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Abstract  
Spontaneous Membrane Translocating Peptides (SMTPs) can translocate silently across the 

bilayer and, thus, have the best potential to improve the delivery of therapeutic molecules to 

cells without toxicity. However, how their translocation mechanisms are affected by a 

specific peptide sequence remains poorly understood. Here, bias-exchange metadynamics 

simulations were employed to investigate the translocation mechanisms of five SMTPs with 

the same composition of amino acids (LLRLR, LRLLR, LLLRR, RLLLR, and LRLRL). 

Simulation results yield sequence-dependent free energy barrier using the FESs along the 

z-directional distance. An in-depth analysis of sequence-dependent interactions in different 

regions of the bilayers indicates that the free-energy barrier height of a specific sequence is 

resulted from the accessibility balance of isolated or clustered hydrophobic residues (L) and 

hydrophilic residues (R) that leads to different levels of resistance for moving of a peptide 

into the hydrophobic center of the membrane. At the maximal of the free-energy barrier, all 

peptides have a conformation parallel to the membrane surface with the barrier height 

determined by their affinity to the hydrophobic region. The appropriate bilayer perturbation 

and GDM+ pairing are beneficial for peptide translocation. These results provide an 

improved microscopic understanding of how peptide sequence influences the translocation 
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efficiency and mechanism. 
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1. Introduction. 
Developing novel cell penetrating peptides (CPPs)[1, 2] is important because these peptides 

offer a practical solution[3] to many therapeutically useful molecules such as peptides, RNA, 

and DNA that are unable to penetrate cells efficiently[2, 4-6]. The mechanisms of cell 

penetrations of these peptides can be classified into energy-dependent or 

energy-independent[5, 7-9]. Energy-dependent CPPs often preferentially interact with a 

particular cell type[10] and cannot cross multi cellular barriers[11]. As a result, they are not 

ideal drug delivery vehicles for small molecules. On the other hand, some of the 

energy-independent CPPs can disrupt cell membranes through pore formation. This toxic 

effect limits the usefulness of these peptides for cargo delivery[12]. By comparison, another 

type of energy-independent CPPs such as Spontaneous Membrane Translocating Peptides 

(SMTPs) [13-15] can translocate silently across membrane without significant membrane 

disruption or endocytosis and thus have the best potential to improve the delivery of many 

polar compounds or membrane-impermeant therapeutic molecules to cells[5].  

SMTPs were originally identified by Wimley and co-workers[16] who utilized combinatorial 

chemistry and orthogonal high throughput screening. The follow-up studies investigated the 

mechanism of their translocation[13, 14] and the translocation efficiency of specific 

peptides[17, 18]. Several peptides (such as TP2 (PLIYLRLLRGQF) and S4 segment 

(LGLFRLVRLLRFLRILLII)) were found to enter cells via the spontaneous membrane 

translocation mechanism. The conserved LRLLR motif in the TP2 can translocate into 

synthetic vesicles better than TP2[18]. Furthermore, some variants of the LRLLR motif 

(changes in its sequence but not the composition of amino acids, e.g. LLRLR) are even more 

efficient whereas others (e.g. LRLRL and LLLRR) are less in cell permeation. However, 

little is known about the atomic-level mechanism of how spontaneously translocating across 

a membrane is affected by the specific peptide sequence.  

Molecular dynamics simulations have been an effective tool to enhance our atomic-level 

understanding of peptides’ translocation processes and possible structural changes that are 



not readily accessible to experiments[19]. These simulations have been widely employed to 

investigate the structural properties of transition states, free energy surfaces, and the effect of 

peptide sequence/structure variation on cell-permeating mechanisms and delivery efficiency 

of CPPs[8, 19-28]. However, only a few molecular dynamics simulations have been used to 

investigate SMTPs due to their recent discovery. For example, Themis et al[29] have 

calculated the translocation pathways and free energy barriers of transferring S4 helix 

segment and TP2 from water to the membrane center by using an implicit membrane model. 

The minimum energy pathways and transition states were identified from the 2D free energy 

surfaces as a function of the position of the center of mass along the bilayer normal and the 

tilt angle. S4 helix has the global free-energy minimum of its translocation at the interface 

with the orientation of the peptide parallel to the membrane, followed by a local 

intra-membrane minimum with its orientation vertical to the membrane. TP2 peptide also 

has its global minimum at the interface but with a hairpin structure. The translocation 

transition state of TP2 peptide has a structure of partial helix. Hu et al[30] have performed 

the umbrella sampling MD simulations for SMTPs (TP1, TP2, and TP3) and Arg9 peptides 

with the Martini coarse-grained force field. The free energy barriers of SMTPs are 

systematically lower relative to the Arg9 peptide. These works emphasize the availability of 

MD simulations to elucidate the mechanisms and obtain the free energy of translocation. 

The above studies of SMTPs employed either coarse-grained or implicit membrane models, 

which may not capture full atomistic details of translocation mechanisms. Moreover, their 

free-energy surfaces were obtained by 1D umbrella sampling MD simulations along a single 

collective variable (CV) of the distance between the center of peptide and a bilayer 

(z-direction). However, it has been demonstrated that more than a single CV is required for 

accurate description of CPPs because of orientational dependence[31]. In our previous 

studies[32, 33] results indicated that bias-exchange metadynamics (BE-MetD) simulations 

allow efficient conformational sampling and produce reproducible/highly free energy 

surfaces of common 20 amino acids from water to the pure Dipalmitoylphosphatidylcholine 

(DPPC) or cholesterol-containing DPPC bilayer. 

