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ABSTRACT 

Spontaneous unidirectional, i.e., vectorial, insertion of transmembrane peptides is a fundamental 

biophysical process for toxin and viral actions. Polytheonamide B (pTB) is a potent cytotoxic 

peptide with a β6.3-helical structure. Previous experimental studies revealed that the pTB inserts 

into the membrane in a vectorial fashion and forms a channel with its single molecular length 

long enough to span the membrane. Also, molecular dynamics simulation studies demonstrated 

that the pTB is prefolded in the aqueous solution. These are unique features of pTB since most of 

the peptide toxins form channels through oligomerization of transmembrane helices. Here, we 

performed all-atom molecular dynamics simulations to examine the dynamic mechanism of the 

vectorial insertion of pTB, providing underlying elementary processes of the membrane insertion 

of a prefolded single transmembrane peptide. We find that the insertion of pTB proceeds with 

only the local lateral compression of the membrane in three successive phases: “landing,” 

“penetration,” and “equilibration” phases. The free energy calculations using the replica-

exchange umbrella sampling simulations present an energy cost of 4.3 kcal/mol at the membrane 

surface for the membrane insertion of pTB from bulk water. The trajectories of membrane 

insertion revealed that the insertion process can occur in two possible pathways, namely “trapped” 

and “untrapped” insertions: in some cases, pTB is trapped in the upper leaflet during the 

penetration phase. Our simulations demonstrated the importance of membrane anchoring by the 

hydrophobic N-terminal blocking group in the landing phase, leading to subsequent vectorial 

insertion. 
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STATEMENT OF SIGNIFICANCE 

Polytheonamide B (pTB) is a channel-forming peptide toxin synthesized in bacteria. The peptide 

is hydrophobic with an unusual hydrophobic N-terminal blocking group, while the peptide is 

folded to β-helical structure in an aqueous solution. Spontaneous vectorial insertion of pTB into 

membrane has been demonstrated experimentally, and the mechanism underlying this process is 

examined here using all-atom molecular dynamics simulations and free energy calculations. This 

theoretical study revealed that anchoring by the N-terminal blocking group from aqueous 

solution to the membrane surface is crucial for the subsequent vectorial insertion. These findings 

serve as a framework for understanding the vectorial insertion of other peptides prefolded in 

aqueous solution. 
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INTRODUCTION 

The peptide insertion into the cell membrane is crucial for toxin actions,1 viral infections,2 and 

antimicrobial defense.3 While peptides like β-amyloid,4 α-Synuclein,5 and Influenza A M26 

operate as channels through oligomer formation, other peptides like magainin,7 alamethicin,8 and 

melittin8,9 deform the membrane substantially to form toroidal pores. Having rich hydrophobic 

residues, they are eventually settled in the membrane. However, toward the settlement, these 

peptides encounter a challenging membrane insertion process after approaching the membrane 

surface. Moreover, these peptides are inserted unidirectionally led by the preferred terminal, i.e., 

vectorial insertion, which secures the activity of the relevant peptides in the membrane: wrong 

orientation disrupts peptides’ functionality in the membrane, such as to respond to the membrane 

electric field adequately. So far, studies of spontaneous membrane insertion have been performed 

using synthesized peptides.10–13 Thermodynamic processes of spontaneous membrane insertion 

have been described with sequential processes: unfolded peptide in the bulk aqueous solution 

folds at the membrane interface, followed by membrane insertion.10,12 However, these studies did 

not address the mechanism of vectorial insertion that most native peptides do. 

          Here, we applied the cytotoxic peptide, polytheonamide B (pTB), among other membrane-

targeting peptides to understand the dynamic elementary processes of vectorial insertion. The 48-

residue pTB is a cytotoxin obtained from the marine sponge Theonella swinhoei.14–23 The potent 

cytotoxicity of pTB is related to its channel-forming activity across the target cell membrane by 

spontaneously inserting into the membrane.15,18 The alternate D- and L-amino acids throughout 

the sequence allow the peptide to take a right-handed β6.3-helical conformation, similar to the 

gramicidin A (gA) channel (see Fig. 1a).24 Furthermore, the hydrophobicity of residues decreases 

gradually from the N-terminal to the C-terminal.18 The long and short side chain – side chain 
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hydrogen bond strands outside the pore reinforce the stability of the long β6.3-helix of pTB (see 

Fig. 1a).25  

          Structural features suggest that the pTB vectorially inserts into the membrane led by the 

hydrophobic N-terminal and stays in the membrane stably.18,21,22,26,27 The highly hydrophobic N-

terminal blocking group, 5,5-dimethyl-2-oxo-hexanoyl (Mhe, see Fig. 1a), is thought to anchor 

pTB into the target cell membrane.18 The 40 Å long pTB can readily span the membrane as a 

monomeric channel and allows the permeation of monovalent cations.15,18,21,22 This is a unique 

feature of pTB since most of the peptide toxins form channels through oligomerization of 

transmembrane helices with amphipathic nature. Molecular dynamics simulations have revealed 

that pTB is prefolded in the bulk aqueous solution.23,25 Thus, pTB serves as a peptide showing 

the most straightforward process of the vectorial membrane insertion, and such a simple insertion 

process has not been studied before. Understanding this simple process provides elementary 

clues for more complicated vectorial membrane insertion processes, including hydrophobic 

membrane-spanning segments of membrane proteins. Here, we examine the vectorial insertion of 

pTB, to understand the underlying dynamic elementary processes of the membrane insertion of 

prefolded single transmembrane peptides. 

