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Abstract

We used molecular dynamics simulations to explore the effects of asymmetric transbilayer 

distribution of anionic phosphatidylserine (PS) lipids on the structure of a protein on the 

membrane surface and subsequent protein–lipid interactions. Our simulation systems consisted of 

an amyloidogenic, beta-sheet rich dimeric protein (D42) absorbed to the phosphatidylcholine (PC) 

leaflet, or protein-contact PC leaflet, of two membrane systems: a single-component PC bilayer 

and double PC/PS bilayers. The latter comprised of a stable but asymmetric transbilayer 

distribution of PS in the presence of counterions, with a 1-component PC leaflet coupled to a 1-

component PS leaflet in each bilayer. The maximally asymmetric PC/PS bilayer had a non-zero 

transmembrane potential (TMP) difference and higher lipid order packing, whereas the symmetric 

PC bilayer had a zero TMP difference and lower lipid order packing under physiologically 

relevant conditions. Analysis of the adsorbed protein structures revealed weaker protein binding, 

more folding in the N-terminal domain, more aggregation of the N- and C-terminal domains and 

larger tilt angle of D42 on the PC leaflet surface of the PC/PS bilayer versus the PC bilayer. Also, 

analysis of protein-induced membrane structural disruption revealed more localized bilayer 

thinning in the PC/PS versus PC bilayer. Although the electric field profile in the non-protein-

contact PS leaflet of the PC/PS bilayer differed significantly from that in the non-protein-contact 

PC leaflet of the PC bilayer, no significant difference in the electric field profile in the protein-

contact PC leaflet of either bilayer was evident. We speculate that lipid packing has a larger effect 

on the surface adsorbed protein structure than the electric field for a maximally asymmetric PC/PS 

bilayer. Our results support the mechanism that the higher lipid packing in a lipid leaflet promotes 

stronger protein–protein but weaker protein–lipid interactions for a dimeric protein on membrane 

surfaces.
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1. Introduction

Protein structural transitions on cell membrane surfaces are important molecular events in 

regulating normal and pathogenic cellular processes (Gething and Sambrook, 1992; 

Bucciantini and Cecchi, 2010). Upon binding to a surface, a protein undergoes surface-

induced and localized secondary structural changes, such as folding or unfolding of ordered 

helices or beta-sheets in different domains. On the membrane surface, these folded or 

unfolded domains may further interact and undergo complex higher order tertiary and 

quaternary structural changes, hydrodynamic shape alterations, and intra- or inter-peptide 

domain aggregations (Vymetal and Vondrasek, 2011; Stefani, 2012). Membrane-

orientational transitions of protein, such as tilted or non-tilted conformation of certain 

motifs, may also occur (Basyn et al., 2001) on the surface. All of these altered protein 

structures may provide the necessary functional motifs for receptor-based binding, such as 

cell signaling and immunological responses (Martin and Hartl, 1997; Kurre et al., 2001; 

Kanekiyo et al., 2014). For an intrinsically disordered and aggregation-prone, or 

amyloidogenic, protein, the altered protein structure on the surface may trigger irreversible 

self-aggregation in several membrane-associated cytotoxic aggregation cascade pathways, 

e.g., beta-amyloid cascade in Alzheimer's pathogenesis (Ross and Poirier, 2004; Ellis, 2006). 

At present, the role of transbilayer lipid distribution in regulating the above protein 

transitional events of the amyloidogenic protein is unclear.

It is commonly thought that lipids are not randomly distributed but form compositionally 

distinct domains along the normal of the planar lipid membrane. These lipid domains are 

commonly known as asymmetric transbilayer lipid domains (van Meer et al., 2008). Various 

asymmetric transbilayer lipid distributions, resulting from two different kinds of lipids in a 

bilayer, can elicit very different properties than those of symmetric one-component lipid 

distribution. Examples of asymmetric lipid distributions include zwitterionic 

phosphatidylcholine (PC) lipids in one leaflet and charged, anionic or cationic, lipids in the 

other leaflet. Such lipid arrangements represent the maximally asymmetric transbilayer 

distribution possible in a biological membrane. This highly asymmetric lipid arrangement 

may have different lipid order packing and transmembrane potential distribution 

(Gurtovenko and Vattulainen, 2008) when compared with the symmetric bilayer. Among the 

various key lipids types, anionic phosphatidylserine (PS) is of interest because of its distinct 

roles in cell surface signaling. PS can trigger apoptosis, protein trafficking, and 

immunological responses, in various cells (Williamson and Schlegel, 1994; Fadok et al., 

2001; Yeung et al., 2008; Fadeel and Xue, 2009; Lingwood and Simons, 2010). Here, two 

bilayer systems: an asymmetric double bilayer PC/PS bilayer system consisting of a PC 

monolayer coupled to a PS monolayer in each bilayer and a symmetric, one-component PC 

bilayer control, were investigated.
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For the maximally asymmetric PC/PS double bilayer system, the asymmetric charge 

arrangement of the PS lipids in the presence of counterions has been shown to create a non-

zero transmembrane potential (TMP) difference of approximately −240 mV measured from 

the PS side towards the PC side of the bilayer (Gurtovenko and Vattulainen, 2008). This is 

the same sign as the local TMP difference found in cells. In contrast, no TMP difference 

occurs in the control PC bilayer system. Interestingly, the large difference in the melting 

temperatures of PC and PS lipids in one-component bilayers implies a higher order packing 

of the PC monolayer in the highly coupled PC/PS bilayer than in the PC bilayer. How the 

TMP and order packing lipid properties affect the structures of an amyloidogenic protein 

dimer, a simplest model multimer, is unclear.

A beta-sheet rich beta-amyloid dimer (Luhrs et al., 2005) was chosen as our model 

amyloidogenic protein multimer in this study. Recent atomic force microscopy studies (Jang 

et al., 2010; Jang et al., 2013) have indicated that amyloidogenic beta-amyloid multimers 

exhibit beta-sheet rich fibril morphology. This fibril structure has a U-shaped beta-strand-

loop-beta-strand motif with an exposed hydrophobic surface in the C-terminal domain that 

interacts with the cell membranes. Recent molecular dynamics (MD) simulations (Jang et 

al., 2010; Poojari and Strodel, 2013; Nasica-Labouze et al., 2015) further established the 

capability of these fibrillar beta-amyloid multimers to form pores in a simple one-component 

lipid bilayer. At present, the knowledge of early events of protein structural transitions and 

protein–lipid interactions of any beta-amyloid multimers on asymmetric lipid surfaces that 

may lead to membrane pore formation is unclear.

We used molecular dynamics (MD) simulations to investigate the effects of asymmetric 

transbilayer lipid distribution on the structure of D42 on the membrane surface of PC/PS and 

PC bilayers. In addition, the effects of the absorbed protein on the bilayer structure of the 

PC/PS and PC systems were compared. Our goal was to elucidate the lipid–protein 

interaction mechanisms of how the transbilayer lipid asymmetry regulates the complex 

protein structural transitions and the membrane structural disruption behaviors of an 

amyloidogenic protein on membrane surfaces that may lead to membrane pore formation.

2. Materials and methods

2.1. Starting structures

2.1.1. Protein—A beta-sheet rich, fibril-like beta-amyloid dimer (D42) was used. This 

protein has two chains (A and B), both with 42 residues and identical sequence (Hardy and 

Higgins, 1992) as given below.

H–ASP–ALA–GLU–PHE–(ARG-5)–HIS–SER–GLY–TYR–GLU–VAL–HIS–HIS–GLN–

(LYS-16)–LEU–VAL–PHE–PHE–ALA–GLU–ASP–VAL–GLY–SER–ASN–(LYS-28)–

GLY–ALA–ILE–ILE–GLY–LEU-–MET–VAL–GLY–GLY–VAL–VAL–ILE–ALA–OH

At neutral pH, the sequence has 7 negative charges (ASP-1, GLU-3, ASP-7, GLU-11, 

GLU-22, ASP-23 and C-terminal end carboxylate) and 4 positive charges (N-terminal end 

amine, ARG-5, LYS-16 and LYS-28). Hence, D42 (chain A and chain B) has a net charge of 

−6. Each chain has a distinct N-terminal domain and a C-terminal domain. Therefore, D42 
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has a total of four structural domains: N-terminal domain of chain A, N-terminal domain of 

chain B, C-terminal domain of chain A, and C-terminal domain of chain B. As shown in Fig. 

1A, each N-terminal domain has an unstructured peptide fragment (residues 1–17) 

exhibiting random coil structure. In contrast, each C-terminal domain has a more structured 

U-shaped motif (residues 18–42) with a beta-strand-loop-beta-strand-coil structure, and its 

sequence is highlighted above in bold.

To construct the D42 dimer, the atomic coordinates of the C-terminal domains were 

extracted from the experimental NMR fibrillar structure (PDB file: 2BEG) of a beta-amyloid 

pentamer (Luhrs et al., 2005). The atomic coordinates of the unstructured N-terminal 

domain were obtained from the same N-terminal domain region (residues 1–16) of the 

experimental NMR structure (PDB file: 1BA4) of a beta-amyloid monomer in a water/

micelle environment (Coles et al., 1998). The four parallel beta-strands in the C-terminal 

domain are stabilized by the parallel inter-chain hydrogen bonds along the peptide 

backbones. A region of the C-terminal domain (LYS-28 to ALA-42), marked in orange in 

Fig.1A, is beta-sheet rich and has a hydrophobic sub-sequence (residues 29–41). This region 

is defined as the lipid insertion domain. However, in our recent studies on monomeric beta-

amyloid peptide in various lipid bilayers, the lipid insertion domain was alpha-helix rich 

(Qiu et al., 2014; Cheng et al., 2015c).

2.1.2. Lipid—Two phospholipids: 1-palmitoyl-2-oleoyl-sn-glycero-phospho-choline (PC) 

and 1-palmitoyl-2-oleoyl-sn-glycero-phospho-L-serine (PS) were used. PC (Fig. 1B) has a 

zwitterionic polar headgroup, a glycerol backbone, and two acyl chains. PS (Fig.1C) has an 

anionic polar headgroup, a glycerol backbone, and two acyl chains. The chemical 

compositions of the acyl chains (C16:0 in sn-1 and C18:1 in sn-2) of PC and PS are 

identical. Here, we focus on the spatial distribution of the phosphate group of PC (PO4-PC), 

phosphate group of PS (PO4-PS), and the orientational order of the carbon atoms of the acyl 

chains of either PC or PS with respect to the normal of the lipid bilayer.

2.1.3. Protein/lipid bilayer systems—We have created two initial simulation structures 

of protein/lipid bilayer systems using the previously published, pre-equilibrated symmetric 

PC and asymmetric PC/PS lipid bilayer systems (Gurtovenko and Vattulainen, 2008; Qiu et 

al., 2011). The initial structures consisted of the D42 near the PC surface of the PC bilayer 

(Fig. 2A) and of the D42 near the PC surface of one of the PC/PS bilayers (Fig. 2C) in the 

presence of water and counterions. The steps used to construct these initial simulation 

structures of protein/lipid bilayer systems are given below.