In this paper, we employed BE-MetD simulations to investigate cell translocation 

mechanisms of five spontaneous membrane-translocating peptides with the same 



composition of amino acids but different sequential orders. The 

Palmitoyloleoylphosphatidylcholine (POPC) membrane system was utilized as a simple 

model membrane for mammalian cells[34]. Five peptides with sequence LLRLR, LRLLR, 

LLLRR, RLLLR, and LRLRL were selected as they all composed of two arginines and three 

leucines but with very different translocation efficiency[18]. Here, in addition to the 

normally used z component of the distance between a peptide and bilayer, we utilized the 

coordination number between arginine and the phosphate atoms of the head groups and 

between leucines and the aliphatic carbons of the tails of POPC molecules as collective 

variables for characterizing the role of hydrophilic and hydrophobic interactions, 

respectively. We applied BE-MetD simulations and employed Gaussian potentials to bias 

against previously visited regions according to these collective variables (CVs)[35]. The free 

energy values of translocations obtained for the five SMTPs are strongly correlated with the 

experimental cell-permeating efficiencies. Examining the relationship between the peptide 

sequence context and the peptide conformation of translocation provides us the new insight 

in the mechanism of translocation. 

 

2. METHODS 

2.1 Bias-Exchange Metadynamics simulation of Peptide-membrane systems 

We carried out five sets of simulations for the translocation of five peptides (LLRLR, 

LRLLR, LLLRR, RLLLR, and LRLRL) across neutral zwitterionic membranes. The 

membrane consisting of 64×2 POPC lipids and the initial structure of the zwitterionic 

POPC membrane was downloaded from the website 

http://wcm.ucalgary.ca/tieleman/downloads. Each simulation system contains a single 

peptide which was placed approximately 2 nm away from the top leaflet of the membrane 

with parallel orientation. The peptide was constructed with a charged N terminus (NH3
+) and 

capped with standard NH2 (CT2) group at the C termius as in the experiments[18]. All 

BE-MetD simulations were performed using the GROMACS 4.6.2 software package[36]. 

GROMOS 53A6 force field was adopted for the peptide, the single point charge (SPC) water 

model for water[37], and Berger et al[38] united atom force field for POPC bilayer.  

 



We applied periodic boundary condition in a rectangular box (6.3 nm × 6.5 nm ×18 

nm). After the peptide-lipid bilayer system was solvated, three Cl- anions were added to 

neutralize the +3 charge of each peptide (one terminus plus two arginine residues). 

Additional salt was not added to the system for two reasons. First, cations might compete 

with the arginines for POPC lipid carboxyl groups and result in longer equilibration times 

[28, 39, 40]. Second, the combination of the Berger lipid force field with the united-atom 

force field GROMOS 53A6 for peptide in the absence of additional salt was extensively used 

to investigate cell penetrating peptides interacting with zwitterionic lipid bilayers[41, 42]. An 

initial simulation system for the LRLLR peptide is shown in Figure 1A. We employed four 

regions along the z-axis (Figure 1B) as described in a previous study[32, 33]. Regions I and 

III refer to the regions of hydrophobic lipid tails and mostly charged phosphates, respectively, 

region II is the transitional region between regions I and III, and region IV is the water layer. 

Equilibration simulations were performed in the NVT ensemble for 6 ns before performing 

in the NPT ensemble for 4 ns after an extensive energy minimization. The simulation time 

step was 2 fs. The temperature was controlled at 300K(slightly higher than the POPC phase 

transition temperature 271K[43]) using a velocity rescaling with a coupling time of 0.1 ps. 

The pressure was maintained at 1 atm using the semi-isotropic Parrinello−Rahman barostat 

with a time constant of 1 ps and a compressibility of 4.5×10-5 bar-1 [44]. The Particle Mesh 

Ewald (PME) method was adopted to treat long-range electrostatic interactions with a grid 

spacing of 0.12 nm[45], and Van der Waals interactions were handled using a cutoff distance 

of 1.2 nm. The bond length was constrained using the LINCS algorithm[46].  

 

Bias-Exchange Metadynamics 

All BE-MetD simulations were performed using the GROMACS 4.6.2 package[36] 

with PLUMED 1.3 plugin[47]. Since it has been known that systematic sampling errors can 

be reduced by using a larger number of collective variables[31] and considering the 

interactions of the solute and lipids[48-51], we employed the following six collective 

variables (CVs) [31, 48]: (1) the z component of the position vector between the center of 

mass of a peptide and the center of mass of whole POPC molecules; (2-5) the total number 

of contacts (the CV is defined as coordination number in PLUMED) between an arginine 



residue and the phosphate atoms in either the top or the bottom leaflet of the membrane, and 

(6) the total number of contacts between all leucine residues and the aliphatic carbons in the 

tails of POPC bilayer. The total number of contacts between two groups is estimated as the 

sum (S) of the individual contributions C(rij): 

S = �C(rij
𝑖𝑖,𝑗𝑗

) 
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where rij is the distance between atoms i and j. Parameters r0, m and n are used to control the 

definition of the function C(rij). For all the coordination numbers, we defined r0=0.25 nm, 

m=4, and n=2 according to the optimal BE-MetD parameters in previous study[49]. The 

Gaussian potentials for these collective variables were implemented with a rate of 

0.04kJ/mol per picosecond and the width was set to 0.2 nm for CV1, 2 for CV2-CV6. These 

values are chosen according to the optimal BE-MetD parameters in previous studies[49, 52]. 