          Molecular dynamics (MD) simulation is a powerful tool that provides atomistic details for 

understanding the membrane insertion process of various peptides, although its utility is strongly 

dependent on the accessible time scales and the accuracy of the force fields used. In fact, the 

observation of membrane insertion of peptides is rather time-consuming using the conventional 

MD simulations, due to the presence of a finite energy barrier for the insertion. Consequently, 

most of the theoretical and computational studies on the membrane insertion of peptides are 

centered around the free energies of peptide insertion.28–36  
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          The recent developments in the computational efficiency and the underlying force fields of 

MD simulations have made it possible to study the spontaneous membrane insertion of various 

peptides, such as antimicrobial peptides,37–40 thermostable peptides,10–13 pH low-insertion peptide 

(pHLIP),41 first transmembrane α-helix of CXCR4,42 cell-penetrating HIV-1 TAT peptide,43 and 

synthetic WALP and TMX peptides.44–47 The study using the thermostable peptides at a 

temperature of 80 oC reveals that the general pathways taken by membrane-inserting peptides 

consist of three phases: surface adsorption, interfacial folding, and folded transmembrane 

insertion.10,12 The simulations using the α-helix of CXCR4 suggest that both the membrane 

insertion and the preferred orientation of the transmembrane peptides during the insertion are 

determined by competition and cooperation between hydrophobic and electrostatic interactions, 

although successful spontaneous insertion was not observed.42 Despite these studies, the 

mechanism of the vectorial membrane insertion of prefolded single transmembrane peptides at 

room temperature is currently not fully understood. 

          In this study, the membrane insertion of pTB is examined using all-atom MD simulations. 

The free energy profiles of insertion are analyzed using the replica-exchange umbrella sampling 

(REUS) simulations. We find a free energy barrier of 4.3 kcal/mol located at the membrane 

surface for pTB to get inserted into the membrane from bulk water, which is arising from the 

entropic bottleneck. In between the global free energy maximum and minimum, there is a 

“shoulder” region corresponding to the trapping of pTB in the upper leaflet. The Voronoi 

tessellation analysis of the area per lipid (APL) suggests that the insertion of pTB causes only the 

local lateral compression of the membrane. On the other hand, the membrane thickness remained 

almost constant during the insertion because of small “hydrophobic mismatch.”  
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          To clarify the vectorial insertion mechanism, the membrane insertion pathways of pTB are 

investigated in detail using unconstrained MD simulations. Our simulations confirm the 

experimental observation of the spontaneous vectorial insertion of pTB into the membrane, with 

membrane anchoring by the hydrophobic N-terminal blocking group (Mhe).18,20 The overall 

insertion process takes place in three successive phases: “landing,” “penetration,” and 

“equilibration” phases. The individual insertion process can occur in two possible pathways, 

namely “trapped” and “untrapped” insertions, according to whether or not pTB is trapped in the 

upper leaflet during the penetration phase. Being the first theoretical and computational study of 

the vectorial membrane insertion of a β-helical peptide, our results can provide variable insights 

to clarify the membrane insertion mechanism of other vectorially inserting prefolded single 

transmembrane peptides. 

          This paper is organized as follows. Section 2 describes the methods of system preparation 

and the simulation details. In Section 3, we present our simulation results and discuss the results 

using various analyses. Finally, conclusions are given in Section 4. 

METHODS 

In the present study, we examined the insertion of pTB into the POPC bilayer using all-atom MD 

simulations. The POPC bilayer was chosen for this study because of its similarity with the 

DPhPC bilayer used in the experiments of pTB,18,21 and the length of the pTB channel roughly 

matches the thickness of a POPC bilayer. The force field parameters for the natural amino acids 

were taken from the AMBER ff14SB force field.48 The parameters for the non-standard groups in 

pTB (Hva, Tle, Asm, Ham, Mgn, Mil, Mme, and Mhe) were taken from our previous work.23 

The TIP3P model was used for water molecules.49 The POPC bilayer parameters were taken 
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from the Lipid14 force field.50 The ions were modeled using the monovalent ion parameters 

developed by Joung and Cheatham.51 

          All MD simulations were performed at three-dimensional periodic boundary conditions 

using AMBER18 package.52 The bonds involving hydrogen were constrained using the SHAKE 

algorithm,53 enabling a time step of 2 fs. Long-range electrostatic interactions were taken into 

account using the particle mesh Ewald approach54 with a real-space cutoff of 12 Å. For all 

simulations, the Langevin thermostat55 with a collision frequency of γ = 1.0 ps-1 was used to 

maintain the temperature at the relevant experimental temperature of 303 K50, and the isotropic 

Berendsen barostat56 with a pressure relaxation time of τ = 1.0 ps was used to maintain the 

pressure at 1 atm. 

          For the preparation of POPC bilayer, a fully hydrated POPC bilayer having 100 lipid 

molecules in each layer was first constructed using the CHARMM-GUI Membrane Builder.57 

The generated membrane patch had 58 Å thick hydration layer on each side, and 0.15 M CsCl 

salt concentration added to bulk water. The CsCl salt was chosen because of the high ionic 

conductivity of Cs+ ions in the planar lipid bilayer experiments of the pTB channel.18,21 The 

generated POPC bilayer was then undergone an energy minimization for 10000 steps, of which 

the first 5000 steps used the steepest descent method and the remaining steps used the conjugate 

gradient method.58 This was followed by heating from 0 K to 303 K under the NVT conditions 

for 100 ps, and finally an equilibration run at the NPT conditions for 50 ns. The equilibration of 

the system was confirmed by comparing the average APL and membrane thickness, with those 

reported in the previous experimental and simulation studies.50,59 The average APL and 

membrane thickness obtained are 65.6 Å2 and 38.6 Å, respectively. 
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Figure 1: (a) Primary and tertiary structures of pTB, and structure of N-terminal blocking group (Mhe). In the 
primary structure, residues are numbered from the N-terminal to the C-terminal. The amino acid residues 
shown in green, red, and blue are Glycine, D-type, and L-type residues, respectively. There are eight types of 
unnatural amino acids in pTB: β-hydroxyvaline (Hva), tert-leucine (Tle), γ-N-methylasparagine (Asm), γ-N-
methyl-threo-β-hydroxyasparagine (Ham), β-methylglutamine (Mgn), β-methylisoleucine (Mil), β,β-
dimethylmethionine sulphoxide (Mme), and allo-threonine (aTh). The right-handed β6.3-helical backbone of 
pTB is shown as a green ribbon and side chains as thin green stick models. The thick stick models represent 
the side chains of residues involved in the side chain – side chain hydrogen bonds, which are labeled with their 
residue numbers. The black dots indicate hydrogen bonds. (b) A snapshot image of the system under study. In 
the snapshot image, pTB is represented as a magenta ribbon model with Mhe shown as a van der Waals sphere 
model, and the membrane as thin stick models with lipid head and tail groups in light-green and cyan colors, 
respectively. Water and ions are represented as points. The definitions of the reaction coordinate, 𝒓𝒓, and the tilt 
angle, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑, are also indicated in the snapshot image. 