First, two lipid bilayer systems, PC and PC/PS, were constructed in the absence of protein. 

A pre-equilibrated PC lipid bilayer system (see Fig. 2A) was obtained from a 200 ns-MD-

simulated structure published previously (Qiu et al., 2011). For the PC/PS lipid bilayer 

system, an asymmetric PC/PS double-bilayer structure consisting of two asymmetrically 

orientated bilayers, i.e., two PC/PS bilayers separated by a slab of counterions and water, 

was used (see Fig. 2C). Each PC/PS bilayer comprised of a single-component PC leaflet 

coupled to a single-component PS leaflet. The two PS leaflets were facing the counterions 

and water slab. This PC/PS lipid bilayer system was constructed from a smaller 100 ns-MD-

simulated asymmetric PC/PS double-bilayer structure (Gurtovenko and Vattulainen, 2008) 
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using a self-replicating method. Essentially, the smaller system was replicated along the x- 

and y-directions, or along the plane of the bilayer, 3 times. The resulting 9 times larger 

asymmetric system was then simulated for 500 ns using the published simulation procedure 

(Gurtovenko and Vattulainen, 2008) to relax the replicated structure to produce the final pre-

equilibrated PC/PS lipid bilayer system.

Second, the protein D42 was added to the pre-equilibrated lipid bilayer system. The initial 

membrane orientation of the protein was that the long axis of the U-shaped C-terminal 

domain (Fig. 1) was parallel to the plane of the membrane surface with the hydrophobic 

region (residues 29–41) directly facing the membrane surface. The methods of incorporating 

D42 to the bilayer systems are shown below.

For the symmetric PC bilayer system, D42 was placed near the surface of the lipid bilayer, 

the water molecules that overlapped the protein were then removed, and counterions were 

added to the aqueous phase. For the asymmetric PC/PS bilayer system, multiple steps were 

performed. First, D42 was solvated in a separated water box with counterions of the same 

lateral dimensions as the PC/PS bilayer system to form a pre-built D42/water/ion box. 

Second, water above the upper bilayer of the pre-equilibrated solvated PC/PS lipid bilayer 

system was removed so that only a thin layer of interfacial water of a few water molecules 

thick remained on the top PC lipid leaflet of the upper bilayer. The interfacial water layer 

covered all the headgroups of the PC lipids. Third, the pre-built D42/water/ion box from the 

first step was placed near the trimmed PC/PS lipid bilayer system from the second step. 

Finally, an extra box of randomized water was added to the combined system from the 

previous step. The separated protein hydration step was necessary to maintain the stability of 

the complex and fragile PC/PS lipid bilayer system. For both systems, the center of mass of 

the C-terminal domains of D42 was initially placed within 1 nm from the surface of the PC 

leaflet, also defined as the protein-contact PC-leaflet.

Both bilayer systems with D42 near the protein-contact PC-leaflet were energy minimized. 

Thereafter, each bilayer system was subjected to a few nanosecond of protein-restrained pre-

production MD simulation run. During this pre-production run, all the atoms of D42 were 

position-restrained in the presence of 6 counterions in the water phase (Qiu et al., 2011). The 

water and lipid bilayer were free to move around the position-restrained protein during this 

pre-production run. The protein-restrained MD pre-production MD run was very critical to 

allow the solvent to relax properly around the protein after the construction and to improve 

the stability of the unrestrained MD production run of the system. During the protein-

restrained pre-production MD simulation run, the protein-contact PC surface drifted ~2–3 

nm away from the protein in the PC/PS bilayer system but not in the PC bilayer as illustrated 

in Fig. 2A and C, respectively. After the pre-production run, an unconstrained full-

production MD run was performed on each bilayer system.

The global compositions of the lipid and water molecules in our systems are: 576 PC, and 

65,854 water in the PC bilayer system, and 954 PC, 1152 PS, and 235,900 water in the 

PC/PS bilayer system. The number of Na+ counterions in the PC bilayer system is 6 to 

balance the −6e charge of D42. The number of Na+ counts ions in the PC/PS bilayer is 1158, 

which balances the charge of each −1e charged PS lipid and the −6e charged D42. The 
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system or simulation box, sizes along the x-, y- and z-directions were ~13 × 14 × 14 nm3 for 

the PC bilayer system and 17 × 17 × 33 nm3 for the PC/PS bilayer system (see Fig. 2). The 

z-direction was aligned along the normal of the bilayer. Note that the z-dimension of the 

PC/PS bilayer system was more than twice the z-dimension of the PC bilayer system due to 

the presence of two lipid bilayers and the extra water/ion slab between them. Therefore, the 

symmetric PC bilayer system has two PC leaflets and the asymmetric PC/PS bilayer system 

has two PC leaflets and two PS leaflets. Our design rationale was that D42 was placed on the 

top, or protein-contact PC, leaflet of either the PC bilayer or the PC/PS bilayer system (Fig. 

2). In the above initial configuration design, the protein D42 was facing the 1-component PC 

leaflet in both bilayer systems.

The design of the above protein/bilayer systems allowed us to examine the effects of 

transbilayer lipid head group distribution asymmetry on protein–lipid interactions in well-

characterized lipid and aqueous environments. In both bilayer systems, the net −6e charged 

D42 experienced the same chemical composition of the lipid monolayer, i.e., a single-

component PC leaflet, and the same aqueous environment with +6 counterions in both 

PC/PS and PC bilayer systems. The middle counterion and water slab facing the two PS 

leaflets served the purpose to balance the large negative charge of PS headgroups, but did 

not come into contact with the protein. Therefore, the protein was affected solely by the 

biophysical properties of the contacting single-component PC leaet in both bilayers. The 

differences in the biophysical properties of the PC/PS and PC bilayers were due to the 

transbilayer lipid head group distribution asymmetry in the design, since the composition of 

the contacting lipid leaflet and number of counterions surrounding the protein were identical 

in each bilayer system.

The structure and binding behavior of beta-amyloid protein on membrane surface are 

sensitive to the ionic strength of the medium (Nasica-Labouze et al., 2015). In this work, we 

have not included additional salt in our simulation. This is because we would like to focus 

on key interactions involving lipid and protein. This approach of not including salt in 

protein/lipid interaction simulation is well accepted in various studies using either united 

atom or all-atom force fields (Herce and Garcia, 2007; Dunkin et al., 2011; Hu et al., 2013; 

Huang and Garcia, 2013; Pourmousa and Karttunen, 2013; Park et al., 2015).

2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations on the protein/lipid bilayer systems were performed 

at a constant temperature (310 K) and a constant 1 atm pressure using procedures published 

previously (Gurtovenko and Vattulainen, 2008; Qiu et al., 2011). To improve phase space 

sampling of our simulations, 4 independent simulation replicates, each with a different initial 

velocity distribution but with identical initial coordinates, were generated for each bilayer 

system. The procedures of the MD simulations have been published elsewhere (Gurtovenko 

and Vattulainen, 2008; Qiu et al., 2011). Briey, molecular dynamics simulations were 

performed under NPT conditions using Gromacs 4.5.3 (Bekker et al., 1993; Berendsen et al., 

1995; Lindahl et al., 2001; Van Der Spoel et al., 2005) with Berger et al. (1997) and Holtje 

et al. (2001) lipid parameters and a modified GROMOS87 force field (van Buuren et al., 

1993; van der Spoel et al., 1996) for both lipid and protein, called GROMOS87/Berger lipid 
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force field. Periodic boundary conditions were applied on each x,y and z direction. A simple 

point charge (SPC) model (Berendsen et al., 1981) was used for water. The non-bonded van 

der Waals interactions were estimated using a twin-range cutoff Lennard-Jones potential 

(Berendsen et al., 1995) with interactions within 1.0 nm evaluated every step and 

interactions between 1.0 and 1.5 nm evaluated every 10 steps. Electrostatic interactions were 

estimated by Particle-Mesh-Ewald method (Darden et al., 1993; Essmann et al., 1995). Bond 

lengths were constrained by a linear constraint solver (LINCS) algorithm (Hess et al., 1997). 

A leapfrog integrator with a 2 fs time step was used to integrate the motion of the systems. 

Temperature baths of 310 K were coupled to water, lipids and protein separately, using a v-

rescale thermostat (Bussi et al., 2007) with a coupling time of 0.05 ps. A Berendsen barostat 

(Berendsen et al., 1984) with a coupling time of 1 ps kept the systems at an isotropic 

pressure of 1 atm.

For the PC bilayer, a 200 ns-simulation per replicate was performed (Fig. 2B). For the larger 

PC/PS double-bilayer system, a 350 ns-simulation per replicate was performed (Fig. 2D). 

With four replicates for each bilayer system, a total of 2.2 μs of MD simulations were 

performed in this study.

2.3. Data analysis

2.3.1. Protein secondary, tertiary and quaternary structure—The protein 

secondary structure of D42 was determined by a DSSP algorithm (Kabsch and Sander, 

1983) frame-by-frame for each simulation replicate. Here, 6 hydrogen-bonded structures: 3-

turn helix (G), 4-turn helix (H) and 5-turn helix (I), beta-sheet (E), isolated beta-bridge (B), 

and turn (T), and two non-hydrogen bonded structures: coil (C) and bend (S), at each time 

frame, were assigned to all the residues of D42. In this work, we used the reduced secondary 

structures: helix (GHI), beta-sheet and-bridge (BE), turn (T), and loop (SC), to analyze the 

hydrogen-bonded and non-hydrogen bonded behavior of the residues in D42. The extraction 

of the reduced secondary structures from the complete DSSP structures was performed 

frame-by-frame using an in-house script in Python. The Visual Molecular Dynamics (VMD) 

program (Humphrey et al., 1996) was also used to create snapshots of proteins with detailed 

secondary structures as well as images of lipids, ions and solvent surrounding the protein.

Quantitative residue-contact map and radii of gyration measurements were employed to 

investigate the tertiary and quaternary structure of D42. Tertiary structure usually refers to 

the three-dimensional arrangements of the secondary structures within a peptide chain, while 

quaternary structures are the arrangement of the tertiary structures in a protein multimer, the 

dimer in our study.

For the residue-contact map measurements, a frame-by-frame residue-contact matrix of 

protein on each membrane surface was first generated using the tool, g_mdmat from 

GROMACS (Hess et al., 2008) and an in-house Python script. This residue-contact matrix 

describes the minimum distance among the residues of the protein in the form of a two-

dimensional matrix with the row or column positions matching the sequence positions of the 

residues of the protein at a given time frame. Specifically, each matrix element gives the 

minimum distance between a pair of residues (residue i, residue j) in the ith row and the jth 

column at each simulation frame. This residue-contact matrix is then plotted in a three-
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dimensional residue-contact map with the minimum distance color coded in the z-

dimension, and pixel locations representing the sequence positions of the residues along the 

x- (column) and y-(row) dimensions. In this study, the time-averaged residue-contact matrix 

over the last 50 ns was first generated in each replicate. Finally, average residue-contact 

matrix across all replicates in each complex was calculated. The calculations were 

performed using an in-house script written in Python. Since each chain of D42 has two 

domains, N-terminal domain and C-terminal domain, the residue-contact matrix can be 

divided into zones. Each zone represents contact regions among the four domains, i.e., N-

terminal and C-terminal domains in chain A and chain B. An average of the matrix elements 

in each zone provides a quantitative measure of the interactions among residues in the 

interacting domains that further quantify the ternary and quaternary structures of D42.