During the BE-MetD simulation, the velocities and conformations of different replicas were 

exchanged periodically according to a Metropolis criterion[53]. The frequency of the 

attempts for replica exchanges was set to 30 ps. The overall time of the BE-MetD simulation 

was 3 microseconds with each replica lasting for 500 ns.  

 

2.2 Conventional molecular dynamics simulation of peptides at the center of the bilayer 

In addition, we also performed five sets of conventional molecular dynamics (CMD) 

simulations for each peptide at the center of membrane and five sets of CMD simulations for 

other four peptides at the energy minimum located around 1.8-2.2 nm from the bilayer center 

and RLLLR peptide at the energy minimum located around 2.6 nm. The snapshot of the 

peptide at bilayer center and at the energy minimum from BE-MetD simulation was set as 

the initial structure. All simulated systems were equilibrated for 50 ns and subsequent 50 ns 

simulations were used for analysis. 

 

3. Results and Discussion 



3.1. Examination of Convergence 

We performed two separate simulations for LRLLR peptide and calculated the free 

energy surfaces (FESs) for all collective variables (CV1-CV6) to test for the convergence of 

the simulation. The LRLLR peptide was initially placed approximately 2 nm away from the 

top leaflet of the membrane and oriented either parallel or perpendicular to the membrane 

surface.  

Figure S1 compares the independent FESs of the LRLLR peptide as a function of 

CV1-CV6 from two simulations. The error bars were computed based on the FESs 

calculated using different simulation durations (291-360 ns, 361-430 ns and 431-500 ns) 

after eliminating the equilibration period. Small error bars validate sufficient sampling of the 

entire conformational space. FESs in CV1-CV6 are quantitatively similar to each other. For 

example, two independent barrier heights in the z-direction are 65.4 and 60.5 kJ/mol (8% 

difference). The convergence of BE-MetD simulations is also illustrated by repeated 

sampling of the entire conformational space during the time evolution of CV1 for the five 

peptides shown in Figure S2. For example, the free-energy minimum for LRLLR at the 

POPC bilayer is quickly filled by biased Gaussian potentials after approximately 200 ns. 

This is illustrated by LRLLR peptide mobility across the membrane. After approximately 

300 ns, the motion of the system becomes diffusive and unbound in the region of CV1 space 

between approximately -2 and 5 nm. 

For the LRLLR peptide, we performed another simulation and use one dimensional free 

energy of CV1 as an external restraint (FES of the LRLLR peptide as a function of CV1 is 

shown in Figure S3). Note that it should invert the sign of the free-energy and of its 



derivative. In the input file, we added “EXTERNAL ARG=cv1.z FILE=bias1.grid 

LABEL=external1”. The overall time of the BE-MetD simulation was 3 microseconds with 

each replica lasting for 500 ns.  

3.2 FESs of Translocation 

Figure 2A shows the one-dimensional free energy (ΔG) of translocating five peptides 

into the POPC bilayer along the z-directional distance between the center of a peptide and 

that of the bilayer.  

There are interesting similarities and differences between the FESs of five peptides 

depicted in Figure 2A. There are two groups noticeable: LLRLR, LRLLR, LLLRR and 

LRLRL in one group and RLLLR (in green color) in the other group. One main difference 

between these two groups is the location of the free energy maximum (the barrier). The 

energy barriers of the four-peptide group are located around 0.6-0.8 nm within the 

hydrophobic region I from the bilayer center. Comparatively, the energy barrier for RLLLR 

is located around 1.2 nm from the bilayer center, which is essentially at the boundary of the 

end of hydrophilic head and the beginning of hydrophobic tail (in the region II). The free 

energy maximal values of the five peptides described above have large difference between 

each other. 

The free energy minimal values of these five peptides also differ, but these differences 

are much smaller. For example, the first minimum for RLLLR is the closest to the bilayer. 

This could be due to the stable charged interactions of its two termini with the mostly 

charged phosphates on the bilayer surface. The first minimum for the four peptide cluster is 

located around 2.6-2.8 nm from the bilayer center (Region IV), where the peptide is still in 



water but just near the top surface of the POPC membrane. There are second minima for four 

peptides except RLLLR, located around 1.8-2.2 nm from the bilayer center (Region III), 

where the interaction between the positively charged peptide and the negatively-charged 

phosphate group is expected to be at its maximum. For LLLRR peptide at the first energy 

minimum (around 2.6-2.8 nm from the bilayer center), the peptide vector is parallel to the 

membrane surface, and the two arginines are at an approximately 90° angle. However, the 

LLLRR peptide vector is nearly perpendicular to the membrane surface at the second energy 

minimum (around 1.8-2.2 nm from the bilayer center) and the two arginines are at an 

approximately 120° angle (see below for more details). The LLRLR and LRLRL peptides 

with RLR motif have a slightly lower free energy minimum than other peptides. The binding 

free energies of RLLLR-top headgroup layer and LRLRL-top headgroup layer for peptide at 

the energy minimum are calculated by using g_mmpbsa[54]. The calculated binding free 

energies of RLLLR-top headgroup layer and LRLRL-top headgroup layer are -493±89 and 

