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Chapter 1 

Transmembrane Alpha-Helix Content Regulates Beta- Amyloid Insertion 

Across a Lipid Bilayer 

 
ABSTRACT  

Interactions of beta-amyloid (Aβ) with neurons play a key role in the pathogenesis of 

Alzheimer’s (AD). However, early molecular events of Aβ unfolding and insertion across 

the lipid bilayer are unknown. Using molecular dynamics simulations, the conformation 

and transmembrane (TM) helix insertion of Aβ in lipid bilayers were investigated. 

Atomistic structures of Aβ with its TM helix initially half-embedded in the upper leaflet 

of a phosphatidylcholine (POPC) bilayer with or without 40 mole % cholesterol (CHOL) 

were created. These structures mimic the predicted configurations of Aβ immediately 

upon its release in the cholesterol-depleted or -enriched lipid rafts of the neurons. Folded 

and unfolded TM insertion events of Aβ, signified by the anchoring of the negative C-

terminus to the positive trimethylammonium of POPC in the lower lipid leaflet, were 

observed. Using a sigmoidal fit, we discovered that the maximum velocity of this C-

terminus anchoring scaled with θu
-1.3, where θu is the fraction of the TM helix unfolded in 

the lipid insertion domain (LID) bounded by Lys28 and C-terminus, suggesting that the 

TM insertion process of Aβ is highly regulated by the helical content of the LID. The 

attachment of the positive Lys28 side chain with the negative phosphate of POPC or 3β 

oxygen of CHOL in the upper lipid leaflet—snorkeling of Lys28—further stabilized the 

inserted state of Aβ. We speculate that the C-terminus-anchoring and Lys28-snorkeling 
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inhibit Aβ migration to the membrane surface where it could template the formation of 

neurotoxic Aβ oligomers that trigger irreversible amyloid pathogenesis of AD.  
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1.1 INTRODUCTION 

Human beta-amyloid (Aβ) interactions [1, 2] with neurons are important molecular 

events for understanding pathogenesis pathways [3-9] of and designing disease-

intervention therapeutics [5, 10-13] for Alzheimer’s (AD), a complex neurodegenerative 

disorder that leads to progressive impairment of memory and cognition [14]. Aβ is a 39-

42 residue amphipathic peptide released by the concerted proteolytic cleavage of the 

Amyloid Precursor Protein (APP) by beta and gamma secretases in neurons [10]. At 

present, the molecular interactions of the released Aβ with the neurons are not clear. 

Specifically, the detailed mechanisms that regulate these events at the atomic and 

subnanosecond scales are still lacking. 

We used atomistic molecular dynamics (MD) simulation to explore protein 

insertion kinetics and stabilization mechanisms of protein/lipid interactions. We chose a 

model Aβ/lipid bilayer system to mimic the cholesterol-depleted or -enriched lipid 

domains, or non-lipid rafts and lipid rafts, of the neuronal membranes [15]. We 

constructed initial protein/lipid structures, in which the transmembrane (TM) helix of 40- 

or 42-residue Aβ, denoted Aβ40 or Aβ42, was half-inserted in the upper leaflet of a 

phosphatidylcholine (POPC) bilayer with or without 40 mole % cholesterol (CHOL). 

These initial structures represent possible initial configurations of the membrane 

associated Aβ upon its proteolytic release from the secretases [16]. Several replicated 200 

ns simulations, totaling 3.2 µs simulation time, were performed using four protein/lipid 

complexes: Aβ40 or Aβ42 in POPC and Aβ40 or Aβ42 in POPC/CHOL in explicit solvent. 

Folded or unfolded insertion of Aβ across the lipid bilayer was observed in several 

replicates. Simultaneous analysis of the protein conformational kinetics of Aβ and the 
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dynamics of the protein residue/lipid polar headgroup separation distance were 

performed. Our results demonstrated that the maximum rate of protein insertion is highly 

regulated by the fraction of helix unfolded in the highly hydrophobic lipid insertion 

domain (LID) of Aβ. In addition, both C-terminus anchoring and lysine snorkeling 

involving the polar headgroups of the lipid layers were examined to explore the 

membrane stabilization mechanisms for the inserted state of Aβ in our neuronal 

membrane mimics. Although insertion, anchoring and snorkeling are fast, nanosecond 

protein/lipid interaction events, they might represent early but critical molecular 

processes that regulate the longer-time and downstream events of Aβ/membrane 

interactions. Those longer-time events may involve irreversible protein conformation and 

orientation transitions and diffusion-limited self-aggregation that lead to AD 

pathogenesis.  
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1.2 MATERIALS AND METHODS  

1.2.1 Beta-amyloid Primary Structures 

The first 40 residues of Aβ40 and Aβ42 and the extra two resides of Aβ42 [10] are given 

here:  H-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-

Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-

Val-Val-(-Ile-Ala)-OH. At neutral pH, each peptide carries a net charge of -3. The 

segment bounded by Lys28 and Val40 for Aβ40 or Ala42 for Aβ42 denotes the lipid 

insertion domain (LID), and that rest (Asp1 to Asn27) the non-LID.  

 

1.2.2 Atomistic Molecular Dynamics Simulations of Beta-Amyloid in Lipid Bilayers 

Four protein/membrane structures: Aβ40 in POPC (A series), Aβ42 in POPC (B series), 

Aβ40 in POPC/CHOL (C series), and Aβ42 in POPC/CHOL (D series), all in the presence 

of water and counter ions were constructed. Four independent replicates, each with a 

different initial velocity distribution but identical initial spatial arrangement of the lipid 

and protein atoms, were generated for each series. Each replicate of a given series was 

denoted by a number running from one to four.  In total 16 replicates were generated: A1-

A4, B1-B4, C1-C4 and D1-D4. 

Aβ40 or Aβ42 was initially half-inserted into the upper leaflet of a lipid bilayer. 

This system mimics one of the possible initial configurations of Aβ right after the 

enzymatic cleavage from its precursor APP [16]. Initial structures of lipid bilayers were 

constructed by tiling four identical smaller equilibrated POPC and POPC/CHOL bilayers 

from a previous publication [17]. The initial atomic coordinates of Aβ40 were obtained 

from the NMR solution structure of the protein in a micelle-water environment [16]. The 
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initial structure of Aβ42 was created from that of Aβ40 by appending Ile41 and Ala42 to 

the C-terminus.  

For the A and B series, two POPC molecules in the upper leaflet were removed 

from the original structure. One protein molecule, Aβ40 for A series and Aβ42 for B series, 

was inserted into the void. This new protein/lipid structure underwent energy 

minimization in vacuum to remove energetically unfavorable close contacts between the 

protein and lipid atoms. The energy-minimized structure was subsequently solvated in a 

water box, underwent energy minimization, and followed by a 100 ps position-restraint 

run during which each atom of the protein or lipid molecules was restrained to its current 

position by coupling to a isotropic potential with a spring constant of 5000 kJ nm-2 mol-1. 

The procedures for preparing the C and D series were similar except that two POPC and 

one CHOL molecules were removed before the protein pre-insertion. The final structures 

after the preparative procedures above were taken as the initial (0 ns) structures for the 

200 ns production runs. The initial size of the simulation box was ~13×15×13 nm3 for the 

A-B series with 574 POPC and ~14x16x14 nm3 for the C-D series with 574 POPC and 

383 CHOL in explicit solvent and counter ions.  

 Molecular Dynamics (MD) simulations were performed using the Gromacs 4.0 

package [18-21] with the GROMOS 87 force field (ffgmx) and under constant number, 

pressure, and temperature (NPT) conditions. Periodic boundary conditions along the x, y, 

and z directions were applied for the whole system.  A simple point charge (SPC) water 

model [22], a twin-range cut-off Lennard-Jones potential for van de Waals interactions 

[19], and a linear constraint solver (LINCS) algorithm [23] for constraining bond lengths 

were used. Short-range electrostatic interactions were calculated with a smoothly-shifted 
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coulomb potential [21].  Long-range electrostatic interactions were approximated by a 

Particle-Mesh Ewald (PME) algorithm [24, 25]. A leapfrog integrator[26] was used for 

all systems with a 2 fs time step. Water, lipids, and protein were coupled separately to 

temperature baths of 300 K with a coupling time of 0.05 ps, using a v-rescale 

thermostat.[21, 27, 28] Isotropic pressures of 1 atm were maintained through a Berendsen 

barostat [29] with a coupling time of 1 ps. 
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1.3 RESULTS 

1.3.1 Protein Insertion of Beta-Amyloid in Lipid Bilayers 

We performed 200 ns atomistic MD simulations of two amphipathic beta-amyloid 

peptides, Aβ40 and Aβ42, in cholesterol-depleted (POPC) and cholesterol-enriched 

(POPC/CHOL) lipid bilayers. Our simulation systems were Aβ40 in POPC (A series), 

Aβ42 in POPC (B series), Aβ40 in POPC/CHOL (C series) and Aβ42 in POPC/CHOL (D 

series), each in explicit solvent. Four independent replicates, numbered 1 to 4, were 

simulated for each series. 

The initial configuration of each Aβ/lipid system had the LID of Aβ40 or Aβ42 

half-embedded in the upper leaflet of the lipid bilayer as shown in Figure 1.1. As 

described in Materials and Methods, the LID is the 13 or 15 residue-long section of the 

beta-amyloid starting from the positively charged Lys28 and ending with the negatively 

charged C-terminus (Val40 or Ala42) for the Aβ40 or Aβ42. The Lys28 of the LID was 

initially placed near the lipid/water interface while the C-terminus was in the middle of 

the bilayer as demonstrated in Figure 1.1. The 27 residue-long non-LID region (Asp1 to 

Asn27) of Aβ40 or Aβ42 resided in the water phase in our initial configurations. Note that 

the non-LID is highly polar and contains charged residues, while the residues 29-39 or 29 

to 41 bounded by Lys28 and C-terminus of the LID are highly hydrophobic as shown in 

Figure 1.1.  

Of 16 replicates, nine replicates, A1, B1 and B2, C1 and C2 and D1-D4, showed 

TM insertion within the first 25 ns of simulation as shown in Table 1.1. Representative 

configurations of Aβ42 before, during and after the TM insertion across the POPC/CHOL 

bilayers are illustrated in Figures 1.2-1.3. It is clear that the entire LID of Aβ42 spanned 
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the hydrophobic acyl chain region of the lipid bilayer, whereas most of the non-LID 

descended from the water phase and embedded to the polar region of the upper lipid 

leaflet. Interestingly, alpha-helix unfolding to various extents in the LID was observed. 

For example, the non-LID remained essentially folded in D1 and D3 while the LID 

substantially unfolded in D3 but remained largely folded in D1 during the insertion. 

Similar observations of folded or unfolded TM insertion were found in other replicate 

replicates as demonstrated in Supporting Information 1(SI1). 

 

1.3.2  Residue-Specific Beta-Amyloid Interactions with Lipid Headgroup 

The 200 ns simulations contain rich temporal and structural information for both protein 

and lipid at 10 picosecond resolution as demonstrated in the first 50 ns of the 200 ns of 

the representative replicates in Figures 1.2-1.3. For graphical clarity however, only the 

first 50 ns are shown. Here, we extracted site-specific protein residue-to-lipid headgroup 

interaction dynamics, focusing primarily on the LID of Aβ40 or Aβ42. During and after 

insertion, we observed that the negatively charged, deprotonated C-terminus, Ala40 or 

Val42, descended and anchored to the polar headgroup region of the lower leaflet of the 

lipid bilayer, while the positively charged Lys28 side chain remained in close proximity 

to the polar headgroup region of the upper leaflet of the lipid bilayer (Figures 1.2-1.3). In 

the above site-specific protein-to-lipid headgroup interactions, the two charged LID 

terminal residues, Lys28 and C-terminus, were attached separately to the upper and lower 

leaflets of the lipid bilayer till the end of 200 ns simulations. A quantitative analysis of 

these interactions is described below. 
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The polar headgroups of POPC and CHOL contain charged groups. At pH 7.0, the 

POPC headgroup has a positive trimethylammonium (N(CH3)3
+) with an N4 nitrogen and 

a negative phosphate (PO4
-) with a P8 phosphorous. Cholesterol has a negative 3β O6 

oxygen. Would the electrostatic interaction between the charged protein residues in the 

LID, Lys28 and C-terminus, and the above opposite charged lipid headgroups promote 

insertion and stabilize the transmembrane configuration of Aβ? To address this question, 

we measured the time evolution of the minimum distance (dmin) between the positively 

charged group of Lys28 or C-terminus residue of the LID of Aβ and the opposite charged 

lipid headgroup. Specifically, we measured the minimum dmin of three charged pairs: 

Lys28-P8 in the upper lipid leaflet, Lys28-O6 in the upper lipid leaflet, and Val40/Ala42-

N4 in the lower lipid leaflet. Representative results of replicates D1 and D3 are shown in 

Figures 1.2-1.3. The results for other replicates are given in Figures S1.1-S1.3 of SI1. 

In POPC bilayers, Aβ42 exhibited fast TM insertion with dmin of C-terminus to N4 

decreasing from ~ 1.7 to 0.35 nm in less than 0.5 ns for replicate B1 (Figure S1.1). In 

contrast, it took longer than 15 ns to complete the insertion for replicate B2 (Figure S1.2). 

In POPC/CHOL bilayers, fast (replicate D1) and slow (replicate D3) TM insertion events 

of Aβ42 were similarly observed as illustrated in Figures 1.2-1.3, respectively. However, a 

time lag of ~ 5 or 15 ns before the fast or slow insertion was detected in replicate D1 or 

D3, respectively. A time lag before the insertion was also observed in the replicates D2 

and D4 as shown in Figure S1.3. An identical behavior of insertion without a time lag in 

POPC bilayer (replicate A1) and insertion with a time lag in POPC/CHOL bilayers 

(replicates C1 and C2) was also found for Aβ40 as shown in Figure S1.3.  
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Representative plots of dmin of Lys28 to P8 versus time for Aβ42 POPC/CHOL are 

shown in Figures 1.2-1.3. The value of dmin remained constant at ~ 0.3 nm during the 

entire protein insertion events for replicates D1 and D3 as shown in Figures 1.2-1.3. 

Similar observation was found for replicates B2, C2 and D2 but not for A1, B1, C1 and 

D4 as shown in SI. Similar to B1, the higher value of ~ 0.5 nm eventually level off to 0.3 

nm but after a longer time lag of 30 ns for A1. However, for C1 and D4, the dmin of Lys28 

to P8 remained high at ~ 0.5 nm even for the entire 200 ns. However, the closest distance 

dmin of Lys28 to O6 of cholesterol of replicates C1 and D4 was ~ 0.3 nm and smaller than 

the dmin of Lys28 to P8 of ~ 0.5 nm as shown above. 

 

1.3.3 Calculations of Protein Insertion Kinetics  

The time evolution of dmin of the C-terminus to N4 exhibited a one- or two-step sigmoidal 

decay behavior as shown in Figures 1.2-1.3. The time decay data provided a measure of 

the protein insertion kinetics of Aβ across the lipid bilayer. Here one-step or two-step 

logistic functions were employed to model the complex sigmoidal decay behavior of dmin.  

 

                        (1.1) 

  

€ 

dmin (t) = (hi − h') /(1+ exp(t −τ1)k1) + (h'−h f ) /(1+ exp(t −τ2)k2) + h f   (1.2) 

 

For one-step sigmoidal decay (Eq. 1.1), hi and hf are the initial and final dmin, τ is the 

“insertion” time at which dmin reaches the midpoint of hi and hf, and k is a rate constant. 

For two-step sigmoidal decay (Eq. 1.2), the first term represents the first sigmoidal decay 
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from hi to h’ and the second term the sigmoidal decay from of h’ to hf. The parameters 

(τ1, τ2) and (k1, k2) refer to the insertion times and rate constants for the first and second 

decays, respectively.  

Eqs. 1.1-1.2 were used to fit the dmin(t) of the C-terminus to N4 for all 9 replicates 

using nonlinear regression.  Decay parameters, (hi, hf, τ and k) and (hi, h’, hf, τ1, τ2, k1 and 

k2), goodness of fit, and residuals were determined. The two-step sigmoidal decay fit (Eq. 

1.2) provided a significant improvement over the one-step sigmoidal fit (Eq. 1.1) for the 

B2 and D1 replicates but not for the others. Detailed description of the data fitting and the 

resulting parameters for B2 and D1 are given in SI1.  

