigate the roles of membrane structures. It may also be 

used to restraint domain formation in a lipid systems.
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Figure 1. 
Snapshots of the evolution of pore formation in DPPC system(top view). The final 

configurations of each of the 20 umbrella sampling windows are shown in the figure. For the 

sake of clarity, water and ions are not shown. Lipid headgroups (containing first 4 beads: 

NC3, PO4, GL1, GL2) are represented as green spheres and tails (contains 8 beads: C1A, 

C2A, C3A, C4A, C1B, C2B, C3B, C4B) are represented as purple lines.
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Figure 2. 
Two dimensional average number density map, ρ(r, z) of DPPC bilayer system for each of 

the 20 umbrella sampling windows are shown in the figure. The calculated average value of 

OP, < ξ > for each window is shown at top of the each panel. The values in the parentheses 

correspond the reference OP for each window. The value, r=0 corresponds the center of the 

pore in the lateral dimension, and z=0 represents the center of the bilayer in z dimension.
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Figure 3. 
(A) PMF of the pore formation for DPPC system. The vertical dash lines show the kink 

position in the PMF at ξ=0.53, and the critical pore formation OP ξ=0.46. (B) Solid line is 

the change in average lateral area per lipid of DPPC system as a function of the OP and dash 

line is the fitted polynomial functions of it. Panels (C) and (D) show the correlation between 

pore formation free energy (ΔG1) and bilayer thickness, and the nucleation free energy 

(ΔGpore) and bilayer thickness.
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Figure 4. 
(A) PMF of nonaarginine translocation into model DPPC bilayers along the z distance from 

bulk water to the center of the bilayer. (B) The corresponding value of average pore order 

parameter, ξ as calculated from all umbrella sampling windows along the peptide 

translocation path is shown. The inset of the figures highlight the region contains the 

transmembrane pore.
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Figure 5. 
Snapshots of the nonaarginine translocation at different locations. From Left to right, the 

configurations correspond the z value of distance between the center of mass of peptide and 

the center of mass of the bilayer restrained at 0.0, 0.3, 0.5, 2.3, and 6.0 nm, respectively. (A) 

top view of the DPPC system at those locations. For the sake of clarity, water, ions and 

peptide are not shown. Lipid headgroups are represented as green spheres and tails are 

represented as purple lines. (B) side view of the corresponding configurations, Lipid tails are 

are not shown in the figure. Lipid headgroups are represented as green spheres and peptide 

Arg9 is represented as blue line, water and ions are represented as red points. Once the pore 

is formed, water and ions move freely into the pore regions.
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Figure 6. 
Panels (A) and (B) are the correlations of bilayer thickness with PMF for transferring 

nonaarginine peptide from global minimum to the center of the bilayer (ΔG3) and to the 

position where nonaarginine induces to form a pore (ΔGpore, kink position in PMF), as 

obtained from 18 different bilayer systems.
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Figure 7. 
Correlation between nonaarginine induced pore formation PMF (ΔGpore) in peptide 

containing bilayer system and intrinsic pore formation PMF (ΔGnucl) as obtained from 

peptide free bilayer system.
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Figure 8. 
Top panel shows the correlation of the PMF (ΔG1) for creating a transmembrane pore of 

3nm radius with the area per lipid, lipid thickness and bending rigidity of the bilayers, fallen 

in class 1. The middle and bottom panels show the same correlation with the intrinsic pore 

formation PMF (ΔGnucl) and nonaarginine induced pore formation PMF (ΔGpore) for the 

same bilayer systems. The purple lines with red circle symbol shows the PS lipids, and the 

green lines with blue square symbol shows the PC lipids.
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Figure 9. 
Correlation between the nonaarginine induced pore formation PMF (ΔGpore) in peptide 

containing bilayer system and intrinsic pore formation PMF (ΔGnucl) for the bilayer systems 

in class 1. The purple lines with red circle symbol shows the PS lipids, and the green lines 

with blue square symbol shows the PC lipids.
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