-971±138 kJ/mol, respectively. To further explore these results, the binding free energy was 

decomposed into individual energies. The sum of van der Waals interactions and nonpolar 

solvation energies has slight difference between RLLLR-top headgroup layer and 

LRLRL-top headgroup layer. However, the electrostatic contribution (the sum of 

electrostatic interaction energy and polar solvation energy) was more unfavorable for 

RLLLR-POPC system than LRLRL-POPC system. A stronger electrostatic contribution 

between LRLRL peptide and POPC bilayer induced a lower energy minimum. One which 

get a mention is that the biological relevance of POPC bilayer in aqueous electrolyte (for 

example NaCl) solutions. Hence, the use of non-biologically relevant condition (additional 



salt was not added to the peptide-bilayer system) may decrease the biological relevance of 

this finding. 

Furthermore, we set the free energy barrier as the difference in the FESs from the 

minimum to the maximum (Table 1) to quantify the translocation efficiency. The free energy 

barriers of translocation are 78, 97, 110, 119 and 132 kJ/mol for LLRLR, LRLLR, LLLRR, 

RLLLR and LRLRL, respectively. Although the calculated free energy cost of ~80 kJ/mol 

for peptide to cross a POPC bilayer is too high to support the spontaneous translocation 

observed in experiments. However, it is important that calculated free energy costs of 

different peptide provide general agreement about the magnitude of the calculated energy 

barrier of arginine residue. The translocation rates were directly measured in experiments by 

Fuselier et al.[18]. We examined the correlation between logarithmic function of experimental 

translocation rates in units of h-1 and the simulated values of free energy costs from energy 

minimum to the energy maximum in Figure 2B. The R-squared value is 0.93 and the p value 

is 0.008 (https://www.graphpad.com/quickcalcs/pValue1/). Although it is difficult to 

compute absolute free energy barriers of translocation, the relative free energy barriers of 

translocation are shown to reproduce the experimentally observed rankings for peptide 

translocation capacity. This result agrees with a previous result [55], and the permeability 

coefficient is determined by the exponential of the free energy barrier height. This supports 

the accuracy of the one-dimensional free-energy surface obtained. 

It is worth mentioning that we tested a BE-MetD simulation for LRLLR peptide with 

only two collective variables (CVs): (1) the z component of the position vector between the 

center of mass of the first arginine and the center of mass of whole POPC molecules; (2) the 

https://www.graphpad.com/quickcalcs/pValue1/).


z component of the position vector between the center of mass of the second arginine and the 

center of mass of whole POPC molecules. Other simulation parameters are the same. The 

simulation time for each replica is 700 ns. However, the free energy barrier of translocation 

is about 200 kJ/mol for LRLLR peptide at the center of POPC membrane. The change of the 

orientation of LRLLR peptide did not find in this simulation. Therefore, it has been 

confirmed that systematic sampling errors can be reduced by using a larger number of 

collective variables and considering the interactions of the solute and lipids[48-51]. 

 

3.3 Molecular Mechanistic Model of Translocation 

We further examined the trajectories sampled by the BE-MetD simulation to understand 

the molecular translocation mechanisms used by these peptides. To closely examine the 

translocation process of the peptides, we obtained 2-dimensional(2D) FESs using 

METAGUI3 software[56]. METAGUI3 software (https://github.com/metagui/metagui3) is a 

visual molecular dynamics (VMD)[57] interface for calculating FESs. We investigated the 

2D FESs along the z-projection as the X-axis and various Y-axes (the number of hydrogen 

bonds (HBs) formed between peptide and water molecules, between peptide and the 

headgroup of POPC lipid in the top leaflet, between peptide and the headgroup of POPC 

lipid in the bottom leaflet, and the contact numbers between leucines and the tail of POPC 

lipid) shown in Figure S4A-D. For clarity, we also calculated the average of corresponding 

Y-axes along the z-directional distance between the peptide center and the bilayer center as 

the X-axis shown in Figures 3A-D. Some water molecules can enter into the POPC bilayer 

with the peptide (LLLRR in particular) even at the bilayer center as shown in Figures 3A and 

S3A. The pore formation is not observed, but all peptides can cause water defects during 

https://github.com/metagui/metagui3


membrane translocation. Lack of pore formation in all simulations is consistent with their 

SMTP designation. The number of HBs formed between a peptide and the POPC lipid 

headgroup in the top leaflet increases as the peptide close to the membrane surface, and it 

reaches the maximum values as the interaction between the positively charged peptide and 

negatively-charged phosphate group is expected at the maximum (around the position of 

minimal free energy). The LLRLR and LRLRL peptides have a slightly lower free energy 

minimum than other peptides because these peptides have more HBs with the 

negatively-charged phosphate group in Region III as shown in Figures 3B and S3B. In the 

LLRLR, LRLLR, LLLRR and LRLRL peptides, the number of HBs formed between the 

peptide and the POPC lipid headgroup decreases as the peptides enter into the hydrophobic 

tail of POPC lipids (Region I). However, the number of HBs between the RLLLR peptide 

and the POPC lipid headgroup in the top leaflets increases even when the peptide enters into 

the center of POPC lipids due to the second arginine that we will see below. Meanwhile, the 

HBs between the peptide and the bottom headgroup layer of the POPC lipid form only when 

the peptide enters into the center of POPC lipids (the CV1 less than 0.6 nm) (Fig. 3C and 

S3C). When the peptide enters into the center of POPC lipids (the CV1 less than 0.6 nm), it 

forms the HBs with both the top and the bottom headgroup layers.  