A useful residue-specific protein-lipid interaction parameter can be determined 

from the fit:  the insertion rate VMAX, defined as the maximum velocity of protein 

insertion.  VMAX is found from the time derivative of Eq. 1.1 or 1.2.  For the one-step 

sigmoidal decay, 

€ 

VMAX = (hi − h f )k /4      (1.3) 

For the two-step sigmoidal decay, more complicated expressions for determining the two 

maximum velocities of insertions, V1,MAX and V2,MAX, are possible. However, for the case 

where the two sigmoidal decays are well separated as was in our case, these two 

velocities can be approximated simply by (hi – h’)k1/4 and (h’ - hf)k2/4, respectively.  The 

maximum insertion velocity is associated with the diffusion of the C terminus through the 

lipid acyl chain region unimpeded by interactions with polar headgroups.  

A summary of the fitted parameters is given in Table 1.1 and Table S1.1 in SI1. It 

is interesting to note that the values of VMAX varied over a wide range from 0.08 nm/ns for 

replicate B2 to 11.4 nm/ns for replicate D1, over three orders of magnitude.  
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1.3.4 Conformational Transition in LID and non-LID Domains of Beta-Amyloid  

The conformational transition kinetics of Aβ in two different domains, LID and non-LID, 

of the protein were examined. Here, the number of residues forming alpha-helix, or alpha 

helical content (nH), in each domain was determined as a function of simulation time for 

the first 25 ns for all the 9 replicates that exhibited protein insertion. Figures 1.2-1.3 show 

the representative nH vs. time plots for Aβ42 in POPC and POPC/CHOL, in both LID and 

non-LID domains of the protein. The nH kinetics plots of other replicates are given in SI1.  

As shown in Figures 1.2-1.3 and Figures S1.1-S1.3, a striking feature of the 

protein conformation plots is that nH of the LID for the replicates, e.g., D1 in Figure 1.2, 

exhibiting fast insertion was significantly larger than those exhibiting slow insertion, e.g., 

D3 in Figure 1.3, at the insertion time τ. To facilitate the analysis, the fraction of helical 

content (θH(τ)), defined as the averaged fraction of the helical content over 100 ps at the 

insertion time over the initial helical content, i.e., nH(τ)/ nH(0), for each replicate was 

calculated for each insertion event. For example, the average (± standard error of the 

mean) of θH(τ) was 0.98 ± 0.01 for D1 but 0.27 ± 0.01 for D3 as shown in Table 1.2. On 

the other hand, the θH(τ) of the non-LID domain remained large and constant during the 

fast or slow insertion. Also, the fluctuation of nH of the non-LID for the replicates 

exhibiting fast insertion was much smaller than those exhibiting slow insertion. For 

example, within the time window from the beginning of simulation until dmin equal hf, nH 

of the non-LID exhibited a flat line of 15.00 ± 0.00 for B1 but 12.5 ± 0.39 for B2 as 

shown in Figures S1.1-S1.2.  
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1.3.5 Correlation between Protein Insertion Velocity and Protein Conformation 

As shown above, fast insertion required the LID conformation to be primarily helical, 

with minimal unwinding of the LID. As θH(τ), the fraction of helical content, increased so 

did the VMAX, maximum velocity of protein insertion. No correlation was found between 

the helical content of the non-LID and VMAX. Our data therefore suggest that helix to coil 

transition of residues near the C-terminus decreases protein insertion rate. However, the 

exact relation between LID protein unfolding and the insertion rate as well the effect of 

cholesterol were not trivial. To further quantitate this interesting relationship, we plotted 

the VMAX against the fraction of unfold of LID (θu), where θu is defined as (1- θH(τ)), in a 

log-log form as shown in Figure 1.4. Results from all nine replicates are shown in this 

plot, and a reasonable linear correlation was observed suggesting that VMAX scales with θu
-

1.3 for Aβ in either POPC or POPC/CHOL. Separated log-log plots for Aβ in POPC and 

POPC/CHOL (Figure S1.5) revealed a scaling of θu
 -2.0 and θu

 -1.3, respectively. However, 

only three data points for POPC are available as compared to six for POPC/CHOL. The 

difference in the scaling index of -2.0 is not statistically different from -1.3 as shown in 

SI1. 
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1.4 DISCUSSION  

We have used computer simulations to explore the regulation mechanisms of the TM 

alpha-helix insertion of beta-amyloid in POPC and POPC/CHOL bilayers with atomic 

and subnanosecond resolutions. These POPC and POPC/CHOL bilayers mimic the 

compositionally and laterally heterogeneous neuronal membranes consisting of 

cholesterol-depleted, non-lipid rafts and cholesterol-enriched, lipid rafts. Four 

Aβ/membrane structures: Aβ40 or Aβ42 in POPC and Aβ40 or Aβ42 in POPC/CHOL, were 

constructed, simulated and analyzed for a combined 3.2 µs simulation time. These 

information-rich structures provide new insights of early molecular interaction events of 

the newly released Aβ of different lengths with the non-lipid rafts and lipid rafts in the 

neurons.  

Protein conformational transition (nH versus time) and C-terminus anchoring 

dynamics (VMAX) revealed that folded and unfolded proteins had vastly different TM 

insertion rates that varied more than three orders of magnitude in VMAX. The dependence 

of VMAX on θu
-1.3 provides evidence that the rate of TM insertion process of Aβ was highly 

regulated by the amount of alpha-helix of the LID that unfolded. The alpha-helix content 

of the non-LID remained relatively constant throughout the TM insertion process and 

therefore did not regulate the insertion kinetics of the protein. Why the unfolded Aβ 

peptide exhibited a slower TM insertion rate? One possible explanation may be 

associated with the new interactions of the unfolded peptide side-chains and backbone 

with the surrounding non-polar lipid matrix, corresponding roughly to the frictional drag 

on the beads of a diffusing bead-spring model polymer in a viscous solvent.  
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Note that VMAX scaling with θu
-1.3 is reminiscent of polymer chain relaxation. The 

insertion distance (hi-hf) in Table 1 is relatively constant so we can consider 1/VMAX as a 

measure of the fastest relaxation time, τ, of the unwinding polymeric peptide chain. The 

length L of the unwound chain is characterized by θu, therefore the insertion scales like τ 

∝ L1.3. For a Zimm bead-spring model of a relaxing single polymer, Quake [30] showed 

that the lowest order (effectively two beads connected by a spring) relaxation mode for a 

short polymer follows Zimm scaling, τ ∝ L1.5. The unwound peptide chain in our case 

shows slightly lower length dependence, probably because the chain is short. However, 

this Zimm-like behavior suggests that during the fast part of the insertion the peptide-

lipid interaction is confined to hydrodynamic friction on the peptide subunits rather than 

stronger noncovalent interactions. The larger scaling coefficient of θu
-2.0 in POPC/CHOL 

suggests Rouse-like relaxation. The difference in the dynamics of the Rouse and Zimm 

models [30, 31] is the friction between the bead and the surrounding fluid. In the Rouse 

model, each bead interacts with the surrounding fluid independently; in the Zimm model 

the interaction of one bead affects the friction of the surrounding beads.  The analogous 

process in terms of protein insertion is that in the disordered POPC the passage of one 

residue of the chain locally disrupts the bilayer, making it easier for the next portion of 

the chain to pass. Whereas in the ordered POPC/CHOL environment, the bilayer is less 

perturbed, so each residue interacts independently. Due to the lack of a significant 

number of observations (N = 3) of protein insertion in the disordered POPC in this study 

(see SI1), more work is still needed to confirm this possible cholesterol regulation of 

protein insertion. 
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Is unfolded TM insertion energetically favorable? Studies of model membrane-

active peptides have indicated that unfolding of TM alpha-helix is enthalpically 

unfavorably with an energy cost of ~ 5-10 kcal/mol per each unfolded residue [32-34]. In 

this study we observed unfolded TM insertion from 5 out of 9 replicates consisting of Aβ 

of different lengths and POPC with and without cholesterol (Table 1.1).  Substantial 

unfolding of the LID of Aβ with an average θH as small as 0.26 for B2 replicate was 

demonstrated. This is equivalent to an average of 6.75 unfolded residues, which would 

have an enthalpy cost of ~34-68 kcal/mol. We suggest that unfolded insertion can still be 

favorable if a large entropy gain is achieved in the process. For example, the entropy 

increase resulting from protein unfolding and the subsequent rearrangement of the lipid 

around the disordered protein may more than compensate for the large enthalpy cost [32]. 

A Similarly unfolded TM insertion of the model protein WALP-16 into a lipid bilayer, 

and the calculation of the enthalpic and entropic contributions to the free energy of the 

system, have been recently demonstrated [32]. 

After protein insertion, residue-specific protein/lipid interactions are crucial for 

maintaining the inserted state of the protein. The molecular mechanisms of Aβ insertion 

stabilization can be inferred from the residue-specific lipid/protein interaction kinetics in 

this work. A “binding” pattern was observed for Lys28-to-P8 and Lys28-to-O6 in the 

upper lipid leaflet and for C-terminus-to-N4 in the lower leaflet. We propose that the 

molecular mechanism for the stabilization of the inserted Aβ is associated with lysine 

snorkeling with the long arm of Lys28 attached to the P8 of POPC or the O6 of 

cholesterol in the upper lipid leaflet and a C-terminus anchoring to the N4 of POPC in the 

lower lipid leaflet. We conclude that this dual attachment mechanism involving both lipid 
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leaflets stabilized the inserted Aβ throughout the entire 200 ns of all the nine folded and 

unfolded insertion events found in this work.  While lysine snorkeling helps stabilize the 

inserted state it might not be required to promote insertion. Some fast, folded insertion 

events like the A1 and B1 showed no lysine snorkeling until tens of nanoseconds after the 

insertion was completed (see SI1).  

The inserted state stabilization of Aβ is relevant to the amyloid pathogenesis 

pathway of AD. A stable membrane inserted state will keep the protein in a vertical 

orientation and thereby prohibit it from migrating to the surface in a parallel orientation, 

membrane surface state. Previous studies [35, 36] have suggested that the membrane 

surface state of Aβ promotes intra-chain beta-sheet formation, which may trigger 

oligomer formation in the amyloid pathogenesis of AD. 
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Table 1.1. Summary of Secondary Structures of Aβ40 and Aβ42 in POPC and 

POPC/CHOL Bilayers at the Half Insertion Time of the Protein 

Protein/lipid replicate τ  (ns)a NH in non-LIDb NH in LIDc 

Aβ40 in POPC A0  13 9 

 A1 0.20 13.00 ± 0.00 8.09 ± 0.16 

Aβ42 in POPC B0  15 10 

 B1 0.17 15.00 ± 0.00 9.36 ± 0.24 

 B2 9.76 12.45 ± 0.39 2.25 ± 0.39 

Aβ40 in POPC/CHOL C0  13 9 

 C1 3.49 11.45 ± 0.37 6.73 ± 0.33 

 C2 7.57 12.73 ± 0.27 5.91 ± 0.16 

Aβ42 in POPC/CHOL D0  15 10 

 D1 4.89 14.82 ± 0.12 9.82 ± 0.12 

 D2 1.90 12.00 ± 0.47 6.50 ± 0.37 

 D3 17.79 16.82 ± 0.18 2.73 ± 0.14 

 D4 1.04 14.95 ± 0.07 8.67 ± 0.29 

 

a Half insertion time (τ) from the sigmoidal fit (Eq. 1.1). b non-LID region (Asp1 to 

Asn27). c LID region (Lys28 to C-terminus). Results (mean ± SE) from DSSP analysis 

over the 100 ps centered at τ. 
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Table 1.2. Insertion kinetics parameters of the minimum distance of the C-terminus 

of Aβ  to the N4 of POPC from the Sigmoidal Fits 

Protein/lipid replicate hi (nm) hf (nm) τ  (ns) k (ns-1) VMAX (m/s) 

Aβ40 in POPC A1 1.85±0.06 0.36±0.06 0.20±0.01 11.95±0.78 4.46±0.34 

Aβ42 in POPC B1 1.36±0.03 0.35±0.01 0.17±0.01 28.15±2.58 7.13±0.68 

 B2a 1.15±0.01 0.38±0.01 9.76±0.08 0.47±0.01 0.08±0.01 

Aβ40 in POPC/CHOL C1 1.63±0.01 0.39±0.01 3.49±0.01 5.37±0.26 1.67±0.08 

 C2 1.61±0.01 0.34±0.01 7.57±0.03 0.91±0.02 0.29±0.01 

Aβ42 in POPC/CHOL D1a 1.41±0.01 0.35±0.01 4.89±0.01 43.00±5.04 11.38±1.34 

 D2 1.59±0.02 0.33±0.01 1.90±0.02 2.20±0.11 0.69±0.04 

 D3 1.91±0.01 0.36±0.01 17.79±0.02 0.64±0.01 0.25±0.01 

 D4 1.25±0.01 0.41±0.01 1.04±0.01 14.75±0.90 3.11±0.19 

 

a The insertion kinetic parameters of the 2nd component of a 2-component fit are shown. 

The uncertainties of fitted parameters from nonlinear regression (Eq. 1.1 and 1.2) are also 

shown.  
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FIGURE CAPTIONS  

Figure 1.1. Initial configurations of Aβ40 or Aβ42 in POPC and POPC/CHOL 

bilayers. The blue and red ribbons of each peptide represent the alpha-helix structure of 

the non-lipid insertion domain (non-LID) from residue 1 to residue 27, and LID from 

residue 28 to C-terminus, respectively. The negatively and positively charged residues of 

Aβ40 are labeled in red and green, respectively. The charged residues of the non-LID 

domain of Aβ40 and Aβ42 from residue 1 to residue 40 are identical and no shown for 

clarity. The hydrophobic tails of POPC and cholesterol are shown in light blue and 

purple, respectively. Representative POPC and cholesterol molecules in the upper and 

lower leaflets are highlighted by thick blue and purple, respectively. The charged lipid 

polar headgroups: the negative phosphate -(PO4)- and positive trimethylammonium -

N(CH3)3
+ in red and green, respectively, of the zwitterionic polar headgroup of POPC, as 

well as the negative 3β oxygen in orange, are highlighted. Water was present in all 

simulations but is not shown for clarity. The scale bar indicates 1 nm. The z-direction 

defines the normal of the 2D planar lipid bilayer.  

Figure 1.2. Protein conformational and site-specific protein-lipid interaction 

dynamics for the folded insertion of Aβ42 in POPC/CHOL.  The time evolutions of 

alpha-helix content (nH) of the non-LID (blue) and LID (red), and the minimum distance 

between Lys28 of Aβ42 to P8 of POPC (black) or to O6 of CHOL (green) in the upper 

lipid leaflet (A) and that of Ala42 of Aβ42 to N4 of POPC (black) in the low lipid leaflet 

(B) are shown. The protein conformation and the closest pairs of Lys28-P8 and Ala42-N4 

are highlighted before (C), at midway (D) and after (E) of the TM insertion. See the 

legend of Figure 1 for details of the protein and lipid labeling. Insets of Panels A and B 
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show the corresponding enlarged views. Also, the sigmoidal fit to the Ala42-N4 kinetics 

(orange curve) and the midway of the insertion at τ (orange dotted line) are shown. A 2-

step sigmoidal fit (orange line) was used to fit the Ala42-N4 kinetics. The half insertion 

times for the sigmoidal fit are highlighted by two orange dotted lines.  

Figure 1.3. Protein conformational and site-specific protein-lipid interaction 

dynamics for the unfolded insertion of Aβ42 in POPC/CHOL. Similar to the legend of 

Figure 1.2 except for the unfolded TM insertion of the LID and the use of only 1-step 

sigmoidal fit to fit the Ala42-N4 kinetics.  

Figure 1.4. Maximum rate of protein insertion vs. fraction unfolding in the LID of 

Aβ .  The Vmax vs. θu plot for Aβ40 (black) and Aβ42 (red) in POPC (open circle) and 

POPC/CHOL (filled circle) bilayers are shown. θu is defined as (1- θH(τ)) as shown in 

Table 1.2. The horizontal bar indicates the standard error of the mean over 100 ps at 

τ. The secondary structures of the non-LID (black ribbon) and LID (red ribbon) of two 

simulation replicates D1 and D3 are also illustrated. The scaling relationship of Vmax vs. θu 

is also shown.  
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FIGURES 

 

Figure 1.1. Initial configurations of Aβ40 or Aβ42 in POPC and POPC/CHOL 

bilayers. 
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Figure 1.2. Protein conformational and site-specific protein-lipid interaction 

dynamics for the folded insertion of Aβ42 in POPC/CHOL.
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Figure 1.3. Protein conformational and site-specific protein-lipid interaction 

dynamics for the unfolded insertion of Aβ42 in POPC/CHOL.
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Figure 1.4. Maximum rate of protein insertion vs. fraction unfolding in the LID of 

Aβ .  
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SUPPORTING INFORMATION 1 

The protein conformation and residue-specific protein/lipid interaction dynamics for six 

simulations replicates (A1, B1, B2, C1, C2, D2 and D4) other than the folded (D1 in 

Figure 1.2) and unfolded (D3 in Figure 1.3) insertion of Aβ42 in PC/CHOL are given 

here. Figures S1.1-S1.2 show the folded (replicate B1) and unfolded (replicate B2) 

insertion data for Aβ42 in PC, where the protein conformation and the closest pairs of 

Lys28-P8 and Ala40-N4 before, during and after the TM insertion are also highlighted in 

Panels C-E. Other folded (replicate A1 for Aβ40 in PC) and unfolded (replicates C1 and 

C2 for Aβ40 in PC/CHOL, and replicates D2 and D4 for Aβ42 in PC/CHOL) are shown in 

Figure S1.3.  