 

          Subsequently, the equilibrium structure of pTB in water, taken from our previous work,23 

was inserted into bulk water. The water molecules that overlap with the inserted pTB molecule 

were then removed. One Cs+ ion was added for neutralizing the net charge of the deprotonated 

C-terminal of pTB. The final system was comprised of one pTB molecule, 200 POPC lipid 
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molecules, 23126 water molecules, 64 Cs+ ions and 63 Cl- ions, resulting in a total of 97032 

atoms. The combined system was then undergone an energy minimization for 10000 steps, of 

which the first 5000 steps used the steepest descent method and the remaining steps used the 

conjugate gradient method.58 This was followed by an equilibration run at the NPT conditions 

for 50 ns. The simulation cell dimensions of the fully equilibrated system were ~ 81 × ∼ 81 × ~ 

146 Å3, and this system was used to initialize the subsequent free energy calculations. A 

snapshot image of the system under study is given in Fig. 1b. In all the simulations in this study, 

almost no deformation from the rectangular shape of the equilibrium system was observed. 

          The one-dimensional potential of mean force (1D-PMF) profile of insertion was calculated 

from the REUS simulations.60,61 The reaction coordinate (RC) is taken to be the distance along 

the membrane normal, between the C atom at the center of the tert-butyl part of the N-terminal 

blocking group (Mhe) and the center of mass (COM) of P atoms of the headgroups in the lower 

leaflet (see Fig. 1b). The bilayer side having the shortest distance from pTB is termed as the 

upper leaflet and the other side is termed as the lower leaflet hereafter. The membrane normal is 

defined as the vector pointing from the COM of upper leaflet to that of lower leaflet. The RC 

was varied from 80 to 0 Å with a window spacing of 1.0 Å, resulting in a total of 81 windows, 

using harmonic biasing potential with a force constant of 1.0 kcal mol−1 Å−2. The replicas for 

individual windows were well equilibrated for 1 µs at the NPT conditions prior to the REUS 

simulations. At each window, the system was undergone 3 µs REUS run at the NPT conditions 

with trajectory data recorded every 10 ps. For better statistics, the RC was recorded every 100 fs 

from the REUS simulations, resulting in a total of 30 million RC values for each window. The 

one-dimensional weighted histogram analysis method (1D-WHAM)62–64 was used to construct 

the 1D-PMF profile from the RC data collected from the REUS simulations. 
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          The two-dimensional potential of mean force (2D-PMF) profile was then constructed from 

the 1D REUS simulation data by introducing 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 as the second RC, using the two-dimensional 

weighted histogram analysis method (2D-WHAM)63,64 where the biasing function for the second 

RC is presumed to have a zero force constant. The 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 is the angle pTB makes with the bilayer 

normal (see Fig. 1b). In this paper, pTB is defined as the vector pointing from the COM of the 

first six Cα atoms at the C-terminal to that at the N-terminal. 

          For observing the vectorial insertion of pTB into the POPC bilayer, we carried out 30 long 

unbiased MD simulations (each for > 1.5 µs) under the NPT conditions from different starting 

points farther than the transition state (TS) at the 1D-PMF profile. The initial configurations for 

the unbiased simulations were taken from the REUS simulations. The unbiased trajectory data 

was recorded every 10 ps. 

          The standard CPPTRAJ analysis routines65 and in-house written scripts were applied for 

the analyses. The Voronoi tessellation of membrane surface was constructed using the 

APL@Voro program.66 All snapshot images and movies from the simulations were generated 

using the Visual Molecular Dynamics (VMD) package.67  

RESULTS AND DISCUSSIONS 

We first discuss the results on the free energy profile of membrane insertion, followed by the 

results on the spontaneous vectorial insertion of pTB into the membrane, and finally the 

footprints of membrane insertion. 

Free Energy Profile of Membrane Insertion 
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Figure 2a shows the 1D-PMF profile of insertion. Standard deviations of the 1D-PMF profile are 

calculated by dividing the simulation data into 6 blocks, using 1D-WHAM to calculate a 1D-

PMF from the data in each block, and then determining the statistical uncertainty from the 

variance of the 1D-PMFs. The pTB moved from 80 to 0 Å along the RC, 𝑟𝑟. The free energy 

change for 𝑟𝑟  varying from 80 to 60 Å is 0.8 kcal/mol (1.3 𝑘𝑘𝐵𝐵𝑇𝑇 , where 𝑘𝑘𝐵𝐵  and 𝑇𝑇  are the 

Boltzmann constant and the temperature of the system, respectively), since the interaction 

between pTB and the membrane is very small. This corresponds to the “free-floating region” 

(𝑟𝑟 ≥ 60 Å) of the 2D-PMF profile shown in Fig. 2b, where the free energy contours along the tilt 

angle are broad, indicating the large orientational freedom of pTB due to the absence of strong 

interactions with the membrane. 

          The free energy shows a gradual increase from 60 Å as pTB moves toward the membrane 

surface (~ 42.5 Å), which corresponds to the “membrane sensing region” (42.5 ≤ 𝑟𝑟 < 60 Å) of 

the 2D-PMF profile. In the membrane sensing region, larger tilt angles are restricted as pTB 

starts to feel the presence of membrane, thereby making the width of the free energy contours 

along the tilt angle bit smaller than those in the free-floating region. The distribution of 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 is 

narrowed in this region due to the asymmetry in the pTB structure, i.e., the hydrophobicity of 

residues decreases gradually from the N-terminal to the C-terminal.18 As a result, the N-terminal 

tends to be closer to the membrane surface than the C-terminal does. It is found that the highly 

hydrophobic N-terminal blocking group (Mhe) anchors the membrane approach of pTB from 

bulk water. 