The contact numbers between leucines and the hydrophobic tails of POPC lipid (Figures 3D 

and S3D) increase as the peptide near the position of minimal free energy (around 1.8-2.2 

nm in Region III). The contact is defined as a distance less than 0.4nm between any of the 

side chain heavy atoms of leucines and the tail of POPC. For the RLLLR peptide, the contact 

number is much smaller than the other four peptides as the peptide enters into the region III 



of the POPC lipids. This move the position of the RLLLR energy barrier to the right and 

makes it difficult to enter the hydrophobic region of the membrane. For the LRLRL peptide, 

the contact number is slightly less than the other two peptides (LRLLR and LLLRR) as the 

peptide enters into the region II of the POPC lipids. However, the number of HBs formed 

between the LRLRL peptide and the POPC lipid headgroup is much greater than the other 

three peptides (LLRLR, LRLLR and LLLRR) as the peptide enters region II of the POPC 

lipids (Figs 3B and S3B).  

It is of important to investigate how arginine’s different positions influence the 

interaction between a peptide and POPC lipids. The positively charged arginine side chain 

interacts strongly with lipid headgroups and forms HBs. A different number of HBs were 

formed between Arg+ and the top headgroup layer or the bottom headgroup layer. The 

average number of HBs are shown in Figure 4, and 2D FESs are shown in Supplementary 

Figure S5. For the LRLLR peptide (the black line in Figure 4 and the second column of 

Figure S5), the first arginine always forms HBs with the top headgroup layer. However, the 

second arginine only forms HBs with the top headgroup layer before the peptide enters into 

the POPC lipid center. When the peptide enters the POPC lipid center , the second arginine 

only forms HBs with the bottom headgroup layer. The main difference between LRLLR and 

LRLRL (the blue line in Figure 4 and the fifth column of Figure S5) peptides is the number 

of HBs formed between the second arginine and the top headgroup layer before the peptide 

enters into the POPC lipid center . The number of HBs formed between the second arginine 

of the LRLRL peptide and the top headgroup layer can be up to six at the position of the free 

energy barrier, which is much more than that of LRLLR peptide (up to two HBs). The main 



difference between LRLLR and LLRLR (the magenta line in Figure 4 and the first column 

of Figure S5) peptides is the number of HBs formed between the first arginine and the top 

headgroup layer before the peptide enters the POPC lipid center . The average number of 

HBs formed between the first arginine of the LLRLR peptide and the top headgroup layer is 

about 0.5 at the position of the free energy barrier, which is less than the LRLLR peptide 

(about one HB). Meanwhile, the second arginine of the LLRLR peptide may form the HBs 

either with the top headgroup layer or with the bottom headgroup layer when the peptide 

enters the POPC lipid center . For the RLLLR peptide (the green line in Figure 4 and the 

fourth column of Figure S5), the second arginine always forms HBs with the top headgroup 

layer (up to five HBs). However, the first arginine only forms HBs with the top headgroup 

layer before the peptide enters the POPC lipid center. When the peptide enters the POPC 

lipid center, the first arginine only forms HBs with the bottom headgroup layer. The number 

of HBs formed between the first arginine of the RLLLR peptide and the top headgroup layer 

can be up to three at the position of the free energy barrier. The large number of HBs formed 

between the second arginine of the RLLLR peptide and the top headgroup layer can be up to 

four at the bilayer center, which may be the cause of another free energy barrier at the bilayer 

center (the green line in Figure 2). For the LLLRR peptide (the red line in Figure 4 and the 

third column of Figure S5), the two arginines have very similar characteristics due to their 

adjacent positions. The two arginines only form HBs with the top headgroup layer before the 

peptide enters the POPC lipid center . When the peptide enters the POPC lipid center, the 

two arginines only forms HBs with the bottom headgroup layer.  

 

3.4 Influence Factor of Translocation 



The different spacing and placement of arginines and leucines contributes to differing 

translocation abilities and mechanisms for these five peptides. It is meaningful to analyze 

how the position and relative orientation of an arginine influenced the number of HBs 

between an arginine and the headgroup layer or how leucine’s orientation influenced the 

contact number between leucine and the POPC membrane tail. Here, we calculate both the 

orientation of the peptide (the average angle are shown in Figure 5A, and the 2D FESs are 

shown in Figure S6C) and the orientation of arginine and leucine (the average angle are 

shown in Figure 5B-F). These angles are depicted in the top panel of Figure 5. The 

orientation of the peptide is defined by the angle between the R-R vector (a vector 

connecting the center of the first arginine and the second arginine, and the Leu1-Arg5 vector 

is used for LLLRR peptide) and the membrane normal (z-direction). The orientation of the 

residue is defined by the angle between the amino acid vector (a vector connecting the center 

of the backbone atoms and the side chain atoms) and the membrane normal. In the water 

layer, the six angles for all peptides have a broad nearly random distribution from 0° to 180° 

as expected. At the lipid center, the orientation of all peptides (LLRLR, LRLLR, LLLRR, 

RLLLR, and LRLRL) is parallel or anti-parallel to the membrane normal. One arginine 

residue makes HB interactions with the top headgroup of lipids, and another arginine residue 

makes HB interactions with the bottom headgroup of lipids (except LLLRR). This behavior 

was observed with the simulated structure for S4 helix[58] in a POPC membrane. Notably, 

the LRLLR motif is also found as a transmembrane helix in a lipid bilayer as a part of 

voltage-gated sodium channels[59-62], voltage-gated calcium channels[63, 64] or amino 

acid transporters[65].  