 Demonstration of the 1- and 2-step sigmoidal fits (Eq. 1.1-1.2) is given in Figure 

S1.4. The effect of the broadening of the sigmoidal curve with decreasing maximum 

velocity is illustrated (Panel A). In addition, the quality of the 2-step sigmoidal fit for 

replicate B2 and replicate D1 are shown in Panels B-C. Table S1.1 further compares the 

fitted parameters for replicates B2 and D1.  

 The scaling behavior of VMAX with θu for PC and PC/CHOL is given in Figure 

S1.5. Using linear regression, the slopes of the log-log fits for PC and PC/CHOL were -

1.97 ± 0.93 (N = 3) and -1.27 ± 0.20 (N = 6), respectively, as compared to -1.31 ± 0.20 (N 

= 9) for both PC and PC/CHOL. 
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Table S1.1.  Insertion kinetics parameters of the minimum distance of the C-

terminus of Aβ  to the N4 of PC for simulation replicates B2 and D1 from the multi-

component sigmoidal fits with chisquares 

replicate hi  
(nm) 

hf  
(nm) 

τ   
(ns) 

k  
(ns-1) 

VMAX  
(nm/ns) 

χ 2 

B21 2.28 ± 0.10 0.35 ± 0.01 2.52 ± 0.49 0.21 ± 0.01 0.10 ± 0.01 5.76 

 B22 1.64 ± 0.01 
1.15 ± 0.01 

1.13 ± 0.01 
0.38 ± 0.01 

1.79 ± 0.02 
9.76 ± 0.08 

6.68 ± 0.69 
0.47 ± 0.01 

0.81 ± 0.09 
0.08 ± 0.01 

3.42 

D11 1.99 ± 0.02 0.28 ± 0.01 4.18 ± 0.04 1.09 ± 0.05 0.46 ± 0.02 134.18 

 D12 2.14 ± 0.01 
1.41 ± 0.01 

1.41 ± 0.01 
0.35 ± 0.01 

1.77 ± 0.03 
4.89 ± 0.01 

2.31 ± 0.15 
43.00 ± 5.04 

0.42 ± 0.03 
11.38 ± 1.34 

25.57 

  
1, 2 Sigmoidal fits based on 1- and 2- steps as given by Eq. 1.1 and Eq. 1.2, respectively, in 

the text. See the legend of Table 1.1 in the text for details.  
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SI1 FIGURE CAPTIONS 

Figure S1.1. Protein conformational and site-specific protein-lipid interaction 

dynamics for the folded insertion of Aβ42 in the PC bilayer. See the legend of Figure 

1.2 in the text for details. 

Figure S1.2. Protein conformational and site-specific protein-lipid interaction 

dynamics for the unfolded insertion of Aβ42 in the PC bilayer. See the legend of 

Figure 1.2 in the text for details. 

Figure S1.3. Protein conformational and site-specific protein-lipid interaction 

dynamics of various simulation replicates. See the legend of Figure 1.2 in the text for 

details.  

Figure S1.4.  Demonstration of the sigmoidal fit of protein insertion kinetics. Panel A 

shows the simulated sigmoidal functions (Eq. 1.1) with a fixed hi = 2 nm and hf = 0.2 nm 

but different VMAX values as shown. Panels B and C show the 1- (black) and 2- (red) step 

sigmoidal fits for simulation replicates B2 and D1 (See also Table S1.1). The residuals (= 

data – fitted values) are also shown.  

Figure S1.5.  Maximum rate of protein insertion vs. fraction unfolding in the LID of 

Aβ . The VMAX vs. θu plot for Aβ40 in PC (open black triangle), Aβ42 in PC (open red 

circle), Aβ40 in PC/CHOL (filled black triangle) and Aβ42 in PC/CHOL (filled red circle) 

are shown. The horizontal bar indicates the standard error of the mean over 100 ps at τ. 

The scaling relationship of VMAX vs. θu  using log-log fits for Aβ in PC (blue) and 

PC/CHOL (black) are also shown. 
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SI1 FIGURES 

 

Figure S1.1. Protein conformational and sitespecific proteinlipid interaction 

dynamics for the folded insertion of Aβ42 in the PC bilayer. 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Figure S1.2. Protein conformational and site-specific protein-lipid interaction 

dynamics for the unfolded insertion of Aβ42 in the PC bilayer. 
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Figure S1.3. Protein conformational and site-specific protein-lipid interaction 

dynamics of various simulation replicates. 
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Figure S1.4.  Demonstration of the sigmoidal fit of protein insertion kinetics.
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Figure S1.5.  Maximum rate of protein insertion vs. fraction unfolding in the LID of 

Aβ . 
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Chapter 2 

Cholesterol Protects Lipid Bilayer Disruptions Induced by Beta-Amyloid 

Dimer Interactions with Membrane Surface 

 

ABSTRACT  

Interactions of beta-amyloid (Aβ) oligomers with neuronal membranes have been 

associated with the pathogenesis of Alzheimer’s disease (AD), however the molecular 

details of these protein/membrane interactions remain unclear. Atomistic molecular 

dynamics simulations were used to explore the interactions of Aβ40 and Aβ42–dimers with 

phosphatidylcholine (POPC) lipid bilayers with and without 40 mole% cholesterol 

(CHOL) that mimic the cholesterol-enriched and -depleted lipid domains of neurons. 

Sixteen independent 200 ns-simulation replicates were used to examine the protein 

structural transitions and the dimer-induced membrane disruptions in terms of the 

changes in transbilayer thickness, water permeability barrier, and lipid orientational 

order, in the protein-associated annular and non-annular lipid regions. Upon binding to 

membranes, Aβ40 or Aβ42–dimer disrupted the lipid bilayers to different extents 

depending on the cholesterol content and length of the dimer. The acyl chain order of 

POPC was more perturbed by the Aβ42–dimer than by the Aβ40–dimer in both POPC and 

POPC/CHOL bilayers due to the greater extent of unfolding of Aβ42 than Aβ40. 

Interestingly, the percentage change in the lipid order was significantly smaller in the 

POPC/CHOL than in POPC bilayer for either dimer suggesting a strong protective role of 

cholesterol in the dimer-mediated lipid disruptions on the membrane surface. We 



Texas Tech University, Liming Qiu, May 2013 

 

 39 

concluded that the cholesterol-depleted region of the neuronal membrane may represent a 

major target of the cytotoxic, soluble Aβ oligomers in the brain, and that the subsequent 

protein unfolding of oligomers on membrane surfaces induces lipid disruptions that 

perturb the neuron functions and lead to the pathogenesis of AD.  

 

KEYWORDS: Protein Structures; Lipid/protein interactions; Membrane protein 

unfolding 
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2.1 INTRODUCTION 

Alzheimer’s disease (AD) is a degenerative neurological disorder that impairs memory 

and cognition.[1, 2] The presence of intracellular neurofibrillary tangles and extracellular 

senile plaques in the brain are key postmortem histologic markers of AD.[3, 4] A major 

component of the plaques is a fibrillar form of beta-amyloid (Aβ), a short 39–42 residue 

amphiphilic peptide of ~ 4 kDa.[4] The monomeric form of Aβ is released upon a 

sequential proteolytic cleavage of the amyloid precursor protein (APP) by the beta and 

gamma secretases[4] in the neuronal membranes. The normal, non-pathological 

concentrations of Aβ of different lengths in the extracellular matrix are subnanomolar, 

and the normal physiological roles of these peptides in the brain are unclear.[3, 5, 6] 

The monomeric Aβ peptides at very low concentrations adopt a largely random 

coil structure[7-9] in an aqueous environment at physiological conditions.  However, at 

micromolar concentrations, these monomeric Aβ peptides undergo unfolding and 

subsequent self-aggregation to form soluble oligomers that are known to be neuotoxic in 

in-vivo cell studies.[4] The detailed structures of any soluble Aβ oligomers and the 

cellular factors and environments regulating their formation and conformational 

transitions are still unknown.[3] According to the recent amyloid cascade hypothesis,[3, 

10] the early irreversible, self-aggregation of Aβ peptides into toxic oligomers is a critical 

event in the onset of pathogenesis of AD. The role of lipid composition, particularly the 

presence of cholesterol, in modulating the interactions of oligomeric Aβ with the 

neuronal membrane, a major site of the Aβ deposit formation,[10] remains unclear. At 

present, early Aβ oligomer interaction events with neuronal membranes at the atomistic 

level are difficult to investigate either experimentally or computationally.  
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Accumulative experimental evidence suggests that lipids in cell membranes are 

not randomly distributed, but exhibit highly ordered cholesterol-enriched nanodomains 

known as “lipid rafts” that are surrounded by disordered cholesterol-depleted lipid 

matrix, or “non-lipid raft regions”.[11-18] This computational study used 

phosphatidylcholine (POPC) and POPC/Cholesterol (POPC/CHOL) bilayers to mimic the 

cholesterol-depleted and -enriched lipid domains, respectively, of neuronal membranes. 

We focused on the interactions of Aβ40- and Aβ42-dimers with these lipid domains. Both 

the protein conformational transition of the dimer on membrane surfaces and protein-

induced membrane disruptions in the protein-associated annular lipids versus non-annular 

lipids were studied systematically. The knowledge of conformational transition of dimer 

is important because the surface-induced beta-sheet formation of a dimer, the smallest 

form of oligomer, may provide an aggregation-seed template for the formation of larger 

size oligomers that further leads to the onset of pathogenesis of AD.[19] The protein-

induced membrane disruptions in the annular lipids were characterized by the calculated 

transbilayer lipid polar group distribution, water permeability barrier, and order 

parameters of both POPC acyl chains and cholesterol rings with atomistic details and 

further compared with those in the non-annular lipids. These protein-specific changes in 

membrane properties are critical to our basic understanding of Aβ dimer-induced 

disruption of lipid bilayers with well-defined compositions and the relationship between 

protein conformation and membrane disruption in general. 

2.2 MATERIALS AND METHODS 

2.2.1 Beta-Amyloid Monomer Primary Sequences and Dimer Structures 
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The primary sequences of the monomeric Aβ40 and Aβ42 are known and are listed 

below.[4]  

Aβ40:  DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 

 Aβ42:  DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 

Both peptides share the same first 40 residues (N-terminal), but the Aβ42 contains two 

extra residues, I41 and A42, in the C-terminal. The initial atomistic structures of Aβ18-40 

and Aβ18-42 dimers were constructed based on the 3D NMR pentamer structure of Aβ42 

fibrils that provide the initial coordinates of residues 18-42 in the form of a hairpin-like 

motif of beta-strand-turn-beta-strand.[20] To make a full-length Aβ42 dimer, an 

unstructured Aβ1-17 peptide was taken from a 200ns-equilibrated MD simulated Aβ40 

monomer from a previous publication[21] and grafted to the N-terminus of each of the 

two monomers of the above Aβ18-42 dimer. To make a full full-length Aβ40, the last two 

residues, I41 and A42, were removed from the fully constructed Aβ42 dimer. All the 

constructed dimers were energy minimized in vacuum for a few picoseconds and were 

used as the initial protein structures for this study. 

 

2.2.2 Simulations of Beta-amyloid Dimer in Cholesterol-Depleted and -Enriched 

Membranes 

Our simulation systems consisted of four different protein/lipid/water/ion complexes: 

Aβ40-dimer in POPC, Aβ42-dimer in POPC, Aβ40-dimer in POPC/CHOL, and Aβ42-dimer 

in POPC/CHOL. The lipids were in the bilayer forms. All simulations were performed in 

the presence of explicit water and counter ions. We used a 1-palmitoyl-2-oleoyl-PC 

(POPC) for our POPC lipid, which has a saturated sn-1 chain (16:0) and an unsaturated 
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sn-2 chain (18:1). Four independent simulation replicates, each with a different initial 

velocity distribution but identical initial coordinates of the lipid and protein atoms, were 

generated for each protein/lipid/water/ion complex at 310 K temperature and atmospheric 

pressure.  

Each Aβ40- or Aβ42-dimer was prepositioned above the upper monolayer of a lipid 

bilayer, with a distance of ~ 0.5 nm between the center of mass of the β-strands of the 

dimer and the center of mass of the head group atoms of POPC. Each protein/lipid 

complex was subsequently solvated in water molecules and 6 sodium ions. The 6 sodium 

ions counter balanced the 6 net negative charge of the dimer at pH 7.0 to render an 

electroneutral simulation system in our study. The solvated neutral system went through 

an energy minimization run to avoid steric overlaps among atoms. This was followed by 

a 20 ps position restraint run where the protein atoms were restrained to their initial 

position by an isotropic harmonic potential with a spring constant of 9000 kJ nm-2 mol-1 

along the x-, y- and z- directions. 

The final structures from the preparative procedures above were taken as the 

initial, or 0 ns, structures for the 200 ns production runs. The initial system size of the 

simulation box was 13.65 × 14.88 × 13.60 nm3 for Aβ40-dimer in POPC, 13.81 × 15.98 × 

14.50 nm3 for Aβ40-dimer in POPC/CHOL, 13.28 × 14.48 × 13.23 nm3 for Aβ42-dimer in 

POPC, and 13.50 × 15.61 × 14.28 nm3 for Aβ42-dimer in POPC/CHOL. There were 576 

POPC molecules for the Aβ40- or Aβ42 dimer in the POPC bilayer plus the additional 384 

cholesterol molecules in the POPC/CHOL bilayers. To assess the protein specific effect 

in our lipid membranes, control systems of POPC and POPC/CHOL lipid bilayers 

without the protein were constructed using identical preparative procedure but excluding 
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the protein and counter ion placement steps. For the control systems, the initial 

simulation box was 13.30 x 14.51 x 13.26 nm3 for the pure POPC bilayer and 13.52 x 

15.64 x 14.31 nm3 for the POPC/CHOL bilayer. Four simulation replicates were also 

generated for the control systems. 

Molecular Dynamics (MD) simulations of all systems including pure lipid 

controls were performed using the Gromacs 4.0 package[22-25] with the GROMOS 87 

force field (ffgmx) and under constant number, pressure, and temperature conditions. 