          This membrane anchoring by Mhe is driven by the unfavorable interactions of the N-

terminal in bulk water, and is important for the vectorial insertion of pTB found in the 

experimental studies.18 The vectorial insertion of peptide, in which the peptide is inserted into the 
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membrane in only one direction, is a result of the feature called the “axial amphipathicity”.18 

Therefore, it is important for the peptide to have membrane anchoring by the preferred terminal 

in order for the vectorial insertion into the membrane, as found in a previous study for the first 

transmembrane α-helix of CXCR4 where the C-terminal is found to anchor the membrane 

insertion process.42 
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Figure 2: (a) One-dimensional free energy profile as a function of the reaction coordinate, 𝒓𝒓 . Standard 
deviations of the free energies are represented by shaded regions. Snapshot images corresponding to the 
transition state, shoulder region, and global minimum are shown in the inset. In the snapshot images, pTB is 
represented as a magenta ribbon model with Mhe shown as a van der Waals sphere model, and the membrane 
as thin stick models with lipid head and tail groups in light-green and cyan colors, respectively. For clarity, 
water and ions are not shown in the snapshot images. (b) Two-dimensional free energy surface as a function of 
the reaction coordinate, 𝒓𝒓, and the tilt angle, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑. 
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          Then, the free energy barrier of 4.3 kcal/mol (~ 7.2 𝑘𝑘𝐵𝐵𝑇𝑇) is found at 42.5 Å, which is the 

TS. The pTB lay on the surface of the upper leaflet with an average tilt angle of 78.6±11.80 at the 

TS (see inset of Fig. 2a). The region below the TS corresponds to the “membrane penetrating 

region” (𝑟𝑟 < 42.5 Å) of the 2D-PMF profile. In the membrane penetrating region, the contours 

become narrow as pTB penetrates into the membrane, which is due to the restricted orientational 

freedom of pTB arising from the strong interactions with the membrane. After crossing the 

barrier, the free energy gradually decreases. It is noted that the membrane penetration of pTB 

occurs specifically with the N-terminal and is driven by the hydrophobic interactions between 

the N-terminal and the tailgroups of the membrane, consistent with the experimental results.18 

          The pTB then reaches a “shoulder region” of 10 Å length from 35 to 25 Å, which 

corresponds to the trapping of pTB in the upper leaflet (see inset of Fig. 2a). Due to the 

asymmetry in the structure of pTB, the shoulder region is stabilized by the hydrophilic 

interactions between the C-terminal and the headgroups, and the hydrophobic interactions 

between the N-terminal and the tailgroups of the upper leaflet. After the shoulder region, the free 

energy decreases steeply and reaches the global minimum at 8.5 Å with a stabilization of -5.8 

kcal/mol relative to the solution phase. At the global free energy minimum, the pTB was fully 

inserted with the N-terminal residing just below the headgroup region of the lower leaflet and the 

C-terminal touching the membrane surface of the upper leaflet (see inset of Fig. 2a), as found in 

our previous work.23 The average 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 value at the global free energy minimum is 16.9±8.10. 

The β6.3-helix of pTB with side chain – side chain hydrogen bond strands outside the pore 

remained intact throughout the insertion process. Finally, the free energy starts to increase again 

as pTB penetrates further from the global minimum toward the headgroup region of the lower 

leaflet. For the previously studied spontaneously inserting peptides, membrane insertion is 
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preceded by interfacial folding of peptides. Therefore, there exists a free energy well at the 

membrane surface due to folding, followed by a free energy barrier for the membrane insertion 

of the folded peptide.10,12,35 On the other hand, pTB is highly hydrophobic and prefolded in the 

solution phase, resulting in a free energy profile different from other peptides. 

          The elastic energy arising from the stretching/compressing of the bilayer area in the upper 

leaflet can be approximated by 1
2
𝐾𝐾𝐴𝐴𝑛𝑛𝐿𝐿𝐴𝐴0 �

𝐴𝐴−𝐴𝐴0
𝐴𝐴0

�
2
, where 𝐴𝐴0, 𝐴𝐴, 𝑛𝑛𝐿𝐿, and 𝐾𝐾𝐴𝐴 are the equilibrium 

APL, deformed APL, number of lipids in each leaflet, and bilayer area compressibility modulus, 

respectively.68 The 𝐾𝐾𝐴𝐴  can be obtained from the equilibrium fluctuations of the APL as  

𝑘𝑘𝐵𝐵𝑇𝑇<𝐴𝐴0>
𝑛𝑛𝐿𝐿<𝛿𝛿𝐴𝐴0

2>
.68,69 The elastic energy contribution from the area deformation of the bilayer is 2.9 

kcal/mol, with 𝐾𝐾𝐴𝐴 having a value of 257.6 mN/m. The calculated 𝐾𝐾𝐴𝐴 value is in good agreement 

with the experimental value.69 Thus, the observed free energy barrier and bilayer area 

deformation energy might be slightly lowered by performing simulations with either NPT 

ensemble with semi-isotropic pressure control or NPγT ensemble.  

          The free energy barrier obtained with POPC bilayer for the membrane insertion of the α-

helical antimicrobial peptide, melittin, is 13.2 kcal/mol,35 while that for a closed and pristine 5 

nm long single-walled carbon nanotube is 4.9 kcal/mol.70 The high free energy barrier associated 

with the membrane insertion of melittin can be seen as a result of the large hydration of melittin 

arising from the presence of multiple charged residues. On the other hand, the small hydration in 

the case of pristine carbon nanotube results in the small free energy barrier for its membrane 

insertion. 
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Figure 3: (a) Free energy (∆G, red), energy (∆E, blue), and entropy (-T∆S, dark-green) as a function of the 
reaction coordinate, 𝒓𝒓. (b) Orientational entropy (-T∆Sor, dark-green) as a function of the reaction coordinate, 
𝒓𝒓. Free energy (∆G, red) is also shown for reference. In both the figures, 𝒓𝒓 = 42.5 Å (transition state) is 
marked with pink dashed lines. 