A frame-by-frame radii of gyration calculation of D42 was generated using the tool, 

g_gyrate from GROMAS (Hess et al., 2008). This tool generates the radii of gyration, RgX, 

RgY, and RgZ of the protein along three principal axes, as well as the average radius of 

gyration Rg. The theory of the radii of gyration calculations has been described elsewhere 

(Theodorou and Suter, 1985; Vymetal and Vondrasek, 2011). A useful geometrical shape 

parameter called “asphericity” or b is useful to characterize the hydrodynamic shape of a 

protein, and its definition is given by

(1)

Note that b is zero for a spherical shape or isotropic object when all three radii of gyration 

are identical (Theodorou and Suter, 1985; Vymetal and Vondrasek, 2011). Again, the radii of 

gyration and the b factor were averaged over the last 50 ns of each simulation replicate and 

across all replicates using an in-house R-script.

2.3.2. protein–lipid minimum distance—Protein/lipid interactions were analyzed using 

the analysis tool, g_mindist from GROMACS (Hess et al., 2008). This tool calculates the 

minimum distance between any atom of a protein to any atom of a lipid (dmin) as a function 

of simulation time and as a function of residue location over a given simulation time range. 

The plot of dmin versus time provides the protein binding kinetics of D42 to the membrane 

surface, and dmin versus residue location provides a residue-specific protein/lipid binding 

profile. In this work, the average protein/lipid binding profile over the last 50 ns and across 

all replicates was determined.

2.3.3. Annular and non-annular regions—To analyze the composition and structure of 

the lipid and solvent molecules near the protein, the annular (AL) region containing the 

lipids and solvent (w) surrounding the protein was identified. A two-dimensional molecule 

sorting tool, Surround (Qiu et al., 2011), was used to identify the molecules that were within 

a threshold distance of 0.5 nm from any atom of the protein as projected on the x–y plane. In 

this study, AL–PC, AL–PS, and AL–w groups were identified at each time frame. Molecules 

not selected for the AL region were assigned to the non-annular region (nAL), and were 

labeled as nAL–PC, nAL–PS, nAL–w, accordingly. The Surround computational package, 
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written in C and Python. A demonstration of the sorting of AL and nAL for the current 

bilayer systems is given in Fig. 12 of Data in Brief (Cheng et al., 2015b).

2.3.4. Transbilayer density and mass profile—The transbilayer number density ρN(z) 

profiles of different lipid structural groups: PO4 of PC, PO4 of PS, solvent (w), and protein 

were calculated using the tool, g_density from GROMACS (Hess et al., 2008) at each time 

frame and in separated AL and nAL regions surrounding the protein. The number density 

ρN(z) profile for each group is given by

(2)

Here, ni(z) is the number of a selected group within a thin z-slice at a given z-coordinate, A 
is the cross-sectional or x–y area of the simulation system, N is the total number of time 

frames for the calculations. In this study, Δz = Zs/100 for the PC bilayer and = Zs/300 for the 

larger PC/PS double bilayers, where Zs is the Z-dimension of the simulation box which 

depended on the amount of explicit solvent on the top and bottom of the lipid bilayer.

A similar transbilayer mass density ρm(z) profiles of different molecules, protein, lipid, 

water and ion, were also calculated using a similar definition as in Eq. (2) by replacing ni(z) 

with mi(z), which is defined as the mass of each molecule within the z-slice.

The time-averages ρN(z) or ρm(z) profile was over the last 50 ns of each simulation replicate 

in each complex. Finally, the average density profile across all four replicates of each system 

was calculated.

2.3.5. Order parameter of lipid and protein chain carbon backbone—The 

orientational order parameter S(n) for a given lipid carbon number position (n) or the C-

alpha atom of D42 backbone of the nth residue was calculated using the tool, g_order from 

GROMACS (Hess et al., 2008). Lipids in each leaflet were grouped into AL and nAL (see 

above). Here, the time-averaged S(n) measures the segmental orientation order of the PC or 

PS acyl chains or the C-alpha atom of the peptide chain of D42 with respect to the normal 

(z-axis) of the bilayer over a given time period

(3)

where θn is the angle between the z-axis and a vector Cn (= rn+1 – rn−1) joining the nearest-

neighbor carbons on each side of the carbon atom n, where rn+1 and rn−1 are the position 

vectors of the n + 1 and n − 1 carbon positions of the lipid chain or the peptide backbone, 

respectively. N is the number of time frames for the averaging. Angle brackets denote 

averaging over all participating lipids in the AL or nAL region. The time-average was over 

the last 50 ns of each simulation replicate in this work. Average across all simulation 

replicates for each bilayer system was also performed.
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2.3.6. Bilayer thickness map—Time-averaged bilayer thickness maps of a lipid bilayer 

were calculated over a given length of time using a grid-based membrane analysis tool, 

GridMAT-MD (Allen et al., 2009), for all our simulations. This tool reads the coordinates of 

all the phosphorus atoms in the lipid bilayer, determines the shortest z-distances between 

those from the top layer and those from the bottom layer, and generates a 2-dimensional 

thickness matrix for each time frame. Upon averaging the matrix over a given time range, 

the time-averaged thickness map was created for a given trajectory using an in-house R 
script. In addition, we identified the location of the protein by assigning a large “thickness” 

value e.g., 6nm, for each identified protein atom on the x–y plane and overlaid them on the 

thickness map frame-by-frame. The time-averaged thickness and protein location maps were 

created over the last 50 ns of each trajectory. The average thickness maps were also 

generated from the average pixel-by-pixel calculations of all repeated replicates of each 

system. To identify the thickness near the periodic boundary, a larger, repeated or tiled 

image along the x- and y- directions, is presented for each thickness map.

2.3.7. Charge density, transmembrane potential and electric field profiles—The 

electrostatic transmembrane potential profile across the lipid bilayer V(z) depends on the 

system charge density profile ρq(z) along the z-axis (bilayer normal),

(4)

where εo is the permittivity in vacuum. Therefore, V(z) can be calculated by integrating Eq. 

(4) using the ρq(z) of protein, lipids, water and ions (Gurtovenko and Vattulainen, 2008). 

The z-component of force acting on a unit positive charge is given by the electric field E(z), 

which is just the negative gradient of the potential

(5)

Potential and electric field calculations were performed at each time frame using the tool, 

g_potential, from (Hess et al., 2008). To be consistent, the same slice thickness for the 

density profile calculation was used, Δz = Zs/100 for the PC bilayer and = Zs/300, where Zs 

is the Z-dimension of the simulation box. Finally, the average V(z) and E(z) profiles were 

determined over the last 50 ns of each replicate and across the four replicates of each 

system.

3. Results

3.1. Protein binding

The binding behavior of D42 on the PC surfaces of symmetric PC and asymmetric PC/PS 

bilayers was first examined. Although D42 attached firmly to the PC surface in all 8 

independent simulation replicates, the behavior of membrane attachment of D42 was 

different between bilayer systems. Due to the larger separation between the protein and the 

PC leaflet of the PC/PS lipid bilayer during the pre-production protein-restrained MD 

simulation (see Section 2), the protein underwent translation and rotation before establishing 
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stable contact with the membrane surface. In contrast, no significant protein rotation was 

detected for the PC bilayer. Here, the protein–lipid minimum distance plot (see Section 2) 

was used to quantify the binding kinetics of D42 of each simulation replicate, The protein 

made its first contact with the PC leaflet at the initial attachment time. This initial 

attachment time was determined from the intercept of two extrapolated lines of the sharp 

decline and the stabilized value of ~0.14 Å in the protein–lipid minimum distance versus 

time plot (see Fig. 1 of Data in Brief (Cheng et al., 2015b). As summarized in Table 1, the 

initial attachment time of D42 was 3–4 ns for the PC bilayer but varied over a range from 5 

to 28 ns for the PC/PS bilayer for different simulation replicates.

The hydrophobic region between LYS-28 to ALA-42 or residues 29–41 of the chain A of 

D42 established the initial contact with the PC leaflet (protein-contact leaflet) during the 

protein adsorption process in both PC and PC/PS lipid bilayer system. A membrane-

orientation vector, starting from ALA-42 (C-terminal end) and ending at LYS-28 (tip of the 

loop), was used to represent the membrane-orientation of D42 during the protein-binding 

event. The angle between this vector and the z-axis (along the normal of the bilayer), or 

membrane-orientation angle, was examined as a function of time. This membrane-

orientation angle changed only slightly for the PC bilayer system. For example, the angle 

varied from ~92° immediately after the initial attachment at 4 ns to ~94° at 5 ns and 

remained stable for the simulation replicate rep1 (see Fig. 2 of Data in Brief (Cheng et al., 

2015b)). However, a broad range of initial angles, from 76° at 5 ns for rep1 to 119° at 28 ns 

for rep2, were evident for the PC/PS lipid bilayer system (see Fig. 2 of Data in Brief (Cheng 

et al., 2015b)). In addition, it took 10–15 ns for the angle to reach a stable value, of 90–95°. 

Therefore, the time at which the membrane-orientation angle reached a stable value is 

defined as the final attachment time. As summarized in Table 1, this final attachment time 

varied from 17 to 39 ns.

3.2. Surface area of lipid

Average surface areas of PC and PS were calculated over the last 50 ns of each replicate and 

over all replicates of each bilayer system from the size of the simulation box (see Section 2). 

As shown in Table 1, the average surface area of PC in the upper and lower PC leaflets of 

the PC bilayer was ~67 Å2 as compared with a smaller value of ~62 Å2 in the upper PC 

leaflet of the PC/PS bilayer. The average surface area of PS in the PS leaflet of the PC/PS 

bilayer was ~52 Å2, much smaller than the average surface area of PC in either PC or PC/PS 

bilayer.

3.3. Transmembrane electrostatic properties

The average transmembrane electrostatic properties of the PC and PC/PS bilayer systems 

during the last 50 ns and over all replicates were calculated (see Fig. 3). The average charge 

density distributions ρq(z) sorted by molecule types (protein, lipid, water and ion) across the 

z-axis (normal of the bilayer) of the PC and the upper PC/PS bilayer are shown in Fig. 3B 

and E, respectively. In comparison, the charge distributions of the lipid, water and ion of the 

lower PC/PS bilayer in the absence of the absorbed D42 are given in Fig. 3H. Also shown in 

Fig. 3A, D and G are the mass density distribution plots, also sorted by molecule types. 
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These mass density plots allow a direct comparison of the molecule locations and their 

electrostatic properties across the bilayer.