Periodic boundary conditions were applied to the x, y, and z directions for the whole 

system. Initial coordinates for POPC[26] and Cholesterol[27] were obtained from 

published data with details given elsewhere.[26] A simple point charge model[28] was 

employed for the water molecule. The non-bonded van de Waals interactions were 

estimated using a twin-range cut-off Lennard-Jones potential,[23] with interactions 

within 1.0 nm evaluated every step and interactions between 1.0 and 1.5 nm evaluated 

every 10 steps. Constrained bond lengths were maintained by a linear constraint solver 

algorithm.[29] Short-range electrostatic interactions were calculated with a smoothly-

shifted coulomb potential;[25] and long-range electrostatic interactions were 

approximated by a Particle-Mesh Ewald algorithm.[30, 31] A leapfrog integrator[32] was 

used for all systems with a 2 fs time step. Water, lipids, and protein in the simulation 

system were coupled separately to temperature baths of 310 K with a coupling time of 

0.05 ps, using a v-rescale thermostat.[25, 33, 34] Isotropic pressures of 1 atm were 

maintained through a Berendsen barostat[35] with a coupling time of 1 ps and 

compressibility of 4.5 × 10-5 bar-1. 
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2.2.3 Protein Conformational Transitions and Visualization 

The secondary structures of Aβ40 and Aβ42 were analyzed by the Gromacs analysis tool 

do_dssp [25, 36] based on a Dictionary of Secondary Structure of Protein (DSSP) 

algorithm.[37] The time evolution of the secondary structures in two exclusive regions, 

residues D1–L17 (N-terminal) and residues V18 – V40/A42 (C-terminal), of the protein 

was also generated for each dimer using an in-house secondary structure counting 

program.  Snapshots of the atomistic structures of the protein in the presence of lipid 

bilayers were created and visualized by the Visual Molecular Dynamics program VMD 

v1.9.1.[38] 

 

2.2.4 Protein-Mediated Membrane Disruption Analysis 

To analyze the extent of membrane disruptions due to the presence of protein, the lipids 

of each replicate were partitioned into two exclusive groups: the annular lipids (ALs) and 

the non-annular lipids (nALs).[39, 40] Here, ALs were defined as those lipids that were 

within 0.5 nm of the protein along the x-y plane perpendicular to the bilayer normal (z 

axis), and therefore were confined to a cylinder-like column of irregular cross-section 

completely enclosing the protein. Lipids that were not ALs were defined as nALs. See 

previous publication and its Supporting Information for the details of the separation of 

ALs and nALs.[21]  

 

2.2.4.1 Transbilayer density profile 

The transbilayer density profile, which is defined as the number density of a certain type 

of atom as a function of the transverse coordinates along the lipid bilayer normal (z axis), 
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was calculated for the phosphorus of POPC (P8), the 3-β oxygen of CHOL (O6), and the 

oxygen of water (W) for all systems. All results presented were average values over the 

last 25 ns of the simulations for both the AL and nAL regions. The detailed algorithm for 

determining the transbilayer density profile in the AL and nALs was discussed in a 

previous publication.[21] 

 

2.2.4.2. Lipid Order Parameter  

The average deuterium order parameter (SCD) of both sn-1 and sn-2 acyl chains of POPC 

in the ALs and nALs of both POPC and POPC/CHOL bilayers in the absence and 

presence of Aβ40- or Aβ42- dimer as a function of the carbon number of the chain was 

calculated using the Gromacs analysis tool g_order.[25] The average orientational order 

parameter of CHOL in Aβ40-dimer/POPC/CHOL and Aβ42-dimer/POPC/CHOL was also 

calculated. This order parameter of CHOL is defined as 

€ 

3cos2θ −1( ) 2 , where θ is the 

angle between the z-axis (the membrane normal) and the plane of the sterol rings 

determined by three carbon atoms C5, C13, and C16 in the united-atom topology of 

cholesterol.[21, 27] The last 25 ns time average of order parameters of POPC chains and 

CHOL represented the ensemble average over all the lipid molecules involved within a 

given lipid region, i.e., ALs or nALs. The detailed algorithm for lipid order calculations 

in the separated AL and nAL was presented elsewhere.[21] 
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2.3 RESULTS 

2.3.1 Starting Structures of Aβ-Dimer/Lipid Bilayers 

The initial structures of Aβ40- and Aβ42-dimers in solution used in this study are shown in 

Figure 2.1. Each dimer can be divided into five structurally distinct domains: an N-

terminal random coil formed by residues 1-17, a first β-strand (β1) by residues 18-23, a 

hairpin-bend by residues 24-28, a second β-strand (β2) by residues 29-36, and a short 

unstructured C-terminal tail by residues 37- 40 or 42. At pH 7.0, each monomer carried a 

net charge of – 3 due to six negatively charged residues: E3, D7, E11, E22, D23 and a 

deprotonated V40 or A42 (C-terminus) and three positively charged residues: R5, K16 

and K28. Note that all the above charged residues are located either in the N-terminal, 

hairpin bend or the short C-terminal tail. The β1 and β2 strands of each monomer 

therefore contained only uncharged and hydrophobic residues. These strands were able to 

participate in two interchain, parallel, in-register beta-sheets[20] via hydrogen bonding 

among the peptide backbone C=O and N-H groups as illustrated by the pairing of arrows 

of different colors (green and red) as shown in Figure 2.1.  

Figure 2.2 further illustrates the initial structures of the Aβ42-dimers and the lipid 

bilayers. The plane formed by β1 and β2 of the bottom Aβ42 monomer (labeled in green) 

was placed in parallel and close proximity to the plane of either the POPC (Figure 2.2A) 

or POPC/CHOL (Figure 2.2B) bilayer. Water was present in all the initial structures but 

was not shown for clarity. Identical initial structures for the Aβ40-dimers/lipid bilayers 

were designed and constructed and are not shown. 

 

2.3.2 200 ns-simulated Aβ-dimer Structures in Lipid Bilayers 
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Each starting structure, Aβ40-dimer in POPC, Aβ42-dimer in POPC, Aβ42-dimer in 

POPC/CHOL, or Aβ42-dimer in POPC/CHOL, underwent four independent 200 ns MD 

simulations with different initial velocity distributions but same initial coordinates. Four 

200 ns simulation replicates were subsequently generated for each system. Similar 

simulations were performed on pure lipid controls (see Materials and Methods). Figures 

2.3A and 2.3B demonstrate the representative replicate structures of Aβ42-dimers in 

POPC and POPC/CHOL lipid bilayers, respectively, after 200 ns simulations. When 

compared with the 0 ns structures (Figure 2.2), the dimers have descended or bound to 

the polar headgroup regions (marked as grey spheres) of the both bilayers. No evidence 

of dimer insertion into the hydrocarbon region of the bilayer was observed in all our 

simulations. In other words, each Aβ dimer spontaneously bound to the bilayer surface in 

our simulation study.  

 

2.3.3 Aβ-Dimer Conformational Transition in Lipid Bilayers 

The protein conformational transition kinetics or time evolution of the protein secondary 

structures of each dimer throughout the entire 200 ns simulations was quantitated by 

DSSP analysis (see Materials and Methods) using a 3D pseudo-color DSSP profile plot 

and a 2D secondary structure counts of different kinds versus time plot.   

The DSSP profiles of representative replicates of Aβ42-dimer in POPC and 

POPC/CHOL bilayers are illustrated in Figures 2.3C and 2.3D, respectively. Here, 

residues 1-42 and 43-84 in the DSSP profile represented the upper and lower monomers 

(see also Figure 2.1) of the Aβ42-dimer. In both POPC and POPC/CHOL bilayers, the 

presence of β1 and β2 strands in both dimers was evident by the prevalence of four 
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distinguishable red stripes in all the DSSP profiles. Very few alpha-helix structures were 

detected in all of our simulations. Interestingly, new beta sheet structures were developed 

in the random coil N-terminal and near the C-terminus as illustrated in the Aβ42-dimer in 

POPC/CHOL replicate (Figure 2.3D). These new ordered beta sheet structures provided 

evidence that protein folding from 3D random coil to 2D beta sheet occurred when a non-

structured fragment of a protein interacted with a 2D planar lipid bilayer. Other than the 

beta sheets and alpha helices, other hydrogen-bonded structures,[37] such as beta-bridge 

(black) and turn (yellow), were also presented. The non-hydrogen-bonded structures,[37] 

such as coil (white) and bend (green), indicated the presence of disordered structures in 

the dimer throughout the whole simulation.  

To quantify the exact amount of secondary structures of different types, 2D plots 

of the number of secondary structures of a given type versus simulation time were 

generated for the N- and C-terminals of each dimer. Figures 2.4 and 2.5 demonstrate the 

number of secondary structures within the N-terminal and C-terminal of Aβ40- and Aβ42-

dimers, respectively, in POPC and POPC/CHOL bilayers. We were primarily interested 

in the hydrogen-bonded ordered structures: helix, beta-sheet, beta-bridge and turn, and 

the non-hydrogen-bonded disordered structures: bend and random coil. Therefore, we 

grouped the secondary structures into three main structural types: Structure (= beta-sheet 

+ beta-bridge + turn), Helix (= 3-, 4- and 5-turn helices) and Loop (random coil + bend). 

The time evolution of the number of these three types of structures was illustrated in 

Figures 2.4 and 2.5. In agreement with the semi-quantitative DSSP profiles described 

above, we observed a clear trend of protein folding, i.e., an increase of the number of 

Structure and a commensurate decrease in number of Loop, in the N-terminal (Panels A 
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and C), and protein unfolding in the C-terminal (Panel B and D), i.e., a reverse of the 

above, as shown in Figures 2.4 and 2.5.  

As illustrated in Figures 2.4 and 2.5, the evolution of the protein conformation 

became stabilized after 150 ns of simulations for all our systems. Therefore, the average 

number of residues participated in the Loop structure, defined as NLoop, was determined 

for the last 25 ns of each simulation replicate within the N-terminal, C-terminal and the 

(total) entire protein regions. Here, the mean and standard error of NLoop for each system 

were tabulated and are shown in Figure 2.6. A clear protein folding in the N-terminal and 

protein unfolding in the C-terminal of different extents among different systems were 

evident in Figure 2.6. An interesting trend of the total NLoop in Figure 2.6 emerged. The 

total NLoop (mean ± standard error of the mean) of Aβ42-dimer was significantly higher 

than that of Aβ40-dimer in both POPC (57.58 ± 1.35 vs. 50.77 ± 1.55) and POPC/CHOL 

(55.86 ± 1.18 vs. 46.52 ± 3.65) bilayers. The difference in NLoop among the pairs of 

numbers was more than four, i.e., the difference in the chain length between Aβ42 and 

Aβ40 dimers.   

 

2.3.4 Aβ-Dimer-induced Membrane Disruption in Lipid Bilayers 

The extent of membrane disruption induced by Aβ40 or Aβ42-dimer in POPC and 

POPC/CHOL bilayers was examined. In this study, the membrane disruption was 

quantitated by four lipid membrane biophysical parameters: (1) Transbilayer density 

profile of the lipid polar group, (2) Permeability barrier thickness of water,  (3) Order 

parameter of POPC acyl chains and (4) Order parameter of cholesterol. These 

independent, site-specific membrane parameters were calculated in both the annular 
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lipids (ALs) and nonannual lipids (nALs) according to the procedures described in 

Materials and Methods. The differences in membrane parameters between the ALs and 

nALs provide useful indicators of Aβ dimer-induced disruption in POPC and 

POPC/CHOL bilayers. Figure 2.7 demonstrates the geometry of the nALs and the ALs of 

a representative replicate of Aβ42-dimer in a POPC/CHOL bilayer. It is evident that the 

ALs followed the conformal shape of the dimer along the x-y plane of the bilayer, while 

the nALs represented the complement of the ALs within the entire lipid bilayer. As 

important controls, the four membrane parameters for both pure POPC and POPC/CHOL 

bilayers in the absence of dimer (see Materials and Methods) were also determined using 

an identical MD simulation procedure.  

 

2.3.4.1. Tranbilayer Density Profile of Lipid Polar Group 

The transbilayer, or z-dependent, number density profiles of POPC polar headgroup 

phosphorus (P8) and cholesterol polar headgroup 3-β hydroxyl oxygen (O6) were 

calculated from the last 25 ns of the simulations (see Materials and Methods). Here z is 

defined as the normal of the lipid bilayer with z = 0 at the mid plane of the bilayer. 

Representative density profiles of POPC-P8 and CHOL-O6 for Aβ40-dimer in POPC 

(Figure 2.8A), Aβ42-dimer in POPC (Figure 2.8B), Aβ40-dimer in POPC/CHOL (Figure 

2.8C), and Aβ42-dimer in POPC/CHOL (Figure 2.8D) are shown for both the ALs (solid 

lines) and nALs (dotted lines). The well-defined P8 peaks characterized the POPC polar 

headgroup distributions in the lower (negative z) and upper (positive z) leaflets of either 

POPC or POPC/CHOL bilayer. Similarly, the CHOL-O6 peaks in the upper and lower 

leaflets signified the cholesterol polar group distributions. The peak-to-peak POPC-P8 
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and CHOL-O6 z-distances therefore provide a useful metric of the average transbilayer 

thickness of POPC and CHOL lipids in the bilayer in the absence (nALs) and the 

presence (ALs) of Aβ of different lengths.  

For the POPC-P8 peaks, it is evident that the presence of Aβ dimer (ALs) 

significantly shifted the upper leaflet peak of P8 towards z = 0 for the POPC (Figures 

2.8A and 2.8B) but much less so for the POPC/CHOL (Figures 2.8C and 2.8D) when 

compared with the POPC-P8 peaks in the absence of Aβ dimer (nALs). On the other 

hand, the CHOL-O6 peaks from cholesterol however were not significantly affected by 

the dimer as evidenced by the lack of any major shift of the peak location or width 

associated with the ALs when compared with those of the nALs for either Aβ40 or Aβ42-

dimer in POPC/CHOL (Figures 2.8C and 2.8D). Our results therefore suggest that Aβ 

dimer exerted the most influence on disturbing the distributions of POPC polar group in 

the upper leaflet of POPC but less so on POPC/CHOL, and that the cholesterol polar 

group distribution was minimally perturbed in the presence of Aβ dimer.   

The averages of the distances between two POPC-P8 peaks, i.e., P8-P8 and two 

CHOL-O6 peaks, i.e., O6-O6, over the four independent simulations replicates and over 

the last 25 ns for each system were compiled and the results are shown in Figure 2.9. The 

mean and standard error values of the P8-P8 distance, or transbilayer thickness, were 34.9 

± 0.15 and 36.5 ± 0.15 Å in the nALs for Aβ40 and Aβ42-dimer in POPC, respectively, 

and similar to 36.2 ± 0.04 Å for the pure POPC control. In the ALs where the Aβ-dimer 

was present, the corresponding values became 31.1 ± 0.35 and 32.3 ± 1.35 Å, accounting 

for a small yet significant decline of ~ 11 and 12%, respectively. In comparison, the 

average thickness of P8-P8 was 42.0 ± 0.16 and 42.6 ± 0.06 Å in the nALs for Aβ40 and 
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Aβ42-dimer in the POPC/CHOL bilayer respectively, and again similar to 42.5 ± 0.18 Å 

for the pure POPC/CHOL control. In the ALs where Aβ-dimer was present, the 

corresponding values became 41.5 ± 0.36 and 40.8 ± 1.43 Å, accounting for a relatively 

small decline of ~ 1 and 4 %, respectively.  

For the O6-O6 peaks, the thickness was 33.5 ± 0.45 and 33.9 ± 0.08 in the nALs 

for Aβ40 and Aβ42-dimer in POPC, respectively, and again similar to 34.11 ± 0.21 Å for 

the pure POPC/CHOL control. In the presence of Aβ-dimer, the corresponding values 

became 32.3 ± 0.44 and 32.6 ± 1.25 Å, accounting for a small decline of ~ 4% for either 

Aβ-dimer. 

 

2.3.4.2 Tranbilayer Water Permeability Barrier 

The number density of water oxygen (W) decreased progressively as the absolute z-

distance or |z| decreased in the upper and lower layers as shown in Figure 2.8. This z-

dependent behavior of water density profile signified the transbilayer water permeability 

barrier of water into the lipid bilayer. A quantitative and convenient measure of this 

permeability barrier was to calculate the water barrier thickness W-W, which is defined 

as the z-distance of the density profile width at a fixed density of 1 nm-3. The critical 

density of 1nm-3 is ~3% of the known number density of bulk water at 33.3 nm-3. 

Although this critical density is arbitrary, it provided a common metric to compare water 

barrier thickness among the bilayer membranes in the presence and absence of Aβ dimer.  

 In the nAL region of both POPC and POPC/CHOL bilayers, the density profiles 

were symmetric with respect to the center of the bilayer z = 0, and the width of the 

profiles in POPC/CHOL was wider than that in POPC. The above behavior followed the 
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trend of the increasing peak-to-peak P8-P8 z-distance in the presence of cholesterol as 

shown above. Comparing the profiles in the AL and nAL regions, a large shift in the 

water density profile towards z = 0 in the upper monolayer was clearly observed for the 

dimer in POPC and less so for the dimer in POPC/CHOL. Small shift in water density 

profiles were found in the lower monolayer due to dimer for either POPC or 

POPC/CHOL indicating that the water permeability change is associated with the 

presence of protein in the upper lipid monolayer.  

 Figure 2.9 again summarizes the statistics of water barrier thickness W-W over 

four independent replicates and over the last 25 ns of each system. In the nAL region of 

POPC bilayers, the average W-W was 20.4 ± 0.1 and 21.6 ± 0.2 Å for Aβ40 and Aβ42-

dimer in POPC, respectively, and similar to 21.1 ± 0.1 for the pure POPC control. In the 

presence of Aβ-dimer, or in the ALs the corresponding values became 16.4 ± 0.7 and 

16.9 ± 0.2, accounting for a decline of ~ 20 and 22 %, respectively. In comparison, the 

W-W in nALs was 29.1 ± 0.6 and 30.5 ± 0.1 for Aβ40 and Aβ42-dimer in POPC/CHOL, 

respectively, and similar to 30.1 ± 0.5 for the pure POPC/CHOL control. In the presence 

of Aβ-dimer, the corresponding values became 28.3 ± 0.9 and 29.0 ± 0.9, accounting for 

a much smaller decline of ~ 3 and 5 %, respectively, when compared with the dimer in 

POPC. The results therefore demonstrated clearly that cholesterol in the bilayer strongly 

reduces the dimer-induced decline in water permeability barrier thickness when 

compared with the case of POPC without cholesterol.  