 

          The average energy (∆𝐸𝐸) and entropy (−𝑇𝑇∆𝑆𝑆) along 𝑟𝑟 are given in Fig. 3a. The average 

energies are calculated from the REUS simulation data using the equation 

< 𝐸𝐸(𝑟𝑟)𝑒𝑒𝛽𝛽𝛽𝛽(𝑟𝑟) > < 𝑒𝑒𝛽𝛽𝛽𝛽(𝑟𝑟) >⁄ , where 𝐸𝐸(𝑟𝑟) and 𝑈𝑈(𝑟𝑟) are respectively the total potential energy of 

the system and the umbrella potential at 𝑟𝑟, 𝛽𝛽 = 1 𝑘𝑘𝐵𝐵𝑇𝑇⁄ , and < ⋯ > denotes ensemble average. 

The total potential energy is defined as 𝐸𝐸 = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 + 𝐸𝐸𝑖𝑖𝑝𝑝𝑛𝑛 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 +

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑖𝑖𝑝𝑝𝑛𝑛 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑖𝑖𝑝𝑝𝑛𝑛 + 𝐸𝐸𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟−𝑖𝑖𝑝𝑝𝑛𝑛 , where the subscripts specify 

the various components of the total potential energy, and these components along 𝑟𝑟 are given in 

Figs. S1-S3 of Supporting Information. The standard deviations of the total potential energy of 

the system are large because of the slow convergence of the total energy and are therefore not 

shown in Fig. 3a. The entropy (−𝑇𝑇∆𝑆𝑆) is evaluated as −𝑇𝑇∆𝑆𝑆 = ∆𝐺𝐺 − ∆𝐸𝐸 − 𝑃𝑃∆𝑉𝑉. It is found that 

the pressure-volume term (𝑃𝑃∆𝑉𝑉) is negligibly small. As seen in Fig. 3a, both the energy and 
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entropic terms are rather flat when 𝑟𝑟 ≥ 46 Å and then they gradually change as pTB moves 

further toward the TS resulting in a barrier (no barrier) in the entropy (energy) profile at 42.5 Å. 

Therefore, it is now clear that the free energy barrier at 42.5 Å arises from the “entropic 

bottleneck” rather than enthalpic term. After crossing the TS, ∆𝐸𝐸 slightly decreases, whereas 

−𝑇𝑇∆𝑆𝑆 is rather flat compared with ∆𝐸𝐸. 

          As seen in Fig. 2b, the restriction of the orientation of pTB with respect to the membrane 

normal, i.e., the restriction of 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝, as 𝑟𝑟 varies from 80 to 0 Å leads to a decrease in orientational 

entropy. The orientational entropy along 𝑟𝑟  can be evaluated by 𝑆𝑆𝑝𝑝𝑟𝑟(𝑟𝑟) =

−𝑘𝑘𝐵𝐵 ∫ 𝜌𝜌�𝑟𝑟,𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝� ln 𝜌𝜌�𝑟𝑟,𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝� sin𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝
𝜋𝜋
0 , where 𝜌𝜌�𝑟𝑟,𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝� is the 2D probability density of 

𝑟𝑟 and 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 .71 This orientational entropic contribution, −𝑇𝑇𝑆𝑆𝑝𝑝𝑟𝑟(𝑟𝑟), to the observed free energy 

barrier is ~ 0.4 kcal/mol as seen in Fig. 3b, which is only 9 % of the total barrier. Note that the 

entropic contribution estimated here is not the overall entropic contribution to the free energy 

barrier, instead the contribution just from the tilt angle of pTB. Even though the calculation of 

individual entropy components is difficult for a complex system like the present system, the loss 

of entropy arising from the change of hydration upon the membrane approach of pTB is 

considered to be responsible for the entropic bottleneck in the free energy profile.  

          The analyses of various energy components given in Figs. S1-S3 of Supporting 

Information led to the following conclusions. The energy change associated with the insertion is 

defined as the change in energy when pTB moves from 80 to 9 Å along 𝑟𝑟 (𝐸𝐸9 Å − 𝐸𝐸80 Å). The N- 

and C-terminals of pTB show fluctuations in bulk water because the surrounding water 

molecules can easily break the backbone hydrogen bonds near the terminals by forming stable 

hydrogen bonds with the backbone atoms, as found in our previous work.23 These fluctuations 
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are largely suppressed in the process of going from bulk water to the hydrophobic core of the 

membrane, resulting in an energy stabilization of -46.9 kcal/mol in 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝. On the other hand, 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  has an energy destabilization of 47.1 kcal/mol in the process, arising from the 

destabilization of the bilayer structure caused by the insertion of pTB. There is a large 

destabilization of 423.3 kcal/mol in 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 as pTB loses its solvation structure in bulk water 

for getting inserted into the membrane. The loss of solvation of pTB by water molecules in bulk 

water, in turn, causes an increase in water-water interactions, resulting in a stabilization of -300.6 

kcal/mol in 𝐸𝐸𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 . When pTB gets fully inserted into the membrane, 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  has a 

stabilization of -360.3 kcal/mol due to the maximization of pTB-membrane interactions. Also, 

there is a gradual decrease in the membrane-water interactions as pTB becomes closer to the 

membrane surface, due to the displacement of many water molecules which are closer to the 

membrane surface by pTB, resulting in a destabilization of 193 kcal/mol in 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 . No 

such significant changes are seen in the remaining energy components 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑖𝑖𝑝𝑝𝑛𝑛 , 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑖𝑖𝑝𝑝𝑛𝑛 , 

𝐸𝐸𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟−𝑖𝑖𝑝𝑝𝑛𝑛, and 𝐸𝐸𝑖𝑖𝑝𝑝𝑛𝑛 as pTB moves from bulk water to the hydrophobic core of the membrane. It 

is now clear that the global free energy minimum is mainly obtained by the stabilization of both 

water-water and pTB-membrane interactions. Therefore, it is found that the stabilization of 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 in going from bulk water to the hydrophobic core of the membrane is 

partially canceled with the destabilization of 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟, giving rise to a 

stabilization of -53.3 kcal/mol in the total potential energy 𝐸𝐸. 