The average transmembrane potential V(z) versus z-axis plots for the PC (Fig. 3C), upper 

PC/PS (Fig. 3F) and lower PC/PS (Fig. 3I) bilayers were calculated using Eq. (3) of Section 

2. The reference potential was set to zero at z = 0 in all the potential plots. As expected, for 

the PC bilayer, the V(z) profile in the aqueous regions (below the lower PC leaflet and above 

the upper PC leaflet) was zero as shown in Fig. 3C. In contrast, in the PC/PS bilayer, the 

V(z) was ~−240 mV in the central counterion/water slab region (z ≈ 14–19 nm) and was 

zero in the aqueous regions (above the upper bilayer and below the lower bilayer as shown 

in Fig. 3F and I).

The average electric field E(z) versus z-axis plots for the PC (Fig. 3C), upper PC/PS (Fig. 

3F) and lower PC/PS (Fig. 3I) bilayers were also calculated using Eq. (4) of Section 2. The 

average electric field E(z) was localized around the polar regions of each bilayer. Referring 

to Fig. 3C and 3F, the E(z) profile of the upper PC leaflet in the PC (z ≈ 7–10 nm) and 

PC/PS (z ≈ 23–26 nm) exhibited an identical pattern, i.e., a small negative peak followed by 

a large positive peak. In contrast, the E(z) profile of the lower PC leaflet (z ≈ 3–6 nm) in the 

PC bilayer (Fig. 3C) exhibited a large negative peak followed by a small positive peak that 

was very different from a single negative peak in the lower PS leaflet (z ≈ 19–22 nm) of the 

upper PC/PS bilayer (Fig. 3F). Cross comparisons of Fig. 3B, C, E and F revealed that the 

localized electric field profile was similar across the protein for both PC and PC/PS bilayers. 

Since the protein was absorbed on the upper PC surface of both bilayers (Fig. 2), the electric 

field in the lower PC leaflet or the lower PS leaflet has negligible effects on the protein.

3.4. Higher order protein structure

3.4.1. Secondary structure—Upon binding, the secondary structures of D42 on the PC 

surface of the symmetric PC and asymmetric PC/PS bilayers were investigated. Fig. 3 of 

Data in Brief (Cheng et al., 2015b) illustrates the time evolutions of the secondary structure 

of D42 from rep 4 of PC and rep 2 of PC/PS bilayer systems according to the DSSP 

algorithm. Using the reduced secondary structure representations (see Section 2), the time 

evolutions of the number of residues involved in hydrogen-bonds (BE, GHI, and T) in both 

N- and C-terminal domains of D42 on the surface of PC and PC/PS bilayers were extracted. 

Figs. 4–6 of Data in Brief (Cheng et al., 2015b) demonstrate the time evolution data from 

rep 1 of the PC bilayer system and rep 1 and rep 2 of PC/PS bilayer system. A control plot 

of the protein in the absence of lipid membrane (Fig. 7 of Data in Brief (Cheng et al., 

2015b)) is shown for comparison. The plots demonstrate significant folding of the N-

terminal domain after protein binding, and that the C-terminal domain unfolded more on the 

surface of the PC bilayer than on the PC/PS bilayer.

To further quantify the above folding/unfolding patterns, the average number of residues 

involved in hydrogen-bonds (BE, GHI, and T) and non-hydrogen bonds (SC) in the N-

terminal and C-terminal domains were calculated over the last 50 ns of all replicates for each 

bilayer system. The number of secondary structures before the protein binding is also 

presented for comparison.
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For the N-terminal domains (Fig. 4A), there were ~5 and 10 (mostly BE and T) hydrogen 

bonds for the PC and PC/PS bilayer systems, respectively. These numbers were significantly 

larger than ~2, the number of hydrogen bonds in the T structure before the protein binding. 

For the C-terminal domains (Fig. 4B), there was a reduction of hydrogen-bonds from ~30, 

before protein binding, to ~20 after protein binding for both bilayer systems. The structures 

before and after the protein binding were mostly BE. As shown in Fig. 4C, the total number 

of residues involved in hydrogen-bonds of the entire protein in both the N- and C-terminal 

domains dropped from ~32 to ~27 in the PC bilayer system but the number of hydrogen 

bonds in the PC/PS bilayer system changed little after protein binding.

Representative secondary structures of D42 on the PC and PC/PS bilayer surfaces are 

illustrated in Fig. 4D and E, respectively. Compared to the initial structures before the 

membrane binding (Fig. 1A), the beta-sheet structure of the U-shaped C-terminal domains 

was partially disrupted on both PC and PC/PS surfaces. Isolated beta-sheets were evident in 

the original random coil region of the N-terminal domains and the extent of beta-sheet 

structure was less on the PC surface than on PC/PS surfaces. The above observations agree 

with the average secondary structure profiles tabulated in Fig. 4A–C.

The surface aggregation behavior of the N-terminal and C-terminal domains exhibited an 

interesting dependence with the lipid composition of the bilayer. The N-terminal and the C-

terminal regions of D42 were mostly segregated on the PC (Fig. 4D) bilayer but were 

aggregated on the PC/PS (Fig. 4E) bilayer. The structural domain aggregation behavior is 

investigated quantitatively below.

3.4.2. Tertiary and quaternary structure—Tertiary and quaternary structures of D42 

were quantified using average residue-contact map and average radii of gyration analysis. 

The average was over the last 50 ns of each simulation and across all replicates in each 

bilayer system. The detailed procedures of the analysis are given in Section 2. The 3D 

residue-contact maps of D42 in both bilayer systems are presented in Fig. 10 of Data in 
Brief (Cheng et al., 2015b).

Based on the residue-contact maps, average separation of residues from the same C- or N-

terminal domains (Zones 1, 2, 4, and 5) was examined first (Fig. 5A). No significant 

differences among the average separation in either Zone 2 or 5, corresponding to the 

residues within the C-terminal domain, were detected for either bilayer. However, the 

residues of Zone 1 or 4, those within the N-terminal domain, were significantly closer for 

D42 in the PC/PS bilayer.

Average distances among residues from different domains (Zones 3, 5, 6, 7, 8, 9, and 10) 

were then examined. There were small differences in the average distances in Zones 

corresponding to the residues within the N-terminal domain or C-terminal domain from 

different chains, for all bilayer surfaces. However, residues from Zone 3, 6, 9, and 10, 

corresponding to the N- and C-terminal domain from different chains were significantly 

closer in the PC/PS than the PC bilayer. Similar observations of the average residue-contact 

distance results were found in D40, a beta-amyloid dimer similar to D42 but without the last 
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two residues in each chain. See Figs. 8–11 of Data in Brief (Cheng et al., 2015b) for the 

comparison of the structures and the residue contact maps and results for D40 and D42.

The average radii of gyration about the principal axes, RgX, RgY and RgZ, as well as the 

average radius of gyration, Rg, of D42 on different membrane surfaces were calculated, and 

the results are shown in Fig. 5B. The smallest radius of gyration, RgX, was associated with 

the principal axis X along the long axis of the U-shaped C-terminal domain. The larger RgY 

or RgZ was with the principal axis Y or Z perpendicular to X. Note that RgY was only 

slightly smaller than RgZ. The radii of gyration of D42 were always smaller when the 

protein was on membrane surfaces than before protein binding. The RgX of D42 was ~0.8 

nm for all membrane surfaces. In contrast, the RgY or RgZ of D42 on the PC/PS surface 

was always smaller than that on PC control surfaces. The asphericity or b parameter (see Eq. 

(1) of Section 2), which measures the deviation of the spherical shape of the protein, was 

calculated for D42 on each membrane surface. The b parameters were 1.18 ± 0.16 and 0.69 

± 0.19 for PC and PC/PS bilayers, respectively, as compared with 1.24 before the 

simulations.

3.5. Protein membrane orientation

Protein orientation on PC and PC/PS bilayer surfaces was systematically investigated by use 

of the average minimum distance between individual residue of protein and lipid (Fig. 6) and 

peptide backbone chain orientational order (Fig. 7). Similar to the notations used in the 

DSSP plots (see Fig. 3 of Data in Brief (Cheng et al., 2015b)), the residue number runs from 

1 to 42 and 43 to 84 for depicting chain A and chain B, respectively, in the plots. The 

average was from the last 50 ns of each replicate and across all four replicates from each 

bilayer system.

Fig. 6 shows the average minimum distance between the atoms of the protein residue and 

lipid as a function of the residue number of D42 on PC (Fig. 6A) and PC/PS (Fig. 6B) 

bilayers. As demonstrated in Fig. 2, D42 contacted only the upper PC leaflet in either 

system. The PC bilayer (Fig. 6A) maintained a minimum distance between the protein and 

PC atoms in the upper leaflet around 0.25 nm and showed little dependence on the residue 

location except some small dips of depths between 0.1 to 0.3 nm. Interestingly, well-

separated minima were observed in the lower leaflet for residue numbers ~16 and 32 of 

chain A and ~58 and 80 of chain B, corresponding LYS-16 and ILE-32 of the chains, 

respectively. For the PC/PS bilayer (Fig. 6B), more clearly defined small dips for the upper 

PC leaflet and significant dips for the lower PS leaflet at residue numbers ~28 and 72, 

corresponding to the vicinities of LYS-28 of both chains, were evident.

Fig. 6C and D demonstrates the nearest lipids within 0.25 nm of the positively charged 

residues, ARG-5, LYS-16, and LYS-28 of D42 for representative replicates. For the PC 

bilayer (Fig. 6C), ARG-5 of Chain A, LYS-16 in both Chain A and Chain B, and LYS-28 of 

Chain A were surrounded by PC molecules. For the PC/PS bilayer (Fig. 6D), only the 

LYS-28 residues from both Chain-A and Chain-B were surrounded by PC lipids, while 

LYS-16 and ARG-5 residues faced away from the bilayer surface.

Cheng et al. Page 14

Chem Phys Lipids. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7 shows the average residue-resolved orientational order of the C-alpha atoms along the 

peptide backbone of D42 on PC and PC/PS surfaces. It is clear that the values of 

orientational order of D42 around the residue number 28, or LYS-28 of chain A (Fig. 7A), 

and residue number 70, or LYS-28 of chain B (Fig. 7B), on PC/PS bilayers were consistently 

higher than those on PC bilayers. The average tilt angle of LYS-28 backbone with respect to 

the bilayer normal was around ~50° for the PC/PS bilayer when compared with ~80° for the 

control PC bilayer. Fig. 7C and D illustrate the orientation of the C-alpha atoms of the C-

terminal domains of chain A and chain B of D42 on the leaflet surfaces.

3.6. Protein-induced membrane structural disruptions

Binding-induced membrane structural disruption was examined by use of transbilayer 

density profile plots, lipid acyl chain order parameter plots and bilayer thickness maps.

The two-dimensional Surround algorithm (see Section 2) was used to sort the lipid, water 

and protein molecules into annular (AL) and non-annular (nAL) regions. Fig. 12 in Data in 
Brief (Cheng et al., 2015b) demonstrates this separation. The average transbilayer density 

profile of molecules (Fig. 8) and lipid acyl chain order parameter (Fig. 9) were subsequently 

calculated in both AL and nAL regions. No sorting is required for the bilayer thickness 

maps. Averaging over the last 50 ns and across all replicates was performed in all the plots 

and maps (see Section 2).