 

2.3.4.3 Order Parameter of POPC Acyl Chains 
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The order parameter (SCD) of the two POPC acyl chains, sn-1 and sn-2, in the AL and 

nAL regions of POPC and POPC/CHOL bilayers was examined. Figure 2.10 illustrates 

the profiles of SCD vs. carbon atom number of each chain of representative replicates from 

the four systems. In general, the value of SCD was smaller in the ALs than in the nALs 

suggesting that the dimer perturbed the orientational order of the acyl chains. The general 

decline of the SCD of the saturated sn-1 chain (16:0) with carbon atom number, and a 

prominent dip at the 9th carbon number, i.e., the location of the double bond of the 

unsaturated sn-2 (18:1), were observed.  In POPC bilayers (Figures 2.10A and 2.10B), a 

large decline in the SCD of both sn-1 and sn-2 chains in the upper monolayer but not in the 

lower monolayer was evident. In POPC-CHOL bilayers (Figures 2.10 C and 2.10D), a 

similar observation was found only for the Aβ40-dimer. However, significant perturbation 

was also observed in the lower monolayers, particularly for the sn-2, for the Aβ42-dimer 

(Figure 2.10 D).  

 To quantitate the dimer-induced decline in SCD of the two POPC acyl chains, a 

plot of the percentage difference in SCD, defined as (SCD of AL - SCD of nAL)/ SCD of nAL 

x 100, versus carbon number for each system was generated as shown in Figure 2.11. The 

data represented the average over the results from four independent replicates for each 

system and over the last 25 ns of the simulations. For the POPC bilayers, Aβ42-dimer 

induced a larger decline in SCD than Aβ40-dimer in the upper monolayer for both sn-1 and 

sn-2 chains as shown in Figures 2.11A and 2.11B. A similar trend was found for the 

POPC/CHOL bilayers as shown in Figures 2.10C and 2.10D. However, a significant 

perturbation on the lower layer by Aβ42-dimer but not by Aβ40-dimer was clearly found, 
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suggesting that Aβ42-dimer perturbed the SCD of both acyl chains in both upper and lower 

layers in the presence of cholesterol. 

 

2.3.4.4 Order Parameter of Cholesterol 

The order parameter of cholesterol provides a unique measurement of the orientational 

distribution of the long axis of the almost planar cholesterol rings with respect to the 

normal of the POPC/CHOL bilayer. Figure 2.12 summarizes the average SCHOL of ALs 

and nALs in both upper and lower monolayers of POPC/CHOL bilayers. For the nALs, 

the average cholesterol order parameter was 0.66 ± 0.07 and 0.69 ± 0.01 in the upper and 

lower monolayers, respectively, for the Aβ40-dimer, and 0.67 ± 0.01 and 0.73 ± 0.01 for 

the Aβ42-dimer, respectively. These values compared favorably with 0.66 ± 0.01 and 0.71 

± 0.01, accordingly, for the pure POPC/CHOL control. For the ALs, the corresponding 

values in the upper and lower monolayers were 0.69 ± 0.10 and 0.70 ± 0.02 for the Aβ40-

dimer, and 0.55 ± 0.01 and 0.71 ± 0.01 for the Aβ42-dimer. The above results represented 

a slight increase of 4 and 2 % for the Aβ40-dimer but a decline of 18 and 3% for the Aβ42-

dimer in the upper and lower monomlayers, respectively. The above suggests that the 

strongest Aβ-dimer-induced perturbation effect of cholesterol order was due to the longer 

Aβ42-dimer on the upper monolayer in the POPC/CHOL bilayer.  
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2.4 DISCUSSION 

Early molecular events of Aβ-dimer orientation and structural stability and transition, and 

its lipid membrane interactions in cholesterol-depleted (POPC) and -enriched 

(POPC/CHOL) lipid bilayers have been investigated in this atomistic MD simulation 

work.  The results represented a grand total of 4.8 microseconds (sixteen independent 200 

ns simulation replicates of dimer containing data and eight independent 200 ns 

simulations replicates of pure lipid controls) of protein and lipid membrane structural 

dynamics data with atomistic resolutions.  The lipid bilayers mimic the cholesterol-

depleted and -enriched lipid domains of the non-lipid raft and lipid raft regions found in 

the neuronal membranes, which are major targets of the cytotoxic Aβ oligomer in-situ. 

[1, 4, 19] 

Both 80 and 84 residue-long dimers (Aβ40- and Aβ42-dimers) spontaneously 

bound to the polar headgroup region of both POPC and POPC/CHOL bilayers. The two 

parallel, planar hairpin-like structures formed by the two β1 and β2 strands from each 

monomer were mostly preserved as evidenced from the four prevalent beta-sheet bands 

revealed by the DSSP profiles throughout the entire 200 ns simulations. Therefore, the 

2D planar lipid bilayer polar surface supported and stabilized the planar beta sheet 

structure. The beta sheet motif is a potential candidate for the 2D seeding-template for the 

formation of larger (n > 2, where n is the number of monomers) and, perhaps, more toxic 

oligomers. Therefore, the demonstration of a stabilized beta sheet motif on lipid bilayer 

surface lends support to the critical role of lipid membrane in the aggregation pathway of 

oligomers in AD.  
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Intriguing structural conformational transition of Aβ-dimer was evident in this 

work. The longer Aβ42-dimer unfolded more than the shorter Aβ40-dimer in the polar 

region of the lipid bilayer with and without cholesterol as shown in Figure 2.6. In 

addition, strong evidence of protein folding from random coil to beta sheet structure was 

detected in the N-terminal domain of the dimer in both POPC and POPC/CHOL bilayers 

(Figure 2.6) suggesting that the 2D environment of the bilayer surface promotes the 

formation of structured beta sheets in the N-terminal region of the dimer. Longer 

simulation-time MD coupled with efficient phase space sampling are still required to 

examine this interesting unfolding and folding of beta-sheets in the presence of lipid 

bilayer. 

Our study here focused on how the protein conformation affects the membrane 

disruptions. The lipid bilayer thickness from the calculated POPC phosphorus (P8-P8) 

peak-to-peak distance is a good indicator of the Aβ-dimer-induced membrane disruption. 

For either Aβ40- or Aβ42-dimer, the bilayer thickness dropped by more than 10% in the 

POPC bilayer but no more than a few percents in the POPC/CHOL bilayer, suggesting 

that dimer-induced bilayer disruption is stronger in the disordered POPC bilayer than the 

ordered POPC/CHOL bilayer. However, a stronger disruptive effect was observed from 

the longer Aβ42-dimer than from the shorter Aβ42-dimer in POPC/CHOL bilayers 

indicating a slightly stronger membrane disruptive effect of the longer dimer in the 

ordered cholesterol containing membranes. The hydrophobic length mismatch between 

lipid membrane and transmembrane protein is an important factor in regulating the 

structure and function of protein. Therefore, this small but significant decline in the 

bilayer thickness from Aβ-dimer interactions with lipid membrane may directly affect the 
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nearby membrane proteins via the hydrophobic mismatch mechanism. No significant 

disruption of the transbilayer cholesterol thickness was observed. This observation 

indicates that the dimer has only a small effect (~4% decline) on the headgroup 

transbilayer distribution of cholesterol. This may be explained by the deep location of the 

cholesterol headgroup in the bilayer that the dimer fails to reach to exert its influence.  

  The water permeability barrier thickness (W-W) represents a non-invasive 

measure of the extent of water penetration into the bilayer center. The extent of water 

penetration will strongly affect the structure and function of transmembrane protein 

mainly due to the increase in the dielectric constant of the transmembrane domains that 

affect the organization and function of the protein. Our results revealed a rather large 

20% decrease in W-W induced by either Aβ40- or Aβ42-dimer due to a large influx of 

water from the upper layer where the dimer was located for the POPC bilayers. However, 

only a small (5% or less) decrease in W-W induced by the dimer was evident for the 

POPC/CHOL bilayers similar to the effect of dimer on bilayer thickness. Therefore, 

cholesterol in the bilayer is capable of preventing the dimer induced water permeation 

into the bilayer.  

The effect of Aβ-dimer on the orientational order of the lipid hydrocarbon tails 

was examined from the percentage differences in the SCD values of ALs and nALs for 

both chains of POPC.  In POPC bilayers, both dimers strongly reduced the order of both 

acyl chains in the upper layer where the dimers were located, and the disruptive effect 

was greater from the Aβ42-dimer than the Aβ40-dimer. Overall, the impact of order 

disruption was stronger on the saturated sn-1 than the unsaturated sn-2 chain. As shown 

in Figures 2.3 and 2.4, the dimer had its “direct” interactions with the polar headgroup 
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region of the bilayer. For the POPC bilayers, our results indicated that the entire POPC 

chain in the upper layer, i.e., starting from the first carbon after the carbonyl to the last 

carbon (terminal methyl) located near the middle of the lipid bilayer, was significantly 

affected.  Comparatively, no significant disruptions were sensed by any region of the 

POPC chain in the lower layer suggesting the dimer-induced effects through the direct 

interactions with the lipid headgroup affect only the upper layer of the pure POPC 

bilayer. For the POPC/CHOL bilayers, the Aβ40-dimer exerted smaller disruptive effects 

on the upper layer when compared to the case of the POPC bilayers.  Again, no 

significant effects were observed on the lower layer. However, a strong coupling effect of 

the upper and lower layer was clearly observed for the effect of Aβ42-dimer as such that 

similar disruptive effect was observed in the lower level. This coupling effect might be 

associated with the condensing effect of cholesterol on the acyl chains that help connect 

the two lipid monolayers.  

 The orientational order of cholesterol (SCHOL) revealed a strong 18% decline in 

the cholesterol order in the upper layer when compared to only a 3% decline in the lower 

layer. This large decline of cholesterol order agreed favorably with the large decrease in 

the order of the sn-1 also in the upper layer. Therefore, the unique disruption of the 

cholesterol orientational order by Aβ42-dimer suggests a stronger membrane interaction 

of Aβ42-dimer than Aβ40-dimer. Interestingly, our conformational study indicated that 

Aβ42-dimer was more unfolded or more disordered in secondary structures than Aβ40-

dimer. The disordered protein structures probably exerted stronger membrane interactions 

with both the POPC and cholesterol in the upper layer than the more ordered proteins.  
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Figure 2.13 attempted to correlate the role of protein disorder and the protein-

induced membrane disruptions. A convenient parameter to measure the protein disorder 

is the number of non-hydrogen bonded residues, defined as NLoop, in the dimer in this 

study. Here, a plot of the percentage changes in the membrane disruption parameters 

(MDP): CHOL order, POPC sn-1 and sn-2 chain order, W-W, P8-P8 and O6-O6, versus 

the total NLoop is shown. Identical to the definition of the percentage change of SCD as 

shown in Figure 2.11, the definition of the percentage change of each of the six MDPs 

was (MDPAL- MDPnAL )/(MDPnAL) x 100, where the subscripts identify the AL and nAL 

regions.  For the acyl chain order, the average of percentage change from C9 to C16 or 

C18 was used since the perturbation effect was stronger in those regions as shown in 

Figure 2.11. The mean and standard error the percentage change were calculated from all 

independent replicates and presented as error bars.  

As shown in Figure 2.13A, the percentage change in both sn-1 and sn-2 order 

parameters of the POPC bilayer for Aβ42-dimer was significantly greater than those of 

Aβ40-dimer, i.e., -40 vs. -20%, supporting the notion that the Aβ42-dimer perturbs the 

lipid bilayer much stronger than the Aβ40-dimer.  Interestingly, the same observation was 

only evident for unsaturated sn-2 chain but not the saturated sn-1 chain of POPC in the 

POPC/CHOL bilayer as shown in Figure 2.13B. This may be associated with the stronger 

interaction of the cholesterol associated with the saturated chain of POPC, and therefore 

this sn-1 chain was less perturbed by the intruding dimer on the surface.   

Interestingly, the percentage difference of CHOL dropped from 5% for the Aβ40-

dimer in POPC/CHOL bilayer to -15% for the Aβ42-dimer in POPC/CHOL bilayer 

suggesting a strong perturbation of the cholesterol orientation by the Aβ42-dimer than the 
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Aβ40-dimer. Overall, the perturbation effect induced by either dimer was stronger in the 

POPC bilayer (Figure 2.13A) than in the POPC/CHOL (Figure 2.13B). This again 

support the main idea of this study that cholesterol protects the membranes disruptions 

induced by Aβ dimer interactions with membrane surface.  

What is the mechanism of the dimer-induced membrane disruption in our model 

study? Note that the difference of the NLoop of the Aβ40-dimer and Aβ42-dimer in either 

POPC or POPC/CHOL is greater than four, the difference in the length of the dimers. 

The large difference in the percentage change in the MDPs is therefore more associated 

with the number of disordered or non-hydrogen bonded residues than just the difference 

in the number of residues alone. We postulate that the exposed and energetically unstable 

C=O and N-H groups of protein backbone[41-44] of the dimer interacted strongly with 

the polar groups of the lipids and exerted a strong membrane disruption effect than the 

unexposed C=O and N-H that participated in the ordered structures. Whether or not the 

stronger membrane disruption due to the increased NLoop observed in this study can be 

found in other protein/membrane systems is still unclear and awaits further 

investigations.  
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2.5 CONCLUSION 

This study provides evidence that both Aβ-dimers strongly disrupt the cholesterol-

depleted lipid membranes by reducing the bilayer thickness, water permeability barrier 

and orientational order of the acyl chains. The longer and more hydrophobic Aβ42-dimer 

perturbed the acyl chain order more than the shorter and less hydrophobic Aβ40-dimer in 

both cholesterol-depleted and -enriched membranes due to the presence of non-structured 

residues in the dimer. This strong membrane disruptive effect of Aβ42-dimer lends 

support to the higher cytotoxicity of Aβ42 than Aβ40 in neurons, probably of its unique 

membrane disruptive effects that is strongly dependent on the cholesterol content of the 

membranes.   
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FIGURE CAPTIONS 

Figure 2.1.  Initial structures of Aβ40- and Aβ42-dimers. The secondary structure of 

either dimer consists of the N-terminal (residues 1-17) in random coil, a β-strand (residue 

18 to 23), a hairpin bend (residues 24-28), another β-strand (residues 29-36) and a C-

terminal tail (residues 37-40 or -42) in random coil. The top and bottom (facing the top 

monomer of the lipid bilayer) monomers are labeled in red and green, respectively. 

Protein residues are shown in lines, and the backbone secondary structures in ribbons. A 

scale bar of 10 Å is given.  

Figure 2.2. Initial structures of Aβ 40- and Aβ42-dimers in the presence of POPC and 

POPC/CHOL bilayers. Initial or 0 ns simulated structures of Aβ40- and Aβ42-dimers in 

the presence of POPC (A) and POPC/CHOL (B) bilayers. The polar headgroups of POPC 

are in gray spheres and the acyl chains in yellow lines. The polar headgroups (3-β OH) of 

cholesterol molecules are in purple spheres and the hydrophobic body in purple lines. 

Water was present during the simulation but not shown for clarity. The top and bottom 

monomers are in red and green, respectively. Only the backbone secondary structures of 

the dimers are shown. See Figure 2.1 for atomic details of the dimers. A scale bar of 10 Å 

is given. 

Figure 2.3. Final structures of Aβ42-dimer in POPC and POPC/CHOL bilayers. 

Representative 200 ns simulated structures of an Aβ42-dimer in POPC (A) or 

POPC/CHOL (B) bilayer and the time evolution of secondary structures calculated by 

DSSP. See the legend of Figure 2.2 for details. 

Figure 2.4. Folding/unfolding kinetics of Aβ40 in POPC and POPC/CHOL bilayers. 

Representative protein folding/unfolding kinetics of Aβ40-dimer in POPC (A, B) or 
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POPC/CHOL (C, D). The time evolution of the number of residues participated in the 

Loop (black), Structure (red) and Helix (blue) secondary structures according to the 

DSSP algorithm are shown for the N-terminal (residues 1-17) and the hairpin (residues 

18-40) separately.  

Figure 2.5. Folding/unfolding kinetics of Aβ42 in POPC and POPC/CHOL bilayers. 

Representative protein folding/unfolding kinetics of Aβ42-dimer in POPC (A, B) or 

POPC/CHOL (C, D). The time evolution of the number of residues participated in the 

Loop (black), Structure (red) and Helix (blue) secondary structures according to the 

DSSP algorithm are shown for the N-terminal (residues 1-17) and the hairpin (residues 

18-42) separately.  

Figure 2.6.  Summary of the number of residues in Loop structures (NLoop) for Aβ40-

dimer and Aβ42-dimer in POPC or POPC/CHOL bilayer. The values represent mean 

and standard error of the mean (error bars) over four independent replicates of each 

dimer/lipid bilayer system. 

Figure 2.7. Demonstration of the annular (AL) and non-annular (nAL) lipid regions 

of in a POPC/CHOL bilayer in the presence of an Aβ42-dimer. Both the top-view (A, 

C) and side-view (B, D) of the nAL (A, B) and AL (C, D) regions are shown. The side-

view represent an x-z slice of a thickness of 18 Å across the center of the top-view along 

the x-y plane, where z is the normal of the lipid bilayer. See the legend of Figure 2.1 for 

the labeling of dimer and lipids. Water is shown in the side-views. 