          Also, the free energy increase as pTB further inserts from the global minimum is due to 

the decrease of both pTB-water and membrane-water interactions. As pTB moves to the lower 

leaflet, the number of water molecules in contact with the pTB and the membrane surfaces 
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decreases because the terminals of pTB displace the water molecules near the respective surfaces, 

resulting in the increase of 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 and 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑤𝑤𝑤𝑤𝑝𝑝𝑤𝑤𝑟𝑟 components. 

Spontaneous Vectorial Membrane Insertion 

To reveal the molecular processes in the membrane insertion of pTB behind the free energy 

profile, we carried out 30 long unbiased MD simulations from 𝑟𝑟 > 42.5 Å as described in the 

Methods section. A total of 8 successful spontaneous membrane insertion trajectories are 

obtained out of the 30 tries. In all the unsuccessful trajectories, pTB occasionally attempts to 

penetrate the membrane surface, but never succeeds, and then moves back to the water phase. 

The analyses of the 8 successful insertion trajectories clearly show two distinct insertion 

pathways, which are termed as “trapped” and “untrapped” insertions hereafter (Figs. 4 and 5, 

Videos S1 and S2). In the trapped insertion, the pTB gets trapped in the upper leaflet for several 

hundred nanoseconds (see Fig. 5). The period for which the pTB got trapped in the upper leaflet 

is called the “quiescent period” during the trapped insertion. The quiescent period is in the range 

of ~ 250-450 ns for the 3 trapped trajectories we obtained. On the other hand, there occurs no 

such trapping in the untrapped insertion (see Fig. 4). The remaining 6 insertion trajectories are 

shown in Figs. S4-S9 of Supporting Information. Out of the 8 independent insertion trajectories, 

untrapped insertion occurs for 5 trajectories and trapped insertion occurs for the remaining 3 

trajectories. Therefore, it is conceivable that untrapped insertion is the dominant insertion 

pathway for pTB. 

          Irrespective of the type of insertion pathway, the insertion process can be described by 

three successive phases: “landing,” “penetration,” and “equilibration” phases. As time passes, the 

pTB which is initially placed in bulk water lands on the surface of the upper leaflet, thereby 
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reaching the TS of the 1D-PMF profile. This is the “landing” phase, in which the pTB takes a 

lower tilt angle prior to the membrane “penetration” phase, and its duration is in the range of 0.1-

1.2 µs depending on the trajectory. The penetration phase is followed by an “equilibration” 

phase, in which the pTB embedded membrane system equilibrates. It is noted that the pTB could 

penetrate only till the head/tail interface of the lower leaflet (𝑟𝑟 ≈ 8.5 Å, the global free energy 

minimum) in all the insertion trajectories, as expected from the 1D-PMF profile. 
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Figure 4: Characteristic example of an untrapped insertion of pTB. Time courses of (a) reaction coordinate, 𝒓𝒓 
(dark-green), z-distances of the N- (red) and C- (blue) terminals from the membrane surface of the lower 
leaflet, and (b) tilt angle, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑, during insertion. (c) Mapping of (𝒓𝒓, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑) values on the 2D-PMF profile using 
pink lines. In the top left figure, the transition state (∆𝒛𝒛 = 42.5 Å) and the membrane surface of the lower 
leaflet (∆𝒛𝒛 = 0 Å) are marked by pink dashed lines. Characteristic times 50 and 300 ns are marked with black 
dashed lines. Snapshot images at 0, 50, and 300 ns are also shown. In the snapshot images, pTB is represented 
as a magenta ribbon model with Mhe shown as a van der Waals sphere model, and the membrane as thin stick 
models with lipid head and tail groups in light-green and cyan colors, respectively. For clarity, water and ions 
are not shown in the snapshot images. 
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          The insertion pathways are analyzed below in terms of the time courses of the RC (𝑟𝑟), the 

z-distances of the N- and C-terminals from the membrane surface of the lower leaflet, and the tilt 

angle (𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝). The N- and C-terminals are defined as the COMs of the first six Cα atoms at the 

respective terminals. In addition, the (𝑟𝑟, 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝) values are projected onto the 2D-PMF profile. All 

the insertion trajectories shown in this paper are time-shifted trajectories such that 𝑟𝑟 is at the TS 

(42.5 Å) at 𝑡𝑡 = 0 ns. That means that the time evolution of pTB before finally crossing the TS 

(for 𝑟𝑟 > 42.5 Å), corresponding to the “landing” phase, is not shown in the time-course profiles. 

On the other hand, the (𝑟𝑟, 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝 ) mapping on the 2D-PMF surface is done using the whole 

insertion trajectory (0 ≤ 𝑟𝑟 ≤ 80 Å). 

          First, we examine the untrapped membrane insertion of pTB. A characteristic example of 

an untrapped insertion is shown in Fig. 4. The “penetration” phase starts as pTB begins to 

penetrate the membrane led by the highly hydrophobic N-terminal blocking group (Mhe), with a 

tilt angle of 670 taken during the “landing phase”. The penetration phase is a two-step process: 

the first and second steps represent the initial penetration of ~ 15 Å long region of the upper 

leaflet (~ 25 < 𝑟𝑟 < 42.5 Å) and the subsequent penetration of ~ 20 Å long region until pTB 

reaches the head/tail interface of the lower leaflet (~ 8.5 < 𝑟𝑟 < ~ 25 Å), respectively. As seen in 

Fig. 4a, the pTB completes the first step of the penetration phase in ~ 50 ns when 𝑟𝑟 reaches ~ 25 

Å with a tilt angle of ~ 450. As pTB penetrates deeper into the hydrophobic core of the 

membrane, the tilt angle gradually changes to lower values and reaches a value of ~ 150 when 

pTB is fully inserted into the membrane at 𝑡𝑡 = 300 ns. The duration of the second step of the 

penetration phase is ~ 250 ns in this example. The penetration phase is followed by an 

“equilibration” phase. It is noted that the periods of the three phases strongly depend on the 
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trajectory. Fig. 4c shows that the untrapped insertion process in this example almost follows the 

minimum energy path of the 2D-PMF surface. 