The average transbilayer lipid density profile of AL and nAL phosphate groups: PC (PO4-

PC) and PS (PO4-PS) are presented. A broadening of PO4-PC peaks in the AL region versus 

nAL region of the upper leaflet was observed for both bilayers. However, the peak locations 

of the lipid density profiles in the AL region were similar to those in the nAL region. Note 

that the peak-to-peak z-distance between two matched lipid phosphate peaks defines the 

thickness of the lipid bilayer. Here the thickness of the PC bilayer (Fig. 8A) was ~3.5 nm 

while that of PC/PS was ~4.3 nm (Fig. 8B) in both the AL or nAL region. As expected, no 

broadening of the PO4-PC peak was detected in the lower PC/PS bilayer, where there was 

no protein (Fig. 8C).

For the transbilayer protein density profile, the protein peak overlapped the PO4-PC peak for 

the PC and PC/PS bilayers. These results agree with the deep penetration of the protein in 

the upper PC leaflet of the PC and PC/PS bilayers as shown in Fig. 2C and D. The 

transbilayer water density profile was higher near the center of the bilayer for the AL region 

of the PC bilayer but not forthe PC/PS bilayer.

In the absence of protein (nAL region), the average order parameter of the lipid acyl chain in 

the upper PC leaflet of the PC bilayer was significantly lower than that of the PC/PS bilayer 

(see Fig. 9A and B). In the presence of protein, the average order parameter of the lipid acyl 

chain shows significantly less lipid chain order for both chains in the upper PC bilayer in the 

AL region versus the nAL region (Fig. 9A and B) for both bilayer systems. The PC/PS 

bilayer showed significantly less lipid chain order in the upper PC leaflet than the lower PC 

leaflet; the PC/PS bilayer also showed slight drop in the lipid chain order in the upper PS 

leaflet as compared with the lower PS leaflet (Fig. 9B and C). This small but significant 

disorder in the lower PS leaflet of the PC/PS bilayers suggests that the binding of protein to 
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the upper PC leaflet influenced the structural properties of the lower PS leaflet. This 

indicates coupling between the two leaflets in the asymmetric PC/PS bilayer. As expected, 

no significant difference in the average order parameter of the AL versus the nAL region for 

both PC and PS leaflets was detected in the lower PC/PS bilayer where the protein was not 

present (Fig. 9C).

The average color-coded bilayer thickness maps of the PC (Fig. 10A and B) and PC/PS (Fig. 

10C and D) bilayers were determined from the last 50 ns of each simulation and across all 

replicates for all bilayers. Periodic images along the x and y directions are shown to 

highlight the periodic boundaries of the thickness maps. As shown in Fig. 10A, the thickness 

of the PC bilayer was deformed to ~3 nm in an extended ellipsoid-shaped region of 4 nm × 2 

nm and surrounded by a region of thickness ~3.5 nm within the boundary of the absorbed 

protein, as marked by the yellow pixels in Fig. 10B. Outside the protein boundary, the 

thickness increased abruptly to ~4 nm in an annular domain of around 2 to 3 nm, and nally 

dropped to ~3.5 nm for regions farther away from the center of the protein. On the other 

hand, as shown in Fig. 10C, the thickness of the PC/PS bilayer was deformed to ~3.5 nm in 

a more localized and less extended circle-like region ~2 nm in diameter and surrounded by a 

region of thickness ~4.3 within the boundary of the absorbed protein as shown in Fig. 10D. 

Outside the protein boundary, the thickness remained at ~4.3 nm with no obvious annular 

domain of increased thickness as found in the PC bilayer system. The thicknesses of the 

bilayers away from the protein calculated from these thickness maps agree well with those 

from the peak-to-peak lipid phosphate density profile measurements (Fig. 8). Overall, the 

thickness disruption region was significantly more spread out laterally (along x–y plane), or 

more extended (including the thicker or overshoot annular domain) on the bilayer PC than 

on the PC/PS bilayer.

4. Discussion

In this work binding of D42, protein conformational transitions, and subsequent protein–

lipid interactions on the upper PC leaflet of the asymmetric PC/PS and symmetric PC 

bilayers have been systematically investigated.

We observed weaker binding, more folding in the N-terminal domain, more aggregation of 

the N- and C-terminal domains, and a larger tilt angle of the protein on the surface of the 

PC/PS bilayer versus the PC bilayer. The differences in the surface structures of the protein 

resulted in more localized bilayer thinning of the PC/PS bilayer versus the PC bilayer. Our 

results were based on several simulation replicates totaling up to 2.2 μs of total simulation 

time. Below we examine how the biophysical properties of the lipids: membrane potential 

and lipid packing order, regulate the protein structures and protein–lipid interactions in our 

model membrane systems.

Membrane potential was a key parameter investigated in our simulations. We observed that 

the protein experienced a similar local electric field profile in both PC and PC/PS bilayers. 

The large difference in the local electric field in the lower leaflet simply did not affect the 

adsorbed protein to the bilayer. This is because the protein interacted with the upper PC 

leaflet exclusively in both bilayers. Interestingly, a different simulation study (results not 
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shown) carried out in our lab on a monomeric alpha-helix rich beta-amyloid, which was 

partially inserted into the asymmetric PC/PS bilayer with the negatively charged C-terminus 

(Ala-42) near the middle of the bilayer, showed a strong repulsion of the protein from the PS 

leaflet that eventually drove the peptide to the surface. Those results indicate the presence of 

the strong negative electric field, effectively pushed the negatively charged C-terminus and 

inhibited the insertion of monomeric peptide across the bilayer.

Lipid order packing of the upper PC leaflet was higher in the PC/PS bilayer than the PC 

bilayer, as shown by smaller area per PC of 63 Å2 in the PC/PS bilayer versus 67 Å2 in the 

PC bilayer (Table 1). These values were based on unconstrained NPT simulations. These 

surface areas of PC and PS agree reasonably well with published values from both 

simulations and experiment (MacDonald et al., 1976; Kucerka et al., 2005; Gurtovenko and 

Vattulainen, 2008; Cordomi et al., 2009). Further, we found significantly higher acyl chain 

orientational order in the PC/PS bilayer than in the PC bilayer (Fig. 9). Therefore, the 

protein experienced a more ordered lipid environment in the protein-contact PC leaflet in the 

asymmetric PC/PS bilayer than in the symmetric PC bilayer. Both PC and PC/PS bilayer 

systems were planar and stable throughout the entire simulation for all replicates. Similar 

conclusions of an enhancement in the order packing of a PC leaflet by the opposing leaflet 

containing lipids of higher packing, e.g., PS and GM1, a glycolipid with a ceramide moiety, 

have been reported in two other asymmetric bilayer systems (Lopez Cascales et al., 2006; 

Patel and Balaji, 2008). The effect of lipid packing on protein structural changes and 

protein–lipid interactions in the two bilayer systems is examined below.

We observed weaker protein binding to the PC/PS bilayer versus the PC bilayer. 

Electrostatic interactions between the charged residues of the protein and lipid polar 

headgroups have been proposed to drive the initial membrane surface binding of beta-sheet 

rich beta-amyloid oligomers in various bilayer systems (Davis and Berkowitz, 2010; Jang et 

al., 2013; Yu et al., 2013; Tofoleanu et al., 2015). Those studies investigated single- and 

multiple-component lipid bilayers consisting of PC, PS, phosphatidylethanolamine (PE), and 

phosphatidylglycerol (PG) of different acyl chain compositions. Here, the dimeric protein 

interacted exclusively with the PC leaflet of both asymmetric PC/PS and PC bilayers. 

However, an initial repulsion of D42 from the surface (see Fig. 2) of the PC/PS bilayer and a 

longer protein binding lag time (see Table 1) in the PC/PS than in PC bilayer were detected. 

These observations suggest that the tighter PC polar headgroup packing in the PC/PS bilayer 

provides a less conformationally favorable binding surface to the charged residues of the 

protein when compared to the relatively looser PC polar headgroup packing in the PC 

bilayer. Weak binding of a beta-amyloid p3 pentamer, which contains identical C-terminal 

domains as in this work but no N-terminal domains on the same mono-unsaturated PC as 

used in this work, has been reported (Yu et al., 2013). However, another binding study using 

the same beta-amyloid p3 pentamer, but on membrane surfaces of unsaturated PC, i.e.,18:1 

in both sn-1 and sn-2, reported strong protein surface binding. Note that the mono-

unsaturated PC should be more tightly packed than the all-unsaturated PC (Silvius, 1982). 

Therefore, the above observations further support the notion that tightly packed PC surfaces 

are less favourable for promoting protein surface binding. The same mechanisms may 

operate for binding of other amyloidogenic proteins of different initial structures (Gorbenko 

and Kinnunen, 2006; Gorbenko and Trusova, 2011).
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We observed significantly larger folding from random coil to beta-sheet in the N-terminal 

domain of D42 on the PC surface of the PC/PS bilayer than the PC bilayer. We speculate 

that the more ordered PC surface in the PC/PS bilayer also promotes protein folding more 

effectively than the less ordered PC surface in the symmetric PC bilayer. However, unfolding 

of the C-terminal domain of similar extent was evident in both bilayers, suggesting that 

protein unfolding (beta-sheet to random coil) is probably not sensitive to the lipid packing. 

Previous simulation studies on beta-sheet-rich beta-amyloid p3 dimer (Jang et al., 2013) on 

mono-unsaturated PC surfaces and beta-amyloid pentamer (Tofoleanu et al., 2015) on all-

unsaturated PC surfaces have also reported spontaneous unfolding of beta-sheets, and 

therefore agree with our results. Previous studies (McLaurin and Chakrabartty, 1997; Wong 

et al., 2009; Nag et al., 2013) have revealed that the presence of anionic lipid supports and 

promotes beta-sheet structures on membrane surfaces. However, in our study, the anionic PS 

lipids in the PC/PS asymmetric bilayer were not in contact with the protein. Their effect was 

to promote a more ordered PC leaflet for the protein to interact. Therefore, the PS effect on 

surface protein folding is indirect in this study.

We observed significantly more aggregation of C- and N-terminal domains in the PC/PS 

than in the PC bilayer. Although more folding of the N-terminal domains helped promote 

and stabilize the aggregated structures of the protein in the PC/PS bilayer compared with the 

PC bilayer, only a small fraction of the N-terminal domain was folded regardless of bilayer 

(Fig. 5A). We speculate that the larger domain aggregation in the PC/PS bilayer may be 

explained by stronger protein–protein and the concomitant weaker lipid–protein interactions 
in the PC/PS bilayer versus the PC bilayer. From the protein–lipid minimum distance plot 

(Fig. 6), we discovered that several hydrophobic residues in the lipid insertion domain 

(residues 29–41) and two charged LYS-16 residues inserted deeper towards the lower PC 

leaflet than other residues for the PC bilayer. In other words, these residues helped stabilize, 

or anchored the protein on the surface. The partially unfolded C-terminal domain around the 

lipid insertion domain may further help the anchoring (Tofoleanu and Buchete, 2012). 