Figure 2.8. Number density of lipid headgroup and water. Number density of P8 of 

POPC (black), O6 of CHOL (blue) and water oxygen (red) vs. z-distance for Aβ40- and 

Aβ42-dimers in POPC (A, B) and POPC/CHOL (C, D) bilayers for the last 25 ns of the 
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simulations. The density profiles calculated from the AL (solid) and nAL (dotted) regions 

are shown. 

Figure 2.9. Summary of the average transbilayer thickness of POPC, cholesterol 

polar group and water permeability barrier thickness for Aβ40- and Aβ42-dimers in 

POPC and POPC/CHOL bilayers for the last 25 ns of the simulations. The values 

corresponding to pure POPC or POPC/CHOL (control), nAL and AL regions  are shown. 

Figure 2.10. Representative order parameters of POPC acyl chains for Aβ40- and 

Aβ42-dimers in POPC and POPC/CHOL bilayers in the upper and lower 

monolayers for the last 25 ns of the simulations.  The deuterium order (SCD) of the sn-1 

chains in ALs (black solid triangle) and nALs (black open triangle) and sn-2 chains in 

ALs (blue solid circle) and nALs (blue open circle) are shown. Calculations from the 

upper and lower monolayers are shown. 

Figure 2.11. Percentage difference of acyl chain order parameter between AL and 

nAL for Aβ40- and Aβ42-dimers in POPC and POPC/CHOL bilayers for the last 25 

ns of the simulations.  The percentage difference is defined as (SCD in AL – SCD in nAL) 

/ SCD in nAL x 100. 

Figure 2.12. Summary of the cholesterol order parameter in ALs and nALs for 

Aβ40- and Aβ42-dimers in POPC and POPC/CHOL bilayers for the last 25 ns of the 

simulations. Calculations from the upper and lower monolayers are shown.  

Figure 2.13.  Plot of the percentage change in membrane parameter versus the 

number of Loop structures (NLoop) in the dimer. See the legend of Figure 2.11 for the 

definition of the percentage change. 
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FIGURES 

Figure 2.1.  Initial structures of Aβ40- and Aβ42-dimers. 
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Figure 2.2. Initial structures of Aβ40- and Aβ42-dimers in the presence of POPC and 

POPC/CHOL bilayers. 
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Figure 2.3. Final structures of Aβ42-dimer in POPC and POPC/CHOL bilayers. 
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Figure 2.4. Folding/unfolding kinetics of Aβ40 in POPC and POPC/CHOL bilayers.  
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Figure 2.5. Folding/unfolding kinetics of Aβ42 in POPC and POPC/CHOL bilayers. 
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Figure 2.6.  Summary of the number of residues in Loop structures (NLoop) for Aβ40-

dimer and Aβ42-dimer in POPC or POPC/CHOL bilayer.  
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Figure 2.7. Demonstration of the annular (AL) and non-annular (nAL) lipid regions 

of in a POPC/CHOL bilayer in the presence of an Aβ42-dimer. 
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Figure 2.8. Number density of lipid headgroup and water. 
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Figure 2.9. Summary of the average transbilayer thickness of POPC, cholesterol 

polar group and water permeability barrier thickness for Aβ40- and Aβ42-dimers in 

POPC and POPC/CHOL bilayers for the last 25 ns of the simulations. 
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Figure 2.10. Representative order parameters of POPC acyl chains for Aβ40- and 

Aβ42-dimers in POPC and POPC/CHOL bilayers in the upper and lower 

monolayers for the last 25 ns of the simulations.  
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Figure 2.11. Percentage difference of acyl chain order parameter between AL and 

nAL for Aβ40- and Aβ42-dimers in POPC and POPC/CHOL bilayers for the last 25 

ns of the simulations. 
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Figure 2.12. Summary of the cholesterol order parameter in ALs and nALs for 

Aβ40- and Aβ42-dimers in POPC and POPC/CHOL bilayers for the last 25 ns of the 

simulations.  
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Figure 2.13.  Plot of the percentage change in membrane parameter versus the 

number of Loop structures (NLoop) in the dimer. 
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Chapter 3 

Atomistic Monte Carlo Integration Reveals Complex Molecular Interactions 

of Cholesterol with Water and Phosphatidylcholine in a Lipid Bilayer 

 

ABSTRACT 

Cholesterol plays a key role in regulating the structure and functions of cell membranes. 

At present, the atomistic details of cholesterol interactions with and how cholesterol 

perturbs the volume and surface area of the surrounding lipid and water are still not clear. 

We have developed and validated an atomistic Monte Carlo Integration (MCI) 

computational technique that allowed us to determine the average total and void volume 

of simple cubic packed hard spheres of 5Å with accuracy better than 0.01Å. Using this 

MCI method, the volume and transbilayer surface area of the whole lipid, i.e., cholesterol 

(CHOL), phosphatidylcholine (PC), and water, as well as, various molecular groups at 

the polar, interfacial and hydrocarbon regions of each lipid, were determined in the 

atomistic 200ns-equilibrated PC and PC/CHOL bilayers. Our results revealed interesting 

transbilayer void volume and area distributions of the lipid and water. Other than 

confirming the known condensing effect of cholesterol on the PC acyl chain, differential 

interactions of cholesterol with the trimethylamonium and phosphate groups as well as a 

bimodal distribution of cholesterol/water interactions were found. In conclusion, this 

study provided evidence that atomistic MCI represents a useful tool to study the 

volumetric and surface area properties of multicompnent lipid bilayers in water.   
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3.1 INTRODUCTION 

Classical molecular dynamics (MD) simulations are useful computational tools in 

studying the structural dynamics of soft condensed matters, such as polymers, colloids, 

lipid membranes, and proteins. The unique features of MD simulation methods are the 

capability of revealing atomistic spatial and sub-picosecond time resolutions of the soft 

materials concurrently and controlling the initial configurations of the system with 

atomistic precision. Hence, MD simulation results have great potentials of predicting 

structures and properties of the systems that are inaccessible to experiments. However, 

the validity and accuracy of MD simulations strongly depend on the force field 

parameters, the simulation algorithms and the algorithms in extracting meaning structural 

dynamics properties from the simulation results. Therefore, any calculated biophysical 

parameters from MD simulations should be careful validated by comparing the 

simulation results with the available and independent measured results from experiments.  

The atomistic structures of cholesterol-containing lipid domains in the absence or 

presence of transmembrane protein are of particular interests in understanding the 

intriguing and complex structure-dynamics-function relationships of cell membranes[1-

5]. Those relationships provide useful insights and knowledge of the signal transduction, 

lipid homeostasis, and lipid and protein sorting during the normal metabolic and disease 

propagation processes of the cells. MD trajectories of multicomponent lipid/protein 

systems in explicit solvent with a system size of tens of nanometers, approaching the size 

of a functional lipid raft in cell membranes, have routinely been obtained using different 

MD simulation engines associated with a multitude of force fields and algorithms[6-11]. 

These trajectories usually contain a few hundred thousand atomic coordinates and their 
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time evolution up to a few hundred nanoseconds. Biophysical parameters of the lipid 

bilayer, such as thickness of the bilayer, lateral organization of lipids, lipid order 

parameter and surface area per lipid, can be extracted from the trajectories to explore the 

structure-dynamics properties of lipids and how they regulate the functions of the 

proteins associated with the lipid bilayer. 

The simulation results from the pure lipid bilayers in the absence of protein 

provide a unique opportunity to validate the MD force field and algorithms by comparing 

them with the experimental results from non-invasive structural analysis of lipid bilayers 

using diffraction and NMR. In addition, the same set of biophysical parameters of lipids 

but in the presence of protein and their time evolution can be used to examine the 

regulation mechanisms of lipid-protein interactions, and, conversely, how the protein 

perturbs the bilayers giving rise to membrane disruptions, at atomistic and sub-

picosecond resolutions. 

  Among the aforementioned physical properties relevant to lipid membrane, the 

estimation of the surface area per lipid from MD trajectories is still controversial. This is 

mainly due to the existence of different methods and assumptions of the surface area 

calculations from the atomic coordinates of the atoms in the trajectories. For examples, in 

a binary phosphatidylcholine (PC)/cholesterol bilayer in explicit solvent, Hofsäss et al. 

[12] proposed a model in which the volumes of individual cholesterol and water 

molecules are fixed, and the PC and cholesterol are represented by cylinders of the same 

average height. This model was later modified by Edholm and Nagle[13] to calculate the 

partial-specific areas for POPC and CHOL by imposing a linear relation between the total 

volume of the lipids, i.e., PC and CHOL, and the volume of the simulation box but 
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assuming a constant volumetric ratio of CHOL to PC. All of these methods require 

assumptions regarding the volume or the volumetric ratio of certain kinds of molecule, 

and the vertical arrangement of molecules. The constant volume of cholesterol assumed 

in the Hofsäβ method was actually derived from the crystal structure of cholesterol, 

which may not be applicable in a fully hydrated bilayer under physiological conditions of 

atmospheric pressure and temperature. Another common assumption is the identical 

height for both PC and cholesterol that cannot be justified at atomic level, since it is clear 

that cholesterol is located mostly inside the bilayer hydrophobic region of the bilayer 

with length shorter than the PC. Moreover, in protein-containing systems, these methods 

cannot be applied directly. 

Recently, several studies have pointed out that the surface area per molecule 

depends strongly on the transbilayer location along the normal of the bilayer, or z-

dependence. Falck et al. [14] pointed out that there was a transbilayer, or z-dependence, 

on the area per molecule. Mohammad et al. [15] also looked at the area partitioning 

between PC and cholesterol at different cross-sectional slices along the normal direction 

to the lipid membrane, and confirmed the z-dependence of area per molecule. 

Furthermore, all previous attempts in measuring surface area of lipid reported the average 

value of surface area per lipid for either PC or cholesterol. While these average values 

may be adequate for characterizing a pure lipid system, they are not for a protein-

containing lipid system. In the latter, it is of interest to investigate the perturbation effect 

of the protein imparting on lipid molecules as a function of the lateral distance and the z-

dependence with greater detail. Therefore, it is desirable to obtain the area and volume 

for each individual molecule. 
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Other than the average geometrical approaches discussed above, methods based 

on Voronoi Tessellation (VT) and Grid methods were also proposed. Pandit et al. [16] 

used a 2-dimensional VT algorithm to calculate the surface area per molecule for various 

constituent components in a ternary mixture of sphingomyelin, cholesterol and DOPC. 

With this algorithm, they could generate the area distributions of sphingomyelin, 

cholesterol and DOPC, respectively. However, this algorithm probably overestimated the 

areas of smaller molecules and underestimated the areas of larger ones.  Huber et al. [3] 

used a 3-dimensional VT algorithm to calculate the surface area of PC lipid in the 

presence of Rhodopsin, and also revealed the z-dependence of the surface area of PC. 

However, cholesterol was not present in the above system. Allen et al. [17] developed a 

grid-based analysis tool for the calculation of area per molecule, and applied the tool to a 

KALP15 embedded PC bilayer system and the calculated area per DPPC agreed with 

generally accepted value. While this tool gave reasonable results for a protein-embedded 

DPPC bilayer, it didn’t work well for a protein-containing PC/CHOL binary mixture, the 

area per cholesterol was overestimated. 

Overall, surface area per molecule is an oversimplified or poorly-defined quantity 

for a complex system like multi-component lipid bilayers. At atomic resolution, the lipid 

molecules have heterogeneous cross-sectional area along the normal direction to the 

membrane, and the variance of the cross-sectional area is critical in studying the 

molecular interactions in protein-containing lipid membranes. These interactions play 

important roles in affecting the structural and dynamics properties of the protein and the 

lipids. Furthermore, it is of interest to characterize free volumes and free areas, or void 

volumes and void areas, associated with these molecules. Falck et al. [14] proposed a 
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void area theory for the qualitative prediction of lateral diffusion coefficient of a lipid or 

cholesterol molecule as a function of cholesterol concentration. For systems involving 

channels or cavities formed by proteins or other macromolecules, the void volumes 

associated with the channels and cavities are critical for the characterization of the 

structural and functional properties of these systems. 

In this paper, we proposed a new computational method to calculate the total 

volume, van der Waal volume, and void volume of each individual molecule in several 

MD simulation systems. In addition, the volume distribution of molecules at different z-

positions, positions along the membrane normal, of the bilayer are determined and 

presented as surface area per lipid versus z-position. This method is based on the Monte 

Carlo integration (MCI) method using a simple one-point distribution model. Our MCI 

method doesn’t require prior assumptions needed for the traditional methods; all 

parameters needed are from the force field parameters employed for MD simulations and 

customizable. This method is capable of producing results of arbitrary precision for any 

molecules or part of a molecule in a simulation box. We first validated the method on a 

hard-spheres system with an ordered spatial arrangement by comparing the calculated 

results with the theoretical results based on geometrical arguments; then we applied this 

method to a pure PC system, a pure PC/CHOL system with 40% cholesterol, and finally 

to two systems involving PC/CHOL containing a transbilayer peptide and a surface-

acting protein dimer. We calculated the volumetric and surface area properties of lipids 

and water in those systems and compared the results of the pure systems with the 

available experimental data obtained previously. The applications of this MCI method in 



Texas Tech University, Liming Qiu, May 2013 

 91 

revealing heterogeneous interaction of cholesterol with water and the protein-induced 

structural perturbation of lipids are presented.   
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3.2 MATERIALS AND METHODS 

3.2.1 Monte Carlo Integration Algorithm 

3.2.1.1 Basic Principles 

Monte Carlo Integration (MCI) is a probabilistic-based method to estimate the volume 

occupied by any object inside a well-defined box of any sizes and shapes. The theory of 

using a Monte Carlo Integration (MCI) method for calculating the volume of an object is 

illustrated in a simple example, in which a single hard sphere of volume Vs is placed 

inside a cubic box of known volume Vbox. The main ideas and steps of this MCI method 

are highlighted below. 

To use the MCI method to estimate the volume of the single hard sphere in this 

simple example, we need to generate N independent, random sampling points of uniform 

distribution that all fall inside the cubic box. Due to the nature of randomness, each 

sampling point may fall inside or outside the hard sphere. We therefore define a random 

variable x, such that its value is only 1 or 0 if the sampling point is inside or outside the 

hard sphere, respectively. The predicted probability for any sampling point found inside 

(P(x = 1)) or outside (P(x = 0)) the sphere is simply (Vs/Vbox) or (1−Vs/Vbox), respectively. 

From these probability functions, we can predict the theoretical mean (ηx) and standard 

deviation (σx) of x for a sufficiently large N by the following simple equations.  

 

€ 

ηx =1× P(x =1) + 0 × P(x = 0)
    =Vs Vbox

     (3.1) 

€ 

σ x
2 = 1−ηx( )2

× P(x =1) + 0 −ηx( )2
× P(x = 0)

    = 1−Vs Vbox( ) Vs Vbox( )
   (3.2) 
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The MCI-measured volume of the sphere (V) can be obtained from the measured 

mean of the random variable x using N sampling points as given below. 

 

€ 

V =Vbox ⋅

xi
i=1

N

∑
N

 

 

 
 
 
 

 

 

 
 
 
 

      (3.3) 

       (3)                                                                                                

Note that the measured volume V in Eq. 3.3 consists of a sum of N random x variables. 

Hence, its predicted mean (ηV) and standard deviation (σV) are given by the following 

equations [18]. 

                       

€ 

ηV =VS             (3.4) 

€ 

σV =Vbox ⋅
σ x

N           (3.5) 

 

According to Chebychev Inequality [18], the probability of the absolute volume 

measurement error (|V-Vs|) to be greater than or equal to a certain measurement tolerance 

of ε (ε > 0), i.e., (P(|V-ηV| ≥ ε)), obeys the following inequality equation. 

 

€ 

P V −ηV ≥ ε( ) ≤σV
2 ε2     (3.6) 

 

Applying Eqs. 3.2, 3.4 and 3.5 to Eq. 3.6, the probability that the absolute error of the 

volume measurement to be less than ε, i.e., (P(|V-ηV| < ε)), can be derived.  
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€ 

P V −ηV < ε( )
=1− P(V −ηV ≥ ε)

>1−σV
2 ε2

=1− Vbox
2

Nε2
Vs

Vbox

 

 
 

 

 
 1−

Vs

Vbox

 

 
 

 

 
 

     (3.7) 

                                                                                         

To guarantee that P(|V-ηV| < ε) is greater than a confidence level of p, e.g., p = 0.95 for a 

95% confidence, we demand that the last expression of Eq. 3.7 be greater than p. 

Therefore, we obtain the following inequality that relates N with p and ε. 