          Next, we examine the trapped membrane insertion of pTB. A characteristic example of a 

trapped insertion of pTB is shown in Fig. 5. After the initial “landing” phase, the pTB starts 

penetrating the membrane led by Mhe with a tilt angle of 730. The Mhe reaches at 𝑟𝑟 = ~ 25 Å in 

~ 220 ns, with a tilt angle of ~ 600, corresponding to the first step of the “penetration” phase. As 

seen in Fig. 5a, the N-terminal was not able to move much from there and stayed there for ~ 400 

ns before penetrating into the lower leaflet, i.e., the pTB got trapped in the upper leaflet for the 

“quiescent period” of ~ 400 ns (see inset of Fig. 5b). The trapping occurs because the C-terminal 

tries to go deep inside the headgroup region of the upper leaflet in the meantime, instead of 

staying near the surface of the upper leaflet as in the case of untrapped insertion trajectories. This 

corresponds to the “shoulder region” of the 1D-PMF profile, and is a result of the stabilization of 

the hydrophilic and hydrophobic interactions between the terminals of pTB and the head-tail 

groups of the upper leaflet. A trapped insertion can be distinguished from the untrapped one by 

the distribution of large tilt angles in the shoulder region, as highlighted in Fig. 5c. 
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Figure 5: Characteristic example of a trapped insertion of pTB. Time courses of (a) reaction coordinate, 𝒓𝒓 
(dark-green), z-distances of the N- (red) and C- (blue) terminals from the membrane surface of the lower 
leaflet, and (b) tilt angle, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑, during insertion. (c) Mapping of (𝒓𝒓, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑) values on the 2D-PMF profile using 
pink lines. In the top left figure, the transition state (∆𝒛𝒛 = 42.5 Å) and the membrane surface of the lower 
leaflet (∆𝒛𝒛 = 0 Å) are marked by pink dashed lines. Characteristic times 220, 620, and 1300 ns are marked 
with black dashed lines. Snapshot images at 0, 420, and 1300 ns are also shown. In the snapshot images, pTB 
is represented as a magenta ribbon model with Mhe shown as a van der Waals sphere model, and the 
membrane as thin stick models with lipid head and tail groups in light-green and cyan colors, respectively. For 
clarity, water and ions are not shown in the snapshot images. The “quiescent period” during the trapped 
insertion is highlighted in the top left figure, and the evolution of (𝒓𝒓, 𝜽𝜽𝒑𝒑𝒑𝒑𝒑𝒑) during the quiescent period is 
marked with a black oval in the bottom figure. 
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          When the C-terminal is closer to the surface of the upper leaflet again, the pTB starts the 

second step of the penetration phase at 𝑡𝑡 = 620 ns with a tilt angle of ~ 600. As seen in Fig. 5a, 

Mhe paves the way for the further penetration of pTB when restarting the insertion after the 

quiescent period. Finally, the pTB gets fully inserted into the membrane at 𝑡𝑡 = 1300 ns with a tilt 

angle of ~ 150. The duration of the second step of the penetration phase is ~ 680 ns. Due to the 

trapping of pTB in the upper leaflet, the penetration phase took much longer time than that of the 

untrapped insertion. This was followed by an “equilibration” phase. Interestingly, the trapped 

insertion process in this example also almost follows the minimum energy path of the 2D-PMF 

surface, as seen in Fig. 5c. 

          The “surface adsorbed” phase seen in the spontaneous insertion of thermostable 

peptides10,12, resulting from the interfacial folding, is not observed in the case of pTB because the 

peptide is prefolded in the aqueous solution and the N-terminal is highly hydrophobic. That’s the 

reason the 1D-PMF profile has the TS at the membrane surface instead of a free energy well. For 

the highly hydrophobic N-terminal of pTB, staying inside the hydrophobic core of the membrane 

is energetically more favorable than staying at the surface. To maximize the interaction of pTB 

with the membrane, the N-terminal stays at the head/tail interface of the lower leaflet while the 

C-terminal stays at the surface of the upper leaflet in the fully membrane inserted state. Note that 

the trapped state found in the insertion of pTB is not a surface adsorbed phase as the N-terminal 

is already buried inside the hydrophobic core of the upper leaflet. 

          Different from the membrane insertion of pTB, the penetration phase is followed by a 

“sliding” phase in the insertion pathway for the membrane insertion of carbon nanotubes.70 The 

sliding phase, where the carbon nanotube slides along its axis deeper into the hydrophobic core 

of the membrane, is due to the lack of strong interactions of the rather hydrophobic carbon 
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nanotube with the hydrophilic headgroups of the membrane. On the other hand, the membrane 

insertion of pTB is a result of the strong interactions of pTB with both the head and tail groups of 

the membrane, arising from the structural asymmetry of pTB. As a result, the sliding phase is not 

observed in the insertion of pTB.  

          In both trapped and untrapped insertions, the pore of pTB allows the water molecules to 

permeate through the channel in a single-file fashion, as found in our previous study.23 It is found 

that the water column inside the pTB is carried during the membrane penetration process, and is 

connected to bulk water from the C-terminal side as the penetration occurs with the N-terminal 

side. Once the pTB is fully inserted into the membrane, the water column near the N-terminal 

side also connects to bulk water from the other side. A similar mechanism was recently reported 

for the gramicidin A (gA) dimerization process to form the gA channel inside the membrane.72 

The water columns inside the two gA monomers join at the membrane center and connect to bulk 

water from the other two terminals during the channel formation process. 

Footprints of Membrane Insertion 
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Figure 6: (a) Area per lipid (APL) and (b) membrane thickness for neighboring (red) and non-neighboring 
(blue) lipids as a function of the reaction coordinate, 𝒓𝒓. Standard deviations are shown as error bars. The 
equilibrium values before the insertion of pTB are marked with dark-green dashed lines. In the figures, 𝒓𝒓 = 
42.5 Å (transition state) is indicated with pink dashed lines. 