The main differences between these peptides are the orientations of the two arginines 

and leucines. For the LRLLR peptide (Figure 5C and the second column of Figure S6), the 

peptide vector is parallel to the membrane surface when peptide is near the free energy 

barrier. The angle of the first arginine is approximately 150° (the side chain targeted to the 

top headgroup of lipids), and the angle of the second arginine is approximately 60° (the side 

chain targeted to the hydrophobic tail of lipids). The first arginine reacts more strongly with 

the phosphate group than the second arginine. The side chains of the three leucines are 

targeted to the hydrophobic tails as the peptide enter region II of the POPC lipids. As the 

peptide moves deeper inside the bilayer, the peptide vector is perpendicular to the membrane 

surface, and the angle of the second arginine is approximately 30° (the side chain targeted to 

the bottom headgroup of lipids). The main difference between the LRLLR and LRLRL 

peptides (Figure 5F and the fifth column of Figure S6) is the angle of the second arginine 

and last leucine as the peptide enter region II of the POPC lipids. The angle of the second 

arginine is approximately 150° and the side chain pointed to the top lipid headgroup. 

However, the angle of the last leucine is approximately 90°. The different angle of the 

second arginine is likely the reason for differing numbers of HBs. The main difference 

between the LRLLR and LLRLR (Figure 5B and the first column of Figure S6) peptides is 

the angle of the first arginine before the peptide enters region II of the POPC lipids. The 

angle of the first arginine is approximately 60° and the side chain pointed to the hydrophobic 

tail of lipids. The angle of the third leucine is approximately 135° and the side chain targeted 

the top headgroup of lipids. These arginine orientations cause two distinct translocation 

pathways with the peptide vector either parallel or anti-parallel to the membrane normal 



when the LLRLR peptide enters the POPC lipid center. For the RLLLR peptide (Figure 5E 

and the fourth column of Figure S6), the orientation of the peptide is less than 90° (the 

second arginine is deeper than the first arginine), and the angle of the first arginine gradually 

increases as it moves deeper. The angle is approximately 150° when the peptide is near the 

free energy barrier where it has the maximum number HBs with the phosphate group while 

the angle of the second arginine suddenly increases from approximately 60° to 180°. The 

side chains of the second leucine pointed to the headgroup as the peptide entered region II of 

POPC lipids. As the peptide enters into the POPC lipid center, the side chain of the second 

arginine still points to the top headgroup layer of lipids and interacts strongly with the top 

lipid headgroup. A large number of HBs may be the cause of the anti-parallel formation of 

the peptide vector to the membrane normal. For the LLLRR peptide (Figure 5D and the third 

column of Figure S6), the peptide vector is perpendicular to the membrane surface, and the 

two arginines have a very similar angle distribution due to the adjacent positions. The angle 

is approximately 120° when the peptide is near the free energy barrier because they repel 

each other. The leucine side chains pointed to the hydrophobic tail as the peptide entered 

region II of the POPC lipids. As the peptide enters the POPC lipid center, the side chains of 

the arginines both pointed to the bottom lipid headgroup layer. The peptide has 

approximately 120° (from 140° to 20°) turnover. 

Moreover, it is interesting to analyze how the size of each peptide and guanidinium 

(GDM+) pair change during the translocation. Here we calculated the radius of gyration of 

the peptide and the distance between the two GDMs+(shown in Figure S7). The radius of 

gyration of the LRLLR peptide underwent marked changes during translocation. It was 



decreased at regions III and II but increased at region I. However, no significant changes 

were found for the LLRLR, LLLRR and LRLRL peptides. For the RLLLR peptide, the 

relatively large radius of gyration is likely the reason for the higher free energy barrier. For 

the LLRLR and LRLLR peptide, the distance is less than 0.8 nm as the peptides enter region 

II. The GDM+ pair for the LLRLR and LRLLR peptides during translocation is likely the 

reason for the lower free energy barrier. The result of GDM+ pairing facilitating membrane 

translocation is consistent with other studies[66, 67]. 

To understand the molecular translocation mechanisms of these peptides, it is very 

important to determine the structural and dynamic POPC membrane changes in the presence 

of these peptides. Therefore, the deuterium order parameters (SCD) of the acyl chains were 

calculated in both pure POPC lipid bilayers and the peptide−membrane systems (Figure S8). 

Experimentally, it has been shown that bilayer perturbation is important for translocation[18]. 