  

€ 

N >
Vs(Vbox −Vs)
(1− p)ε2

 (3.8) 

  

Here, we define (ε, p) as the accuracy criteria for the MCI-method. For example, the 

criteria of (ε, p) = (0.05Å3, 0.95) means that this MCI-method provides a volume 

measurement accuracy of better than 0.05Å3 with a 95% confidence level of accuracy. It 

is evident from Eq. 3.8 that in order to achieve accurate MCI-volume estimation of an 

object with small measurement error ε and large confidence p, a large sampling size or N 

is required. In fact, it has further been shown [19] that the minimum random sampling 

points (Nmin) in the worse scenario should have the analytical form given below.  

 

           

€ 

Nmin =Vbox
2 ln(2 (1− p))

2ε2
          (3.9) 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Note that the measured volume V using the MCI method, or MCI-volume, is 

based on the sample mean of the N random sampling points as defined by Eq. 3.3. This 

MCI-volume is an unbiased consistent estimator of the true volume of the sphere [18]. 

Therefore, for a given sampling size N greater than Nmin as defined in Eq. 3.9, the 

estimated volume V can be accepted as the true volume Vs of the sphere with a confidence 

level of p and an absolute measurement error less than ε. Note that both Eqs. 3.8 and 3.9 

predict that ε scales with N-1/2. 

 

3.2.1.2 Calculations of Nearest-Point Total, van der Waals and Void Volumes 

A nearest-point MCI algorithm was implemented to calculate the nearest-point total, van 

der Waals and void volumes occupied by each atom in the simulation box of a MD 

trajectory. We provide the computational definition of the three volumes below. From the 

perspective of MD simulations, each atom in the simulation box occupies a unique, non-

overlapping point in the three dimensional space defined by its (x, y, z) coordinates giving 

by the MD trajectory. Here, the nearest-point total volume (Vtotal) of a given atom is 

defined as the volume surrounding that atom such that every point bounded by this Vtotal is 

closest to that atom, or the generator of the Vtotal, than to any other atoms. Let’s consider 

an atom as a sphere whose volume is determined by its self-interacting van der Waal 

(VDW) radius (rVDW). Hence the volume of this VDW sphere defines the nearest-point 

VDW volume (VVDW) of an atom. The difference between Vtotal and VVDW of the same atom 

is then the nearest-point void space (Vvoid) of the atom. 

Our MCI program was designed to calculate the three nearest-point volumes, 

Vtotal, VVDW and Vvoid of each atom in the simulation box using the MCI principle 
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highlighted in the last section.  We used a Mersenne Twister random number generator 

MT19937 from Intel math kernel library to generate random sampling points (RSPs), one 

point at a time for a total of N points. For each ith RSP generated, our MCI program 

identified a single nearest-neighbor-atom (NNA) that was closest to the ith RSP through a 

kd-tree search algorithm. Once this NNA was identified, the random variable xi appeared 

in Eq. 3.3 for the calculation of Vtotal was set to 1 for this ith RSP, and 0 for other atoms. 

On the other hand, the xi for VVDW was either 1 or 0 depending on whether the Euclidian 

distance between the RSP and the NNA was less than or greater than rVDW of the NNA, 

respectively.  After N random number generations and the subsequent assignment of xi 

for each ith RSP were done, the sum of all xi and the corresponding Vtotal, VVDW or Vvoid 

(Vvoid = Vtotal - VVDW) in Eq. 3.3 were computed and stored for each atom. These three 

nearest-point volumes of each atom were used individually or properly combined based 

on the type of molecule, e.g., cholesterol or PC, at the whole molecule level or the 

functional groups of each molecule, e.g., the lipid polar headgroup and acyl chains. 

 

3.2.1.3 Domain Decomposition and Parallel Processing of MCI algorithm  

The simulation box size for most lipid membrane systems in explicit solvent is usually on 

the order of 106 Å3 containing several hundred thousand atoms. In order to achieve 

accurate volumetric information at the atomistic level, a large number of random 

sampling points are required (see Eqs. 3.8 and 3.9). To mitigate the intensive demand for 

computational resources, the MCI program parallelized the computation by decomposing 

the system box into multiple equal size sub-boxes and ran on a computer cluster using 

multiple processors through Message Passing Interface (MPI). The actual number of 
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sampling points scaled inversely with the square of the number of sub-boxes. The 

decomposition procedure first partitions each atom into a sub-box, called primary sub-

box, in which the atom is enclosed. Afterward, it checks for each sub-box for atoms close 

to a boundary face sharing with its adjacent neighbor sub-box. If the distance between an 

atom and a face is less than the van der Waal radius of the atom, the atom is added to the 

neighbor sub-box, called secondary sub-box. Therefore, an atom could be assigned to 

multiple sub-boxes depending on its location in its primary sub-box.  The periodic 

boundary condition is considered in the decomposition procedure. This MPI-enabled 

MCI program was applied to a validating control system (hard spheres system) for the 

MCI algorithm and 3 multi-component lipid membrane systems: a pure PC bilayer (PU); 

a PC/CHOL bilayer (SL); and an Aβ40/PC/CHOL complex (C2).  

 

3.2.2 Hard Sphere Control System for Validating the MPI-Enabled MCI Program 

Before applying our MCI program to the lipid membrane systems, a hard sphere control 

system was designed, created and simulated to validate our MPI-enabled MCI program. 

Our hard sphere control system consisted of 1000 hard spheres, each with an identical 

rVDW radius of 5 Å packed inside a 100 × 100 × 100 Å3 simulation box, as shown in 

Figure 3.1. The packing symmetry of the hard spheres was simple cubic with periodic 

boundary conditions imposed along the x, y and z directions. The theoretical Vtotal, VVDW 

and Vvoid of each hard sphere were 1000.000 Å3, 523.599 Å3 and 476.401 Å3, respectively, 

up to the third digits after decimal point. The average Vtotal, VVDW and Vvoid per hard sphere 

were computed over the 1000 spheres. In addition to the average volumetric calculations, 

the average z-dependent surface area of the sphere was computed by dividing each 
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nearest-point volume by the thickness of the slice to obtain the total, VDW and void 

surface areas accordingly. Several combinations of accuracy criteria were tested in the 

hard sphere control system. 

 

3.2.3 Volume and Surface Area of Lipid and Water in PC (PU) and PC/CHOL (SL) 

Bilayer Systems  

The MPI-enabled MCI program was applied to two lipid bilayer systems: PU and SL. 

The system box of both systems was decomposed into 8×8×8 sub-boxes, and the 

calculation was accomplished using 512 Intel processors. The accuracy criterion for the 

SL system was (ε, p) = (0.67 Å3, 0.99).  Here, 0.67 Å3 is 5% of the VVDW of the smallest 

atom, hydroxyl oxygen O6 of cholesterol, in the system. The total number of random 

sampling points for SL was about 1.05 × 1011. The total number of random sampling 

points for PU was similar, with the same order of magnitude.  

These two lipid systems were from previous publications [1, 20] where they were 

simulated with Gromacs [21-23] MD packages under identical conditions and settings. 

The PU bilayer system was comprised of 576 1-palmitoyl, 2-oleoyl-PC (PC) molecules 

and the SL system was consisted of 576 PC and 384 CHOL molecules residing evenly in 

the upper and lower layers. Both systems were solvated in a water box. The size of the 

PU and SL systems were ~133.0 × 145.0 × 132.5 Å3 and ~135.0 × 156.2 ×142.9 Å3, 

respectively. 

 For both systems, we studied the volumetric properties of the whole PC 

molecule, whole water molecule, and the components of PC: the trimethylammonium 

group, the phosphate group, the interfacial oxygen atoms, the saturated sn-1 acyl chain, 
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the unsaturated sn-2 acyl chain, the unsaturated double bond, and the terminal methyl 

carbons. For the cholesterol in SL, we also investigated the volumetric properties of the 

whole cholesterol molecule as well as its components: the 3β oxygen, the fused rings, and 

the acyl chain. All these molecules and their components are referred to as chemical 

groups generically. For convenience of discussion, we adopted a set of 4-character 

abbreviation for the numerous chemical groups studied, according to which the whole PC 

molecule is denoted as LI-0, the trimethylammonium group as LI-1, the phosphate group 

as LI-2, the interfacial oxygens as LI-3, the saturated sn-1 acyl chain as LI-4, the 

unsaturated sn-2 acyl chain as LI-5, the unsaturated double bond as LI-6, the terminal 

methyl carbons as LI-7, the whole cholesterol molecule as CH-0, the 3β oxygen as CH-1, 

the fused rings as CH-2, the cholesterol acyl chain as CH-3, and the water molecule as 

SOL. Figure 3.5 summarizes the above classification scheme. 

The PU and SL systems were relaxed to equilibrium with a 200 ns MD 

simulation. The last 30 frames from the last 30 ns, with a 1 ns increment between 

consecutive frames, of the simulation were extracted and analyzed by the MCI-program 

for both PU and SL. The MCI calculation on each of the 30 frames was independently, 

and the result was sorted and accumulated according to different chemical groups for 

downstream analysis on volume distribution and z-dependent averaged surface area 

profile. In volume distribution analysis, the data for a chemical group was binned and 

collected for every frame; the sample mean and standard error over 30 frames were 

calculated. The volume distribution is an empirical approximation of the real volume 

distribution of a chemical group in a fully equilibrated system. The binning and statistical 

process of data was through R; and the plot of volume distribution was by xmgrace. The 
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bin size was not uniform for every chemical group; because the number of atoms for 

different chemical groups could be very different, a uniform bin size to offer adequate 

resolution across all chemical groups doesn’t exist. A summary of the bin size for all 

chemical groups is given in Table 3.1. 

 In the analysis of z-dependent average surface area profile, the system in each 

frame was conceptually divided into a fixed number of contiguous layers, or z-slices, of 

identical thickness. The volume of a chemical group was distributed into these z-slices as 

partial volume based on the z coordinate of random sampling points attributed to the 

chemical group. This distribution job was accomplished internally by the MCI program 

and the result was available in the output data. The partial volume of a chemical group in 

a z-slice was converted to surface area in the z-slice by dividing the partial volume by the 

thickness of a slice. The average surface area of a chemical group in a z-slice was 

obtained by taking the sum of surface area in the z-slice of all the chemical groups 

belonging to the same type and dividing it by the number of chemical groups with non-

zero contribution to the sum. This was the local averaged surface area of the chemical 

group in this frame. The overall average surface area was the global average over the 30 

frames. The average surface area reported in this work was in the format of mean ± 

standard error over 30 frames. The analysis of z-profile of averaged surface area was 

through R and the plots were generate by Excel. 

 Each frame of the SL system was divided into 50 z-slices and the thickness of a 

z-slice was about 2.858 Å. In theory, the size of a simulation box is not constant during a 

simulation, because of thermal fluctuation. However, for systems in equilibrium, the 

fluctuation of the system size between frames is too small to cause substantial change in 
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the thickness of the slices.   On the other hand, due to the difference in the equilibrium 

system size between SL and PU systems, the z-slices in PU had a different thickness from 

SL. In order to have a fair comparison between the two systems, the PC system was 

divided into 47 slices, resulting in a thickness of 2.819 Å for a z-slice. The difference in 

thickness between the two systems is less than 1.4 % of the with respect to the SL 

system. 

 

3.2.4 Volume and Surface Area of Lipid and Water in PC/CHOL Bilayers with 

Protein (C2) 

The MCI program was also applied to a protein-containing lipid bilayers system C2, in 

which a 40-residue long monomeric beta-amyloid protein Aβ40 was intercalated in a 

PC/CHOL bilayer in a transmembrane orientation. The simulation trajectory of C2 was 

from a previous publication [1].  

In analogous to the case of PU and SL systems, 30 frames were extracted from the 

last 30 ns of C2 system. Analyses of volume distribution and z-dependent average surface 

area profile were applied to water, PC and cholesterol molecules as well as their 

components (Figure 3.5), almost the same as in the PU and SL system, except that they 

were applied to two complementary parts of the lipid bilayer. Following the previous 

publication, the lipid bilayer of C2 was partitioned into two regions, e.g., the annular lipid 

(AL) region and non-annular (nAL) region. Lipids in the AL region formed a conformal 

annular ring surrounding the protein projection on the x-y plane; the thickness of the 

annular ring was 5 Å. The lipids in the nAL region complemented those in the AL region. 

More detail description of AL and nAL region are available in previous publication [1]. 
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The analysis results from the two regions were compared to examine the perturbation 

effect of Aβ40 on the lipid in close proximity, i.e., lipids in AL region, against lipids in a 

distant region, i.e., lipids in nAL region. 

The accuracy criterion for C2 was identical to that of SL, the absolute error ε = 

0.67 Å3 and the confidence lever p = 0.99. The system box was decomposed into 8×8×8 

sub-boxes, and the calculation was accomplished using 512 Intel processors; the total 

number of random sampling points was ~1.05 × 1011. 

Analyses of volume distribution and z-dependent average surface area were 

produced for C2 system. The bin size of volume was different for different chemical 

groups for the same reason as in the PU and SL systems, and a summary of the bin size is 

given in Table 3.2. The simulation box of C2 was divided into 50 contiguous z-slices; the 

thickness of a z-slice was 2.84646 Å. 
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3.3 RESULTS 

3.3.1 Validation of the Accuracy of MPI-Enabled MCI Analysis 

Before studying the multi-component lipid membrane systems, we set out to validate the 

MPI-enabled MCI program using our simple cubic packed hard sphere system as shown 

in Figure 3.1.  Five different total random sampling points N’s of 1.60×103, 1.56×105, 

1.56×107, 1.56×109 and 1.56×1011 were used. For each N, 30 MCI outputs were generated 

independently, by seeding the random number generator with different numbers, and 

used to analyze volume distribution and average surface area at z-slices. 

The volume distributions of hard spheres for each N, except for N equal to 

1.60×103, are shown in Figure 3.2. The volume distribution for the smallest N, i.e., 

1.60×103, had a peak at zero volume (data not shown), due to the fact that a majority of 

the spheres was not sampled, because the number of sampling points was only 60% more 

than the number of spheres to be sampled. As shown in Figure 3.2, the nearest-point 

distributions of Vtotal, VVDW and Vvoid of the hard sphere resembled Gaussian distributions 

and their mean values coincided with the their respective theoretical values. In fact, the 

volumes of a hard sphere was calculated by the MCI program as a scaled sum of random 

variables with uniform distribution; as N increased, the distributions of the volumes 

should converge to Gaussian distribution according to the central limit theorem [18].   

In contrast to the invariance of the peak value of the volume distribution, the 

dispersion or the width of the distribution was clearly N dependent as shown in Figure 

3.2. The full-width-half-maximum (FWHM) of each volume distribution decreased 

rapidly with increasing N. A plot of the log of FWHM vs. the log of N, shown in Figure 

4, reveals a linear, log-log relationship between FWHM and N with a slope of 
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-0.52±0.03, -0.50±0.01 and -0.49±0.02 for Vtotal, VVDW and Vvoid, respectively, using linear 

regression. Our results therefore validated the MCI theory prediction (Eqs. 8 and 9) that ε 

scaled with Ν-1/2 for volume measurements assuming that the FWHM of the volume 

distribution was a good measure of the uncertainty of the volume measurement. 

Figure 3.3 shows the computed and theoretical z-profile of average total, VDW 

and void surface area, i.e., Atotal, AVDW and Avoid, respectively, of the hard sphere. Here the 

uncertainty of the nearest-point surface area was evaluated by the residuals (= measured 

value – theoretical value). It is evident the range of the residuals decreased progressively 

with increasing N, similar to the behavior of the FWHM in the volume measurements. 

The SD of the residuals was generated for each N. The plot of the log of SD vs. the log of 

N, see Figure 3.4, is linear, with a slope of -0.51±0.01, -0.51±0.01 and -0.50±0.01 for 

Atotal, Avdw and Avoid, respectively. Again the results validated the MCI theory prediction 

again that ε scaled with Ν-1/2 for surface area measurements assuming that the SD was a 

good measure of the uncertainty of the surface area.  

 

3.3.2 Lipid and Water Volume Distributions in PU and SL Systems 

The total volume, VDW volume and void volume were determined for all the chemical 

groups highlighted in Figure 3.5; and the results are summarized in Table 3.3. The 

volume distribution plots for SOL, PC and cholesterol are shown in Figure 3.6.  The 

distributions of total volume, VDW volume and void volume of SOL were asymmetric, 

showing relatively broader distribution for high volumes. The asymmetry in distribution 

was most evident for the VDW volume. The mean value of total volume of SOL was 

estimated to be 30.9 ± 4.4 Å3 and 30.8 ± 4.3 Å3 in PU and SL, respectively, virtually 
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identical. These mean values agree with the commonly accepted volume of water 

molecule [1, 15, 24]. The volume distributions of PC in PU and SL systems demonstrated 

the condensing effect of cholesterol on PC. Due to the presence of cholesterol, the peak 

value of PC total volume was shifted from ~1177.60 Å3 in PU to ~1129.60 Å3 in SL, by 

~48 Å3. Furthermore, the standard deviation in the total volume distribution was smaller 

in SL than in PU. The VDW volume was not significantly affected, but the change in 

void volume was comparable to the change in total volume. The average total volume of 

cholesterol in SL was 601.4 ± 20.0 Å3, and the cholesterol volume reported by previous 

researches [12, 13, 25, 26] was in a range from 541 Å3 to 630 Å3. 