 

To characterize the perturbation of the bilayer during the insertion of pTB, we examined the 

average APL and membrane thickness for 𝑟𝑟 = 45, 42.5, 40, 30, 20, and 10 Å at their most 

probable angles, using the REUS simulation data. We first analyzed the Voronoi cells associated 

with the APL of lipids in the upper leaflet. The surface of the upper leaflet is chosen for the 

Voronoi analysis because the pTB did not cross the head/tail interface of the lower leaflet during 

insertion. The Voronoi polyhedra are constructed using the P atoms of lipid headgroups in the 

upper leaflet. The equilibrium APL and membrane thickness before the insertion are 65.6 Å2 and 

38.6 Å, respectively. The average APL and thickness of “neighboring” and “non-neighboring” 

lipids at characteristic 𝑟𝑟 values are shown in Fig. 6. Lipids in the first lipid shell around pTB are 

referred to as “neighboring” lipids and the rest as “non-neighboring” lipids. The Voronoi 

tessellations of the membrane surface at characteristic 𝑟𝑟 values are shown in Fig. 7. 
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Figure 7: Voronoi cells associated with the area per lipid (APL) of lipids in the upper leaflet at 𝒓𝒓 = 42.5, 40, 
30, 20, and 10 Å. White areas in Voronoi diagrams correspond to the area occupied by pTB. 

  

          As seen in Fig. 6, both the APL and thickness of non-neighboring lipids, irrespective of 𝑟𝑟, 

remained close to the equilibrium value. The pTB is not present on the surface of the upper 

leaflet even at 𝑟𝑟 = 45 Å and starts to touch the surface from the TS onwards. As a result, the APL 

of neighboring lipids from 𝑟𝑟 = 42.5 Å onwards, decreases by ~ 35 % from the equilibrium value. 

The observed changes in the neighborhood of pTB during the insertion are because of the fact 

that the neighboring lipids need to make some spatial adjustments in order to occupy the inserted 

pTB channel. Interestingly, the APL even at the second lipid shell around pTB remained close to 

the equilibrium value, as seen in Fig. 7. The present result shows that the insertion of pTB causes 

only the local lateral compression of the membrane and proceeds as “nanoneedle” like one 

proposed in the penetration of the carbon nanotube into the membrane.73 On the other hand, the 

thickness at neighboring lipids slightly increases by ~ 5 % from the equilibrium value. It has 
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been well-known that the gramicidin A channel has significant “hydrophobic mismatch,” i.e., the 

difference between the lipid hydrophobic thickness and the peptide hydrophobic length.74–77 In 

contrast, the hydrophobic mismatch is small for the pTB channel inside the POPC bilayer, 

leading to smaller bilayer distortions in thickness due to insertion. 

CONCLUSIONS 

The membrane insertion process of pTB is explored in detail using all-atom MD simulations. 

Our simulations show that the β6.3-helix of pTB remained stable throughout the insertion process. 

The free energy calculations using the REUS simulations show that there is a small barrier of 4.3 

kcal/mol located at the membrane surface for the membrane insertion of pTB from bulk water. 

Dissecting the free energy into enthalpic and entropic components reveals that the observed free 

energy barrier arises from the entropic bottleneck. Hence, it is considered that the free energy 

barrier for insertion becomes smaller when the temperature is lowered, which seems helpful for 

pTB to work well in low-temperature environments. Accordingly, it would be of interest to 

investigate the temperature dependence of the membrane insertion of pTB. The “shoulder” 

region in between the global free energy maximum and minimum corresponds to the trapping of 

pTB in the upper leaflet. The Voronoi cells associated with the APL suggest that the insertion of 

pTB proceeds with only the local lateral compression of the membrane. The small “hydrophobic 

mismatch” in the case of pTB helped the membrane thickness to remain almost constant during 

the insertion. 

          To elucidate the underlying mechanism of the vectorial membrane insertion of pTB, we 

performed multiple unbiased MD simulations. Our results reinforce the experimental observation 

of the spontaneous vectorial insertion of pTB into the membrane, led by the hydrophobic N-
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terminal.18 The spontaneous membrane insertion of pTB occurs in three consecutive phases: 

“landing,” “penetration,” and “equilibration” phases. Furthermore, our simulations reveal the 

presence of “trapped” and “untrapped” insertions, depending on whether or not pTB is trapped in 

the upper leaflet during the penetration phase, behind the free energy profile. 

          It has been known that molecular processes, such as chemical reactions, proceed in 

multiple pathways having fluctuating reaction rates at the single-molecule level, reflecting the 

existence of different local environments and a wide range of time scales for various fluctuations, 

i.e., static and dynamic disorders, in condensed phase systems including biomolecules.78–81 The 

various trapped and untrapped trajectories found in the present study are manifestations of these 

disorders in the membrane insertion of pTB. 

          The present study is the first theoretical and computational study of the vectorial 

membrane insertion of a β-helical peptide, and provides useful insights to understand the 

vectorial insertion mechanism of other spontaneously inserting prefolded single transmembrane 

peptides. Our results on the vectorial insertion of pTB, where the membrane insertion of pTB 

from bulk water is anchored by the highly hydrophobic N-terminal blocking group (Mhe), 

further emphasize the significance of membrane anchoring for the vectorial insertion of 

transmembrane peptides. Since recently there have been several studies on the total 

synthesis20,82,83 and the biomimetic synthesis84,85 of pTB, understanding of the asymmetric 

structural features and vectorial membrane insertion of pTB can help in the de novo design of 

peptides and therapeutic drugs that can exhibit spontaneous vectorial insertion into target cell 

membranes.86  
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          The cytotoxicity of pTB is related to its channel activity across the target cell membrane 

after spontaneously inserting into the membrane.18 It has been reported in experiments that the 

pTB channel allows permeation of monovalent cations with the current in the order of H+ > Cs+ 

> Rb+ > K+ > Na+ > Li+.18,21,22 Single-channel current recordings using planar lipid bilayer 

experiments in various ionic concentrations and membrane potentials reveal that the current-

voltage curves are asymmetric with symmetric ionic concentrations across the membrane.18,21,22 

This phenomenon is called “rectification,” i.e., the ionic flux from the C-terminal to the N-

terminal is found to be higher than that from the opposite. In addition, experimental results 

suggest a “paradoxical” one-ion permeation mechanism such that ions permeate through the pTB 

channel by stepping between two binding sites in the pore, but never occupy these sites 

simultaneously.21 For a better molecular understanding of these results, the ion-permeation 

through the pTB channel needs to be investigated in detail. 
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