As depicted in Figure S8, the order of acyl chains in all the peptide−membrane systems was 

decreased compared to pure POPC membrane. For the simulations of peptide at the energy 

minimum, there was no big difference of the SCD between different peptides. No significant 

difference for these peptides might be these peptides only adsorption onto the surface of 

POPC lipid membrane. However, for the simulations of peptide at the center of membrane, 

there was a few difference of the SCD between different peptides. The order is LLLRR < 

LRLRL < LRLLR < RLLLR < LLRLR. The membrane perturbation of the LRLRL, LRLLR 

and LLRLR peptides which share the similar molecular mechanism follow the experimental 

order. The lipid acyl chains of the LLLRR-POPC system had highest degree of order among 

the other peptide-membrane systems, which is due to the differing translocation mechanisms. 



The SCD for the first four carbon atoms of the RLLLR-POPC system was more than that of 

other peptide-membrane systems. The RLLLR peptide affected the acyl chains close to the 

headgroup, indicating a strong interaction between the peptide and lipid headgroups. The 

appropriate bilayer perturbation is beneficial for peptide translocation. 

 

4. Conclusions 

We performed atomistic BE-MetD simulations and free energy calculations for the five 

peptides (LLRLR, LRLLR, LLLRR, RLLLR and LRLRL) across POPC bilayers. The 

results provided detailed insights into the effect of different arginine and leucine positions on 

the translocation efficiencies of these peptides. In particular, we demonstrated that atomistic 

BE-MetD simulation can provide quantitatively accurate, sequence-dependent uptake 

efficiency using the FESs along the z-directional distance. Comparatively, this sequence 

dependence has yet to be accounted for using the bioinformatics prediction method[68].  

Moreover, molecular mechanisms for these peptides across the POPC membrane 

involves hydrophilic interactions and hydrophobic interactions. The hydrophilic interactions 

induce a significant inward bend of POPC headgroups into the bilayer center. This inward 

bend allows some water molecules to enter the bilayer along with the peptide and forms a 

large number of HBs and hydrophobic contacts. All peptides can cause water defect and 

bilayer perturbation during membrane translocation, and no pore formation is detected. 

However, pore formation was observed for a single Arg+ at the DPPC membrane. This 

difference between L/R peptides and single Arg+ comes from Leucine hydrophobicity. Three 

representative molecular conformations are used to describe peptide translocation across the 



POPC bilayer (snapshots are shown in Figure 6-10): the peptide at the energy minimum of 

the bilayer (on the right of Figure 6-10), where the interaction between the positively 

charged arginines and the negatively-charged phosphate group is expected at its maximum; 

the peptide at the energy maximum of the bilayer (in the middle of Figure 6-10 and detailed), 

where the peptide vector is parallel to the membrane surface and the interplay of electrostatic 

and hydrophobic interactions confers these peptides with different free energy barriers; and 

the peptide at the center of the bilayer (on the left of Figure 6-10), where the peptide vector 

is perpendicular to the membrane surface and one of the two arginine residues tends to form 

HBs with the bottom headgroup layer of POPC lipid. The apparent contradiction is the 

arginine in the hydrophobic core would correspond to the free energy minimum. 

Ulmschneider et al[69] studied the membrane partitioning of arginine-containing peptides by 

using experimental and MD simulation. They found that a combination of arginine 

snorkeling, bilayer deformation, and peptide tilting is sufficient to lower the penalty of Arg 

insertion to an extent such that a hydrophobic TM helix with a central Arg residue readily 

inserts into a model membrane. The peptide with a charged arginine is thermodynamically 

stable. The peptide at the center of membrane in our manuscript is consistent with the 

transmembrane configuration, while phosphates from the lipid headgroups are pulled down 

deep into the hydrocarbon core of the bilayer by the charged side-chain. Moreover, the 

X-axis of Figure 2A is the z-directional distance between the center of peptide and the center 

of bilayer (not the z-directional distance between arginine and the bilayer center). Figure S9 

described the correlation between the z-directional distance between the center of peptide 

and the bilayer center (X-axis) and the z-directional distance between the center of arginine 



and the bilayer center (Y-axis) for LRLLR peptide. ). It is clear that the arginine in the 

middle of the membrane is not in the free energy minimum, but in between the minimum 

and maximum. The energy barrier which is located at around 0.6-0.8 nm is the transition 

between all HB to the top and part of HB to the bottom lipid. This transition would require 

movement of one Arg+ through the bilayer. So the energy barrier located at around 0.6-0.8 

nm is for one Arg+ translocation from a membrane bound state to a transmembrane 

conformation. Three representative molecular conformations for LLRLR LRLLR and 

LRLRL peptide are similar. From these, we can deduce that the numbers of hydrogen bonds 

and free energy surface are symmetric if these three peptides moved farther past the bilayer 

center. As the peptide moves deeper (about -0.6~-0.8 nm) inside the bilayer, the angle of the 

first arginine changes and the side chain targets the bottom lipid headgroup. 