Loosely packed PC molecules likely provided a better hydrophobic and electrostatic binding 

environment for the adsorbed protein to interact in the PC bilayer. In contrast, only two 

LYS-28 residues anchored the protein to the tighter packed PC leaflet of the PC/PS bilayer. 

Tightly packed PC molecules in the PC/PS bilayer presented an environment that 

discouraged the hydrophobic interactions and provided fewer anchoring sites towards the 

lower leaflet. Fewer and relatively weaker hydrophobic anchoring sites in the PC/PS bilayer 

therefore gave rise to stronger protein–protein interaction among the residues of the 

adsorbed protein.

Stronger protein–protein and weaker protein–lipid interactions may also explain the larger 

protein tilt on the PC/PS versus PC bilayer surfaces (Figs. 6 and 7). Additionally, the 

observed longer time lag of the protein attachment (~10 ns for the PC/PS bilayer surface 

versus ~1 ns for the PC bilayer surface) implies weaker protein–lipid interaction during the 

attachment phase of protein binding on membrane surface as shown in Table 1 and Fig. 2 of 

Data in Brief (Cheng et al., 2015b). However, after the protein was firmly attached to the 

bilayer, we observed more localized protein-induced bilayer thinning involving only a few 

residues of the protein (Fig. 6) in the PC/PS bilayer versus PC bilayer. This further supports 

the weaker protein–lipid interaction mechanism of the protein on the PC/PS surface.
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The asymmetric PC/PS and the control symmetric PC membranes remained in the bilayer 

form throughout the entire simulation time. Neither lipid flip-flop (lipid exchange between 

the two lipid leaflets) nor pore formation within the bilayer was detected. In this study, the 

PC (protein-contact) and PS (non-protein-contact) leaflets in the asymmetric PC/PS 

membrane were extracted from stable simulated single-component PC and single-

component PS bilayers (Gurtovenko and Vattulainen, 2008). These separate PC and PS 

bilayers were simulated under the same NPT simulation protocols and force fields as in this 

study. Due to the difference in the melting temperatures of the PS (Tm ~ 14 °C) and PC (Tm 

~ −2 °C) bilayers (Silvius, 1982), PS has an intrinsically smaller surface area per lipid than 

PC. An independent simulation study (Esteban-Martin et al., 2009) using similar simulation 

protocols has investigated asymmetric one-component PC bilayers containing different 

numbers of lipids between two lipid leaflets, or lipid-number asymmetric PC membranes. 

For these lipid-number asymmetric PC membranes, an increase in the lipid-number 

mismatch percentage gives rise to a concomitant increase in the surface area per lipid 

mismatch percentage between the two lipid leaflets (see Fig. 13 of Data in Brief (Cheng et 

al., 2015b)). Here, the lipid-number mismatch percentage is defined as the difference in the 

lipid-numbers between two leaflets divided by the larger of the lipid-numbers in one of the 

leaflets and multiplied by 100. Similarly, the surface area per lipid mismatch percentage is 

defined as the difference in the surface area per lipid between two leaflets divided by the 

larger of the surface area per lipid in one of the leaflets and multiplied by 100. Stable and 

unperturbed lipid bilayers with surface area mismatch as large as 60% in lipid-number 

asymmetric PC membranes (Esteban-Martin et al., 2009) were observed. Our lipid-

headgroup asymmetric PC/PS bilayer system had a lipid-number mismatch of ~17% giving 

rise to a surface area mismatch of ~17% (see Fig. 13 of Data in Brief (Cheng et al., 2015b)), 

well below the 60% threshold.

Due to the mismatch in the surface area per lipid betweenthe two leaflets, the lipid-number 

asymmetric PC membranes (Esteban-Martin et al., 2009; Ollila et al., 2009; Kasson et al., 

2013) were not at equilibrium but in metastable, or kinetically trapped, bilayer states with 

imbalanced lateral pressure and surface tension among the lipids. Interestingly, several lipid-

number asymmetric PC membranes with surface area mismatch greater than 30% became 

porated after a temperature jump (Esteban-Martin et al., 2009), suggesting the existence of 

an energy barrier separating the metastable bilayer state and the porated membrane state. In 

our PC/PS system, we have both lipid-number asymmetry and lipid-headgroup asymmetry. 

Unlike previous studies (Esteban-Martin et al., 2009; Ollila et al., 2009; Kasson et al., 2013; 

Park et al., 2015), we did not manually remove the lipids in one leaflet of a simulated bilayer 

to create the lipid-number asymmetric membrane. The lipid-numberasymmetry in our PC/PS 

system was necessary to the construction of the lipid bilayer because PC and PS have 

intrinsically different surface areas in separate single-component bilayers (see above). 

Interestingly, a recent simulation work, using the all-atom CHARMM C36 force fields, 

confirmed that the lipid-number asymmetric PC membranes were also in a metastable 

bilayer state with surface area mismatch as large as 25% (Park et al., 2015), the calculated 

17% mismatch of our asymmetric PC/PS membranes is below this threshold. Our lipid-

number mismatch of 17% and surface area mismatch of 17%, in the PC/PS membranes 

follow the same linear relationship in the surface area mismatch versus lipid-number 
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mismatch plots from two independent simulation studies (Esteban-Martin et al., 2009; Park 

et al., 2015) on asymmetric PC membranes (see Fig. 13 of Data in Brief (Cheng et al., 

2015b)). Therefore, we speculate that our maximally lipid-headgroup asymmetric PC/PS 

membranes were also in metastable bilayer states, as in the previously reported lipid-number 

asymmetric PC membranes.

Since the protein adsorbed to the same one-component PC leaflet in both symmetric PC and 

maximally asymmetric PC/PS bilayers, the difference in the lipid packing between the two 

systems is likely an important membrane property that influenced the protein structural 

transitions on the membrane surfaces. However, the observed effects may not exclusively be 

due to the lipid packing difference. Other membrane properties associated with the 

asymmetric lipid distribution, such as transmembrane potential, coupling of the lower leaflet 

to the upper leaflet and the local pressure may be involved. Examination of the local electric 

field suggests that the transmembrane potential has no significant effects on the adsorbed 

protein. The coupling of the lower PS leaflet with smaller surface area to the upper PC 

leaflet may affect the adsorbed protein structures. As matter of fact, we see strong coupling 

of the PC and PS leaflet from the acyl chain order parameter plots when compared the AL 

lipids with the nAL lipids in the lower leaflet (see Fig. 9). Recent studies suggested the 

importance of the local pressure in affecting the protein surface structures (Esteban-Martin 

et al., 2009; Kasson et al., 2013). Those studies also used asymmetric bilayer created with 

different numbers of lipids in the leaflets of the bilayer, or different surface areas. The 

increase in the lateral pressure is consistent with the decrease in the surface area per lipid in 

the leaflet. Therefore, the change in lateral pressure is a consequence of the change in 

surface area, and may affect the protein transitions on surface. More work is still needed to 

understand the effects of various membrane properties on absorbed protein structures in 

asymmetric bilayers.

As with any unconstrained NPT MD simulations of a protein/lipid bilayer, the results can 

depend strongly on the initial configurations of the protein and membrane assemblies. This 

is a result of poor phase space sampling, limited computing resources, and high free energy 

barriers separating various protein secondary and higher order structures (Buchete and 

Hummer, 2007; Stefani, 2008; Derreumaux, 2013; Poojari and Strodel, 2013). The use of 

efficient simulation strategies for effective phase space sampling like multiscale simulations 

(Derreumaux, 2013; Cheng et al., 2015a; Nasica-Labouze et al., 2015) are needed to further 

explore protein structures on surfaces, and to uncover deeper insertion states of membrane-

active beta-sheet rich proteins.

Finally, the results of any MD simulations depend on the force fields (Poger and Mark, 

2012; Kukol, 2015; Sun et al., 2015). Our primary incentive of choosing GROMOS87/

Berger lipid force field was to compare our results with the published studies using the 

identical forces fields. These studies include lipid-headgroup asymmetric charged 

membranes (Gurtovenko and Vattulainen, 2008), the lipid-number asymmetric membranes 

(Esteban-Martin et al., 2009), monomeric beta-amyloid protein interactions with symmetric 

membranes (Qiu et al., 2011; Manna and Mukhopadhyay, 2013; Qiu et al., 2014; Cheng et 

al., 2015a), and other non-beta-amyloid protein interactions with symmetric membranes 

proteins (Herce and Garcia, 2007; Dunkin et al., 2011; Huang and Garcia, 2013; Pourmousa 
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and Karttunen, 2013). Furthermore, since we were interested in the effect of an electric field 

induced on the asymmetric distribution of charged lipid headgroups, it was important to use 

a united atom force field. This is because all atom force field overestimates the dipole or 

intramembrane potential from the partial charges on the aliphatic lipid atoms (Pastor and 

Mackerell, 2011). In addition, the inaccuracy estimations of interactions of ions with lipid 

headgroup and the surface tension of bilayer versus monolayer have been identified (Pastor 

and Mackerell, 2011). No force field is perfect. Continuous adjustments of the force field 

parameters to deal with the limitations and validations of the results with experiments are 

required (Venable et al., 2013; Kukol, 2015; Torres-Sanchez et al., 2015; Vanommeslaeghe 

and MacKerell, 2015). In addition, we do not add additional salt in our simulations. This is 

because our focus is on the interactions between lipid and proteins without the complications 

of salt–lipid and salt–protein interactions. As indicated in a recent review on force fields 

(Sun et al., 2015), there is ongoing debates and refinement of force field parameter for ion or 

salt interactions with lipids, particularly charged lipids (Pandit and Berkowitz, 2002; 

Bockmann et al., 2003; Pandit et al., 2003; Mukhopadhyay et al., 2004; Cordomi et al., 

2009; Pastor and Mackerell, 2011; Hu et al., 2013; Venable et al., 2013).

Since there is no perfect force field, it is important to gauge our results in the context of the 

limitations or weaknesses of the GROMOS87/Berger lipid force field. This force field may 

have two primary defects or concerns that may affect our results and interpretations. First, 

for model octanol and lipid bilayer systems, the positively charged amino acid residues, 

ARG and LYS, may have higher interaction potential, and the potential associated with LYS 

is larger than ARG (Tieleman et al., 2006; MacCallum et al., 2008; Sun et al., 2015). 

Second, the lipid-peptide interactions may be overestimated (Tieleman et al., 2006; Kukol, 

2009, 2015).

To address the first concern of charged residues, we notice that the LYS residues (LYS-16 

and LYS-28) are exclusively located in the C-terminal domains and the ARG residues 

(ARG-5) in the N-terminal domains of D42 dimer. A large fraction of D42 interacted with 

the PC-leaflet, and we did not see unusual attachment or appreciably different behavior for 

these residues, as evident from the residue-lipid minimum distances of ~0.2 or less as given 

in Fig. 6.

The second concern of the stronger lipid-peptide interactions could affect our results in three 

ways. First, the possible increase free energy for binding means that there is a higher 

probability of dimer attaching to the membrane surface. We do not consider this a 

deficiency; the stronger lipid–protein interactions make it easier to sample surface states. 

However, this issue is probably why all our replicate dimers attached to the bilayer surface. 

Otherwise, we might expect some replicates to show the dimer leaving the bilayer and 

diffuse away. Second, the increased interaction strength would affect the time scale of 

events, although it is not clear in what way. If the interfacial interaction is strong, the 

interaction may slow penetration of dimer towards the center of the bilayer. Alternatively, 

since a large fraction of the protein interacts with the bilayer surface, the speed of dimer 

penetration may be enhanced. Third, the dimer could be less stable in the membrane, which 

would increase the probability of the unfolded state and decrease the probability of the 

formation of an ordered state, like beta-sheet structure. Overall, it is very important to note 
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that differential effect between the two PC and PC/PS bilayer systems will not be 

significantly affected by the choice of force field; if there is a difference between the two 

bilayer systems, that will still exist when investigated by other force fields, and the relative 

magnitude of the difference should be independent of the force fields.

Comparison of different force fields is a continuous effort in the field of simulations and 

modeling of various membrane systems. A united atom GROMOS87/Berger force field (see 

Section 2) used in this work represents a reasonable force field to study complex systems, 

particularly those involving ions and anionic lipids. All atom force fields, like CHARMM 

and AMBER, united atom force fields, like CHARMM—united atom, GROMOS and mixed 

all atom and united atom force fields are constantly developed and parameterized with 

experiments. At present, all atom force fields have limitations in simulating membrane 

potential and ion-lipid interactions involving protein, and are therefore not ready to simulate 

large, multiple component membrane systems containing anionic lipids, ions and protein 

(Cordomi et al., 2009; Pastor and Mackerell, 2011; Hu et al., 2013; Venable et al., 2013).

The ultimate test of force fields is how well they agree with experiments. GROMOS87/

Berger force field indicates good agreement of simulation results with a broad range of 

available experimental results, e.g., surface area per lipid, membrane potential and ion-lipid 

interactions (Mukhopadhyay et al., 2004; Gurtovenko and Vattulainen, 2008). GROMOS87/

Berger force field has successfully been used for investigating membranes and protein–lipid 

interactions in various systems, particularly mixed lipid bilayers containing cholesterol and 

charged lipids (Polyansky et al., 2005; Herce and Garcia, 2007; Gurtovenko and Vattulainen, 

2008; Esteban-Martin et al., 2009; Dunkin et al., 2011; Manna and Mukhopadhyay, 2011a; 

Manna and Mukhopadhyay, 2011b; Qiu et al., 2011; Huang and Garcia, 2013; Pourmousa 

and Karttunen, 2013; Gurtovenko and Lyulina, 2014; Qiu et al., 2014; Cheng et al., 2015a). 

Various studies using the GROMOS87/Berger lipid force field (Herce and Garcia, 2007; 

Dunkin et al., 2011; Huang and Garcia, 2013; Pourmousa and Karttunen, 2013) have 

demonstrated the pore-forming behaviors of various cationic proteins interacting with 

symmetric membranes. These pore-forming behaviors agree well with experiments. Beta-

amyloid proteins are highly polymorphic, both in solution and in model lipid membranes. 

Aggregates of beta-amyloid proteins are known to bind to membranes (Stefani, 2012; 

Nasica-Labouze et al., 2015). However, no high-resolution protein structures of D42 dimer, 

or any membrane-active proteins, on any symmetric or asymmetric membrane surfaces are 

experimentally available. Our predictions of binding kinetics and protein structures of beta-

amyloid dimer on membrane surface await validations from future high-resolution, single-

molecule experiments.

In any MD simulation study, it is critical to carefully consider the system size and the 

associated effects of periodic boundary condition imposed on the simulations. If the 

simulation system size is too small, interactions between atoms at the edges of the 

simulation box can lead to artifacts, which could bias the results of the simulation study (Hu 

et al., 2013). In our work, we constructed a large asymmetric double bilayer PC/PS system 

(~17 × 17 × 33 nm3) by tiling 9 times of a small stable asymmetric bilayer system of 

identical structures from a previously published work (Gurtovenko and Vattulainen, 2008). 

In addition, the symmetric PC bilayer of comparable size ~13 × 14 × 14 nm3 was built as a 
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control. The surface area per lipid and membrane potential of our membrane systems agree 

favorably with previous simulation studies (Gurtovenko and Vattulainen, 2008; Esteban-

Martin et al., 2009), and the surface area per lipid agrees with experimental studies 

(MacDonald et al., 1976; Kucerka et al., 2005). This agreement indicates that system size 

effects and periodic boundary condition issues are unlikely to generate artifacts in our study. 

Additionally, previous work has been done to examine the effect of system size on packing 

order of lipids. For example, a four times (Esteban-Martin et al., 2009) or two times larger 

(Park et al., 2015) lipid-number asymmetric PC membrane system has been simulated to 

compare with the smaller system. In both cases, no appreciable difference in the packing 

order or surface area per lipid mismatch was detected. In our work, similar packing order 

mismatch was found in both the smaller and the larger asymmetric PC/PS system.

There are many ways to design lipid headgroup asymmetric bilayer membranes. Matching 

the surface area per lipid in a leaflet of an asymmetric bilayer to that of the single 

component symmetric bilayer by the adjusting the number of lipids in one leaflet is a critical 

step in designing the initial structure of any stable lipid headgroup asymmetric bilayer 

(Lopez Cascales et al., 2006; Gurtovenko and Vattulainen, 2008; Patel and Balaji, 2008). 

There is always uncertainty in the number of lipids that should be assigned to each bilayer 

leaflet, and how this uncertainty is resolved is part of the design consideration of the system. 

This is true in the maximally asymmetric PC/PS (Gurtovenko and Vattulainen, 2008) and 

other partially asymmetric bilayer systems (Lopez Cascales et al., 2006; Patel and Balaji, 

2008). If there is a surplus or deficit of lipids in one leaflet the packing density of both 

leaflets may be affected, because the leaflet with a deficit of lipids will tend to exert forces 

that compress the leaflet that contains a relative surplus. The partially asymmetric bilayers 

were constructed by substituting a single-component bilayer with another lipid type, e.g., PS 

(Lopez Cascales et al., 2006) or GM1 (Patel and Balaji, 2008). As shown in Section 2, we 

used equilibrated leaflets from single component PS and PC membranes to construct the 

maximally asymmetric PC/PS bilayer without substituting any lipids in both leaflets.

How do our results provide insights into understanding the beta-amyloid oligomers 

interactions with cell membranes? These interactions are associated with the early events of 

pathogenic amyloid cascade pathways, particularly membrane pore formation (Nasica-

Labouze et al., 2015). A neurotoxic beta-amyloid dimer, the smallest unit of beta-amyloid 

oligomers, has recently been isolated from the brain of Alzheimer's patients (Jin et al., 

2011). Due to their highly polymorphic and aggregation-prone behavior in solution, the 

exact structure of this dimer or any other pathogenic multimers of beta-amyloid, on 

membrane surfaces are unknown (Nasica-Labouze et al., 2015). The U-shaped fibrillar 

dimer in this study represents a possible structure, or subunit of a larger structure, that may 

lead to membrane pore formation (Jang et al., 2007). In this work, the dimer was able to 

generate significant bilayer thinning in both PC and PC/PS bilayers, a possible first step in 

membrane pore formation (Fig. 10). A more localized bilayer thinning in the PC/PS bilayer 

was detected. Although, no pore formation was detected in any of our simulated replicates, 

the dimer was more aggregated and tilted in the PC/PS versus the PC bilayer system. This 

more tightly packed and tilted structure may have higher propensity to form membrane pores 

in the PC/PS bilayer than in the control PC bilayer.
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It is important to note that a beta-amyloid pore model consists of multiple U-shaped beta-

amyloid chains with the loop and N-terminal domain regions on opposite sides of the bilayer 

(Jang et al., 2013). Therefore, the dimer with a tightly packed and tilted orientation in PC/PS 

bilayer is more likely to migrate from the protein-contact leaflet to the non-protein-contact 

leaflet, when compared to the dimer with loosely packed and non-tilted orientation in the PC 

bilayer. Of course, a large free energy barrier exists in the protein translocation process. 

Hence, the negative electric field in the non-protein-contact PS leaflet (Fig. 3) can 

significantly lower this energy barrier in the PC/PS bilayer, due to electrostatic interactions 

with the positively charged Lys-28 residue in the loop region of the dimer (Fig. 2). In other 

words, once the loop region of the tilted dimer reaches the PS leaflet, the negative electric 

field will promote the anchoring of the loop region of the dimer towards the headgroup 

region, which may eventually form a membrane pore in the bilayer. However, more work is 

needed to uncover this possible membrane pore formation mechanism, which may involve 

single or multiple dimers in the asymmetric PC/PS bilayer.

Previous studies have also suggested the importance of anionic lipids on the surface in 

promoting beta-amyloid binding, folding, and aggregation (Wong et al., 2009; Davis and 

Berkowitz, 2010; Yu et al., 2013). Our preliminary study of D42 binding to lipid surface 

containing PS revealed a similar, but slightly stronger, domain aggregation effect than the 

ordered PC surface (results not shown). Future work is still needed to study the regulatory 

effects of lipid order and anionic lipids.

Conclusions drawn from this work may also apply to other isoforms of beta-amyloid 

multimers. A parallel study using D40, a beta-amyloid with an almost identical structure to 

D42, but containing only 40 residues in each chain, revealed similar aggregation behavior as 

found in D42 (see Figs. 9–11 of Data in Brief (Cheng et al., 2015b)). Additionally, 

membrane-active proteins, such as the large family of aggregation-prone amyloid forming 

proteins of different primary sequences (Gorbenko and Kinnunen, 2006) and anti-microbial 

proteins (Jang et al., 2010), share similar structural motifs rich in beta-sheets. Therefore, the 

lipid–protein interaction mechanisms of beta-sheet containing aggregation-prone D42 on the 

surface of asymmetric and symmetric bilayers may also be operative on those proteins as 

well.

5. Conclusion

We have used MD simulations to study the effects of maximally asymmetric transbilayer 

distribution of anionic lipids on the structures and protein–lipid interactions on a membrane 

surface. We speculate that the lipid packing rather than the electric field has a larger effect in 

promoting stronger protein–protein interactions on the surface of the asymmetric PC/PS 

bilayer versus the symmetric PC bilayer. Additionally, the more aggregated and tilted D42 

has higher propensity in promoting membrane pore formation in the asymmetric PC/PS 

bilayer.
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Fig. 1. Structures of protein and lipids
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) The initial protein structure of D42 (A) consists of two 42-

residue long peptide chains, chain A and chain B, with identical sequence (see Section 2). 