Furthermore, the different numbers and modes of hydrophilic and hydrophobic 

interactions confer these peptides with different translocation free energy barriers and 

mechanisms. LLRLR has the highest translocation efficiency due to the weakest interaction 

between the arginines and the top headgroup of lipids as the peptide enters into region II of 

POPC lipids (snapshot of LLRLR at the energy maximum is shown in Figure 6) and the two 

distinct translocation pathways (snapshots of LLRLR at bilayer center are shown in Figure 

6). LRLLR has the second highest translocation efficiency because the weaker interaction 

between the second arginine and the top headgroup of lipids (the side chain of second 

arginine pointed to the hydrophobic tail of lipids) and the stronger hydrophobic interaction 

(the side chain of leucines pointed to the hydrophobic tail of lipids) (snapshot of LRLLR at 

the energy maximum is shown in Figure 7). LRLRL has the highest free energy maximum 



because they have the strongest interaction between arginines and the top headgroup of 

lipids and the weaker hydrophobic interaction between leucines and the tail of POPC 

(snapshot of LRLRL at the energy maximum is shown in Figure 10). RLLLR has the second 

highest free energy maximum because the weak interaction between leucines and the tail of 

POPC and stronger interaction between the arginines and the top headgroup of lipids 

(snapshot of RLLLR at the energy maximum is shown in Figure 9). The angle gradually 

increases as arginines move deeper. This characteristic is consistent with the mechanism of 

single arginine permeation[33]. LLLRR has a totally different translocation mechanism and 

transmembrane configuration because of the adjacent arginines (snapshot of LLLRR at the 

energy maximum is shown in Figure 8). That is, the different spacing and placement of 

arginines and leucines contributes to different translocation mechanisms. Moreover, the 

appropriate bilayer perturbation and GDM+ pairing are beneficial for peptide translocation. 

This study shows that multiple collective variables atomistic BE-MetD simulations, and 

free energy calculations are valuable tools for evaluating the translocation mechanisms and 

efficiencies of peptides. More importantly, it allows the use of many energy barriers and 

energy minima molecular conformations for comparison and mining of structural character. 

This can rationally design new high-translocation efficiency SMTPs using the substitution of 

leucines with other hydrophobic residues, which can lengthen the sequence or increase the 

peptide polarity. 
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Table 1. Free energy costs (in units of kJ/mol) of translocating five peptides into the POPC 

bilayer. This table includes the free energy barrier from water to the free energy maximum, 

interfacial free energy minima and free energy barrier from the free energy minimum to the 

free energy maximum.  

 

 From water to energy 

maximum 

From water to the 

interfacial  

energy minima 

From energy minimum to energy 

maximum 

LLRLR 35 -43 78 

LRLLR 65 -32 97 

LLLRR 78 -32 110 

RLLLR 87 -32 119 

LRLRL 89 -43 132 
 
 
  



 
Figure 1. Initial configuration (A) and its associated density profiles (B) of LRLLR in the POPC 

membrane. In the snapshots, the Leu residues in the peptide are shown with green sticks. The first Arg 
residue in peptide is shown with cyan sticks. The second Arg residue in peptide is shown with red sticks. 
The lipid nitrogen and phosphorus atoms are shown as blue and orange spheres, respectively. The lipid tails 
are shown as thin gray lines. Water molecules are shown as red (oxygen) and gray (hydrogen) lines. The 
density profiles of different molecules are shown as labeled in B. 



 
Figure 2. (A). One dimensional free energy for five peptides as a function of the z-directional distance 

between the center of peptide and the center of bilayer. The free energy value is set to zero in the water 
phase. (B). The correlation between log experimental translocation rates (x-axis) and the calculated free 
energy costs (y-axis) of the five peptides from the energy minimum to energy maximum (black dots). 

 



 
Figure 3. (A) The average number of HBs between the peptide and water. (B) The average number 
of HBs between the peptide and top headgroup layer. (C) The average number of HBs between the 
peptide and bottom headgroup layer. (D) The average contact number between the leucines and 
POPC lipid tails. The X-axis is the z-directional distance between the center of peptide and the 
bilayer center. 
 



 
Figure 4. (A) The average number of HBs between the first Arg and top headgroup layer. (B) The 
average number of HBs between the first Arg and bottom headgroup layer. (C) The average number 
of HBs between the second Arg and top headgroup layer. (D) The average number of HBs between 
the second Arg and bottom headgroup layer.  

 

 



 

Figure 5. Definition of the orientations of the peptide and residue (top panel). The average 
orientation of the peptide for five peptides (A) and the average orientation angle of each residue for 
(B) LLRLR, (C) LRLLR, (D) LLLRR, (E) RLLLR, and (F)LRLRL.  
 



 

 

 

 
Figure 6. Snapshots of LLRLR at the energy minimum of the bilayer, energy maximum of the 
bilayer and bilayer center. In the snapshot, the first Arg is shown with cyan spheres, second Arg is 
shown with red spheres, and leucines are shown with green sticks. The lipid nitrogen and 
phosphorus atoms are shown as blue and yellow spheres, respectively. The lipid tails are shown as 
thin gray lines. Water is shown as red (oxygen) and gray (hydrogen) cylinders. 
 

 



Figure 7. Snapshots of LRLLR at the energy minimum of the bilayer, energy maximum of the 

bilayer and bilayer center.  
 

 
Figure 8. Snapshots of LLLRR at the energy minimum of the bilayer, energy maximum of the 

bilayer and bilayer center.  

 

 
Figure 9. Snapshots of RLLLR at the energy minimum of the bilayer, energy maximum of the 

bilayer and bilayer center.  



 

 
Figure 10. Snapshots of LRLRL at the energy minimum of the bilayer, energy maximum of the 

bilayer and bilayer center.  
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