Each chain has a random-coil N-terminal domain (residues 1–17) and an U-shaped C-

terminal domain (residues 18–42). The latter contains a compact beta-strand-to-loop-to-beta-

strand-random coil (residues 18–28 in red and residues 29–42 in orange) motif. Four 

positively charged residues (N-terminal end amine, ARG-5, LYS-16 and LYS-28) and seven 

negatively charged residues (ASP–1, GLU–3, ASP–7, GLU–11, GLU–22, ASP–23 and C-

terminal end carboxylate) in each chain are rendered in thick green and red licorice 

representations, respectively, and the non-charged residues are in thin color lines. A scale 

bar of 10 Å is shown. The chemical structures of the lipids, PC (B) and PS (C), are given. 

Here PC is zwitterionic and PS anionic, according to the charge distribution in the polar 

headgroup of each lipid.
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Fig. 2. Protein/lipid bilayer systems before and after simulation
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Representative initial (A, C) and final (B, D) simulated structures of protein/lipid bilayer 

systems containing PC (A, B) and PC/PS (C, D) lipid bilayers in the transverse-view (x–z 
plane view with z along the normal of the lipid bilayer) are shown at indicated simulation 

times. For clarity, a thin x–z slice with a thickness of Δy ≈ 5 nm of water/ion solution is 

presented to illustrate the total system size of each system. PC and PS lipids are in black and 

blue lines, respectively. Sodium ion and water molecules captured in the thin x–z slice are in 

small red spheres and light green lines, respectively. The protein D42 is shown in red 

ribbons. The definition of upper or lower lipid leaflet, and single, upper or lower bilayer is 

given. The upper PC leaflet of either the single PC bilayer (B) or the upper PC/PS bilayer 

(D) is defined as the protein-contact layer of this study. The scale bar indicates 10 Å.
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Fig. 3. Average transbilayer mass, charge, potential and electric field distribution of protein/lipid 
bilayer systems
The average mass (A, D), charge (B, E), potential (C, F) and electric field (C, F) distribution 

as a function of z distance of the protein/lipid bilayer systems containing PC bilayer (A–C) 

and PC/PS upper bilayer (D–F). The z-axis is along the normal of the lipid bilayer. The 

distributions of lipid bilayer/water system but without D42 for the PC/PS lower bilayer (G–

I) are also shown. The calculatons were averaged over the last 50 ns and across all repeating 

replicates of each system.
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Fig. 4. Average secondary structure of protein in protein/lipid bilayer systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

The average numbers of residues involved in reduced secondary structures (SC, T, GHI and 

BE) calculated from DSSP (see Section 2) for D42 in PC and PC/PS lipid bilayers in the N-

terminal domains (A), C-terminal domains (B) and complete chains (C) are shown. The 

structural calculations were averaged over the last 50 ns of the simulation of each simulation 

replicate. The average was then across all four independent replicates of each lipid bilayer 

system with means and standard errors (bars) as given. For comparison, the initial (0 ns) 

reduced secondary structures of D42 are also presented. Protein conformations of 

representative replicates of D42 in PC (D) and PC/PS (E) bilayers at 200 and 350 ns 

simulation times, respectively, are illustrated. The N-terminal domain (residues 1–17 in blue 

ribbon) and C-terminal domain (residues 18–28 in red and residues 29–42 in orange) of each 

chain are shown. The six positively charged residues (lysine in green and arginine in purple) 

are in thick licorice lines. A scale bar of 10 Å is shown.
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Fig. 5. Average residue-contact distance and radii of gyration of D42 in protein/lipid bilayer 
systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average residue-contact distances in 10 different residue-contact zones (A) and radii of 

gyration (B), along three principal components, RgX, RgY and RgZ, and their average, Rg, 

for the PC (blue) and PC/PS (red) bilayers are shown. The average was over the last 50 ns of 

each replicate and across all four repeating replicates with means and standard errors of the 

means (error bars) given. The values before the simulations, i.e., initial or 0 ns (white), are 

presented for comparison. The four contact zones (NA/NA, CA/CA, NB/NB and CB/CB) 

among residues within the same chain, i.e., chain A or chain B, are marked in red to 

facilitate the comparison among different zones in panel A. The definitions of the contact 

zones and radii of gyrations are given in Section 2.
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Fig. 6. Average residue-specific protein–lipid interactions in protein/lipid bilayer systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average minimum distance between the atoms of D42 and the lipids in the upper (filled 

circles) and lower (open circles) layers of the PC (A) and PC/PS (B) bilayers versus residue 

number plots are shown. The average was over the last 50 ns of each simulation replicate 

and across all four repeating replicates with means and standard errors of the means (error 

bars) given. Note that residues numbers 1–42 and 43–84 represent chain A and chain B, 

respectively. Shaded areas highlighted the hydrophobic regions bound by Lys-28 and Ala-42 

of chain A and chain B. Representative orientations of D42 on PC (C) and PC/PS (D) 

surfaces on the transverse (x–z) plane, with z-axis along the normal of the lipid bilayer, are 

shown. Also shown are the nearest PC lipids surrounding the positive residues (ARG-5 in 
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purple and LYS-16 or LYS-28 in green) rendered in licorice lines and colored surfaces. To 

visualize the thickness of the bilayer, the polar phosphate groups of PC (black sphere) and 

PS (blue sphere) lipids highlight the upper and lower polar regions of the lipid bilayers, 

respectively. A scale bar indicates 10 Å.
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Fig. 7. Average residue-specific peptide backbone orientational order in protein/lipid bilayer 
systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average orientational order and tilt angle of the C-alpha backbone in the C-terminal domain 

of chain A (A) and chain B (B) of D42 versus residue number in PC (black circles) and 

PC/PS (blue circles) bilayers are shown. See Section 2 for the details of the calculations of 

chain orientational order and tilt angle of the protein. The average was over the last 50 ns of 

each simulation replicate and across all four repeating replicates with the means and 

standard errors of the means (error bars) given. In panel B, residues numbers 60 to 84 of 

chain B correspond to the residues numbers 18 to 42 of chain A. For examples, residue 

number 70 and 84 in chain B correspond to residues 28 and 42 in chain B. The 

representative C-alpha carbon backbone orientations in the C-terminal domain of chain A 

(C) and chain B (D) of D42 in the PC and PC/PS bilayer on the transverse (x–z) plane, 

where z is the normal of the bilayer, are illustrated. For clarity, the C-alpha atoms from 

residues 17–27 (red balls), residue 28 (green ball) and residues 29–42 (orange balls) are 
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color-coded. Also, the lipid phosphate atoms (gray balls) are shown to identify the polar 

regions of the PC leaflet in both PC and PC/PS bilayer. A scale bar indicates 10 Å
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Fig. 8. Average transbilayer density profile in protein/lipid bilayer systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average number density of groups of molecules versus z-axis (normal of the bilayer) of the 

complexes containing the single PC bilayer (A), PC/PS upper bilayer (B), and PC/PS lower 

bilayer are shown. The average was over the last 50 ns of each simulation replicate and 

across all four repeating replicates of each replicate. The results for the upper PC/PS bilayer 

in which D42 was attached are shown. The non-annular (nAL) and annular (AL) lipid and 
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water groups are in dashed and solid lines, respectively. The groups represent the phosphate 

of PC (PC–PO4) in black, the phosphate of PS (PS–PO4) in orange, the water (W) in red, 

and the protein in thick pink. The number densities of the lipids in the nAL region are scaled 

by a factor of 0.3 to facilitate the comparison of the density peak locations. The method of 

separation into AL and nAL regions has been described in Section 2.
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Fig. 9. Average orientational order parameter of lipid acyl chains in protein/lipid bilayer systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average orientational order parameter (S) of the sn-1 (black) and sn-2 (blue) acyl chains of 

phospholipid versus chain carbon number in the upper (top row) or lower (bottom row) 

leaflet of the PC single bilayer (A), PC/PS upper bilayer (B) and PC/PS lower bilayer (C). 

The average was over the last 50 ns of each simulation replicate and across all four repeating 

replicates with means and standard errors of the means (error bars) shown. Order parameters 

of lipids in the annular (AL) and non-annular (nAL) regions labeled in filled and open 

circles, respectively, are given. The method of sorting the lipids into AL and nAL regions is 

described in Section 2. The definitions of upper and lower lipid leaflets are given in Fig. 2.
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Fig. 10. Average lipid bilayer thickness maps in protein/lipid bilayer systems
(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)

Average three-dimensional thickness (color coded in z-dimension) maps of the PC bilayer 

(A, B) and the PC/PS bilayer (C, D), with (B, D) and without overlays (A, C) of protein 

locations (fixed at 6 nm thickness or yellow color-coded) are shown. The map calculations 

were averaged over the last 50 ns of each replicate and across all four repeating replicates in 

each system. A color scale bar from 3 to 5 nm (black to yellow) and a spatial scale bar of 1 

nm on the lateral or x–y plane are given. See Section 2 for details of the thickness map 

calculations.gr1
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Table 1
Surface area of lipid and protein attachment times in protein/lipid bilayer systems

The surface area of PC or PS in each lipid leaflet of the symmetric PC and asymmetric PC/PS bilayer systems 

is shown. The surface area of lipid was determined from the area of the x-y plane of the system box simulated 

under the constant number, pressure and temperature (NPT) conditions divided by the number of lipid 

molecules in each lipid leaflet. Also shown are the initial and final attachment times of the protein on the lipid 

surface determined from the protein-lipid minimum distance plot and VMD visualization (see Section 2). 

Results from four independent simulation replicates (rep1 to rep4) of each bilayer system are given. The area 

result represents average over the last 50 ns of each replicate. Also, the average area result across all four 

repeating replicates of each bilayer system with mean and standard error is given for each bilayer system.

Bilayer system Simulation replicate Area per PC (Å2) Area per PS (Å2) Initial attachment time
a 

(ns)
Final attachment time

b 

(ns)

PC (0-200ns) rep1 66.62 4.0 5.0

rep2 66.62 3.5 4.5

rep3 66.64 2.5 3.5

rep4 66.62 4.0 5.0

average 66.62 ± 0.01 3.5 ± 0.4 4.5 ± 0.4

PC/PS (0-350ns) rep1 62.41 51.68 28.0 38.5

rep2 62.52 51.77 5.0 17.0

rep3 62.51 51.77 5.0 20.0

rep4 62.37 51.65 14.5 25.0

average 62.45 ± 0.04 51.72 ± 0.03 13.3 ± 5.6 25.1 ± 4.8

a
The initial attachment time is defined as the time at which the plot of protein-lipid minimum distance versus time has reached a steady state value 

of ~0.14Å from the sharp decline as demonstrated in Fig. 1 of Data in Brief (Cheng et al., 2015b)).

b
The final attachment time is defined as the time at which the membrane-orientation vector of the hydrophobic region (LYS-28 to ALA-42) of 

chain A reached a stable value with respect to the normal of the contact PC layer after the initial attachment as demonstrated in Fig. 2 of Data in 
Brief (Cheng et al., 2015b)).
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