Volume distributions of the polar headgroups, the LI-1, LI-2, LI-3 and CH-1, of 

PC and cholesterol, are shown in Figure 3.7. The results suggest a z dependence of 

cholesterol effect on PC. For LI-1, there was no change in the volume distributions 

between PU and SL. However, for LI-2, there were small but discernible shift in the 

volume distributions between the two systems. The mean values of total volume, VDW 

volume and void volume for LI-2 were smaller in SL than in PU, as demonstrated in 

Table 3.3 as 63.3 ± 5.7 Å3 vs. 62.2 ± 5.7 Å3, 50.0 ± 2.4 Å3 vs. 49.5 ± 2.5 Å3, and 13.1 ± 

3.8 Å3 vs. 12.6 ± 3.7 Å3, respectively. The shift in the volume distributions of LI-3 in SL 

was further enhanced. These shifts in the volume distributions of the polar headgroups of 

PC manifested the z-dependence of cholesterol condensing effect. The cholesterol 

preferentially affects the part of the PC that is close to the hydrophobic acyl chain region. 

Moreover, the total volume and void volume were more susceptible to the cholesterol 

condensing effect than the VDW volume. 
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Volume distributions of the saturated acyl chain sn-1 (LI-4) and unsaturated acyl 

chain sn-2 (LI-5) of PC, the fused rings (CH-2) and acyl chain (CH-3) of cholesterol are 

shown in Figure 3.8. The condensing effect of cholesterol on the saturated acyl chain sn-1 

and the unsaturated acyl chain sn-2 was demonstrated by the shift in the distributions for 

the SL system as compared to those of the PU system. The total volume, VDW volume 

and void volumes of LI-5 were bigger than LI-4 counterparts, respectively, due to the fact 

that the unsaturated acyl chain has 2 more carbons than the saturated acyl chain. 

The volume distributions of the unsaturated bond (LI-6) and the terminal methyls 

(LI-7) of PC are also shown in Figure 3.8. As part of the acyl chains, the unsaturated 

bond and the terminal methyls were also affected by the condensing effect of cholesterol, 

as evidenced by the shift in their volume distributions in the SL. Although both LI-6 and 

LI-7 are consisted of two carbons, LI-7 had bigger mean values for the total (see Table 

3.3), VDW and void volumes. There are two factors contributing to the difference in the 

VDW volume of LI-6 and LI-7. According to the GROMOS force field (ffgmx), the van 

der Waal radius of the carbons of LI-6 is smaller than that of LI-7. Furthermore, the 

carbons of LI-6 have overlaps with other carbons at both ends and with each other as 

well; whereas each carbon of LI-7 has only one overlap with another carbon in the acyl 

chain. As for the total volume and void volume, the relatively less crowded environment 

in the mid-plane of the bilayer also contributed to the difference in volume.  

In Figure 3.7, interesting bimodal volume distributions were observed for CH-1, 

the 3β oxygen O6, of cholesterol in SL. The overall average total, VDW and void 

volumes of CH-1 were 14.3 ± 3.2 Å3, 7.6 ± 0.7 Å3, and 6.7 ± 2.7 Å3, respectively. The 

van der Waal radius of the 3β oxygen in cholesterol, derived from the GROMOS force 
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field (ffgmx), is 1.47379 Å; leading to a maximum VDW volume of CH-1 of 13.409 Å3. 

The computed VDW volume was much smaller than the maximum volume. The reason 

for a smaller VDW volume is the overlap of the 3β oxygen atom with other atoms in the 

system. To further investigate the molecular mechanism behind the bimodal volume 

distributions of CH-1, the cholesterol molecules were divided into two exclusive 

populations: one with their total volume less than or equal to 12.5 Å3, denoted as peak 1 

group, and the other more than 12.5 Å3, denoted as peak 2 group. The volume of 12.5 Å3 

roughly corresponded to the mid total volume of CH-1 between the two peaks. A 

snapshot of the SL system is shown in Figure 3.9 to demonstrate the different association 

pattern of the two groups with the PC polar headgroups and water. The blue spheres 

correspond to the 3β oxygen atoms of smaller total volume, i.e., peak 1 group, and the 

red ones correspond to those with a bigger total volume, i.e., peak 2 group. The number 

of red spheres is greater than the blue spheres. Furthermore, most of the red spheres were 

closely associated with or covered by the PC polar headgroups, being effectively shielded 

from water; whereas, the blue spheres were isolated from the PC headgroups, being 

exposed to the water. There was no substantial difference in the z-position distribution 

between CH-1 in peak 1 and peak 2. Enlarged representative PC/CHOL/water aggregates 

are also shown in Figure 3.9. Figure 3.9C and 3.9D of show the top view and side view, 

respectively, of a cholesterol molecule of the peak 1 group together with surrounding PC 

molecules. This exposed cholesterol had overlap with 4 water molecules. For 

comparison, Figure 3.9E and 3.9F show the top view and side view, respectively, of a 

cholesterol molecule of the peak 2 group with surrounding PC molecules. This shielded 

cholesterol had no water overlap. The volumes of CH-1 in the peak 2 group are in general 
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higher than those in the peak 1 group. The plots of volume distribution of the peak 1 and 

peak 2 CH-1 groups are given in Figure 3.9G. As shown in the figure, the total volume, 

VDW volume and void volume distributions were correlated for both groups. 

The distance distributions of nearest neighbors of CH-1 are shown in Figure 3.10. 

The SOL neighbor of CH-1 has the most distinctive distance distribution characteristics 

with respect to peak 1 and peak 2. The distributions of the first 4 nearest SOL neighbors 

for peak 1 was shifted to the left of those for peak 2, indicating more close contacts 

between water and the CH-1 in peak 1. In particular, a very significant peak around 2 Å 

exists in the distribution for peak 1, but is absent for peak 2. The next significant 

difference in distribution between peak 1 and peak 2 is for the LI-1 neighbors. A slight 

shift to the left in the distribution of LI-1 first neighbor is seen for peak 2 with respect to 

peak 1; in addition, the peak for peak 2 is higher. No other significant difference in 

distance distribution that would affect the CH-1 volume distribution is noticed for other 

chemical groups in the SL system. 

To further characterize the interaction of CH-1 of water and PC, we determined 

the number of hydrogen bonds CH-1 formed with water and PC molecules for each frame 

and calculated the averages for CH-1 in peak 1 and peak 2. The results are shown in 

Figure 3.10E and 3.10F. The average number of hydrogen bonds per CH-1 with water 

was about 1 across the 30 frames for peak 1, roughly four times greater than the average 

of about 0.25 for peak 2. In contrast to water, there is not difference in the number of 

average hydrogen bond per CH-1 with PC between peak 1 and peak 2. The results of 

nearest neighbor distance distribution and average number of hydrogen bonds indicate 
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that the bimodal distributions in CH-1 volume distributions were due to heterogeneous 

interactions with water in the water-lipid interfacial region. 

   

3.3.3 Lipid and Water Surface Area Distributions in PU and SL Systems 

Results for z-profiles of average total surface area for PC and cholesterol molecules, 

polar headgroups of PC, interfacial oxygen atoms of PC and cholesterol, as well as 

solvent are shown in Figure 3.11. The z coordinates in the plots corresponds to the central 

z coordinate of the slices. The z-axis goes through the lipid bilayer from the lower layer 

to the upper layer. Each point in the plots is presented as a mean value (± standard error) 

over 30 frames of trajectory. The size of the standard error bars is smaller than the 

symbol size.  

For the PC in PU, the z-profile of average total surface areas was symmetric about 

the mid-plane of the bilayer. The peak values of the PC total surface area was ~65 Å2; the 

peak-to-peak distance was ~20 Å, which is smaller than the peak-to-peak distance of 36.2 

Å in a density profile plot for phosphate [1] indicating that the surface area plot is not 

equivalent to density profile. For the PC in SL, the z-profile of average total surface areas 

was less symmetric as compared to that in the PU. In addition, it was broader than their 

counterparts in PU, showing roughly two plateaus centering at z = 60 Å and z = 82 Å, 

respectively. The peak value of the average total surface area of PC in SL was ~50 Å2, 

much lower than the PU counterpart. This is the direct evidence of condensing effect of 

cholesterol on PC. The z-profiles of total surface area for cholesterol was also symmetric, 

and the peak locations of the total surface area z-profile aligned with the central locations 

of the two plateau regions in the total surface area z-profile for PC in SL. The results for 
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the polar headgroups of PC in PU and SL showed similar patterns. There was a broader 

distribution and smaller peak-to-peak distance in PU than in SL. These observations 

agree with the fact that the lipid bilayer is thinner in PU than in SL under the same 

condition.   

The average total surface areas of solvent was zero in the hydrophobic core of SL; 

whereas, the minimum total surface area of solvent in PU was ~0.5 Å2 at the center of the 

hydrophobic core. The results suggest that the PC/CHOL bilayer is more effective in 

preventing water penetration than the pure PC bilayer. 

The z-profiles for the interfacial oxygens, saturated and unsaturated acyl chains, 

unsaturated bond and terminal methyl of POPC, and fused rings and acyl chain of CHOL 

are shown in Figure 3.14. The z-profiles of total surface area of interfacial oxygen atoms 

of PC and cholesterol were symmetric in both PU and SL, but were broader in PU than in 

SL; in addition, the peak-to-peak distance was smaller in PU than in SL. In SL, the total 

surface area of LI-3 was greater than that of CH-1, reflecting the fact that there are 4 

oxygen atoms in LI-3 but only 1 in CH-1. It is also interest to notice that the peaks of z-

profile for CH-1 were aligned with the peaks for LI-1 in SL. 

The z-profiles of saturated acyl chain sn-1 (LI-4) and unsaturated acyl chain sn-2 

(LI-5) of PC in PU were symmetric, and the one for LI-5 was consistently higher than the 

one for LI-4, reflecting the fact that sn-2 has two more carbons than LI-4. In SL, the z-

profiles of LI-4 and LI-5 were less symmetric. In contrast to other PC components, the 

surface area z-profiles for LI-4 and LI-5 were broader in SL than in PU. The z-profiles 

for CH-2, the fused rings of cholesterol, indicated that the locations of peak total surface 

area for the fused rings were closer to the water-lipid interfacial region instead of the acyl 
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chains of PC in either PU or SL. However, for the z-profile of total surface area for CH-3, 

the cholesterol acyl chain, the peak locations coincided with the peak locations of LI-4 

and LI-5 of PC. For the unsaturated bond (LI-6) and terminal methyl (LI-7) of PC, the z-

profile of total surface area in SL was asymmetric. There was a shoulder for the LI-6 in 

the upper layer and a spike for the LI-7 in the lower layer.  

 

3.3.4 Lipid and Water Volume Distributions of Lipid and Water in C2 

The volumetric properties of PC and cholesterol as well as their components in the C2 

system were calculated and summarized in Table 3.4. In C2 system, an Aβ40 protein was 

inserted into the PC/CHOL lipid bilayer in a transmembrane orientation, with its N-

terminal domain, residue 1 – 27, interacting with the polar lipid headgroup in the upper 

layer and its lipid insertion domain (LID), residue 28 – 42, spanning the hydrophobic 

region of the bilayer. In comparison with the SL system, which had the nearly identical 

lipid composition as C2, we found that the mean volumes of PC, i.e., total volume, VDW 

volume and void volume, in the nAL region were slightly higher than those in SL. The 

biggest change was for the total volume of LI-0, which increased from 1129.6 ± 29.2 Å3 

to 1131.6 ± 29.9 Å3. Similar results were seen for other PC components. This indicated 

that the PC molecules in the nAL region were not significantly disturbed by the Aβ40 

protein. However, more significant change in volumes was observed for PC molecules 

and their components in the AL region. For example, the total volume of LI-0 in the AL 

region was 1113.0 ± 34.4 Å3, the mean value dropped by 18 Å3 from the corresponding 

mean value in the nAL region. This suggests an additional condensing effect of the 

protein on the PC. The cholesterol molecules and their components were not affected 
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much by the protein; their mean values in the AL and nAL regions were similar, not 

statistically indistinguishable from the values for SL. The volume distributions of solvent 

in either AL or nAL regions were almost identical to those seen in PU and SL systems. 

Volume distributions of lipid components in the AL region showed big 

fluctuation due to limited number of samples. Because of the protein perturbation effect, 

the volumes of PC components shifted to lower values. The bimodal distribution for the 

volumes of CH-1 of cholesterol was retained in the presence of protein perturbation. 

However, the peak 1 in the AL region was enhanced and peak 2 suppressed with respect 

to the SL system, as shown in Figure 3.12. The number ratio of CH-1 in peak 1 to that in 

peak 2 was 0.443 ± 0.007 in SL, very similar to that of 0.450 ± 0.008 in the nAL of C2, 

but is lower than the ratio of 0.844 ± 0.086 in the AL of C2.  

The average number of hydrogen bonds per CH-1 with PC or water was 

determined, and the result is shown in Figure 3.13. In both AL and nAL regions, the 

average value regarding water for peak 1 was about 1, and that for peak 2 was about 0.25, 

close to the result for SL. With respect to PC, the results for AL and nAL are similar; the 

average number of hydrogen bonds per CH-1 with PC was about 1 for either peak 1 or 

peak 2, also close to the result for SL. No hydrogen bond between CH-1 and protein was 

found, showing the protein influenced the CH-1 volume distribution through secondary 

effect.   

 

3.3.5 Lipid and Water Surface Area Distributions of Lipid and Water in C2 

The z-profiles of average surface area for PC, cholesterol and their components, as well 

as water in the C2 were determined and shown in Figure 3.14. A common feature of all 
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the surface area profile for C2 is that the plots for the AL region were more compressed, 

reflecting that the lipids in the AL region were attracted more toward the center of the 

lipid bilayer as compared to those for the nAL region. The average surface area profiles 

of PC and cholesterol in the nAL region resemble that in the SL. The peak average 

surface area in the AL region was higher than that in the nAL region for both PC and 

cholesterol. A double peak exists in the profile for the LI-1 of PC for the upper layer, as a 

consequence of interactions between the charged groups in the upper layer and the N-

terminal region of Aβ40 in a transmembrane orientation. Similarly, the acyl chain (CH-3) 

of cholesterol in the upper layer were significantly disturbed, as shown by the deviation 

in the profile for the upper layer from that for the lower layer. However, the profiles for 

the saturated (sn-1) and unsaturated (sn-2) acyl chains of PC show a different trend. 

While the profiles for the two acyl chains in the nAL region are similar to those in the 

SL, the profiles for the AL region are different. For both sn-1 and sn-2, the peak average 

surface area in the lower layer was higher than in the upper layer. Moreover, the 

unsaturated double bond and the terminal methyl carbons of PC were also affected by the 

protein perturbation. 
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3.4 DISCUSSION 

The Monte Carlo integration program was created to address the problem of measuring 

surface area per lipid in multicomponent lipid bilayer and protein/lipid complex. The 

existing methods make an assumption of all lipid molecules having the same height in a 

lipid bilayer. This assumption is over-simplified. It is well known that the average 

location of cholesterol in a phospholipid cholesterol mixture, such as the SL system, is 

lower than the polar headgroups of PC and some cholesterol molecules are covered up by 

the PC headgroups; therefore, this assumption is not valid. As has been pointed out by 

others [15] cholesterol doesn’t have uniform cross-sectional area along z direction, the 

lipid normal. Furthermore, in studies of protein lipid interaction, the surface area of lipids 

is in general neither spatially nor temporally homogeneous. This requires a way to 

measure the surface area of lipids locally in both time and space domain. The advantage 

of Monte Carlo integration algorithm over existing methods resides in its ability to 

estimate volumetric information of arbitrary assemblage of atoms in a system, instead of 

ensemble average of lipid molecules only. The cross-sectional area of an assemblage of 

atoms at any point in the membrane transverse direction is also available in the form of 

surface area z-profile. The estimation of volumes through Monte Carlo integration 

algorithm is based on nearest neighbor search. By making an assumption—the size of an 

atom is determined by its self-interacting van der Waal radius, this algorithm can 

distinguish three types of volumes: total volume, van der Waal volume and void volume. 

The estimation of total volume is independent of van der Waal radius of atoms, but this is 

not the true for van der Waal volume of void volume; their results are affected by the van 

der Waal radii assumed for atoms. An inappropriate van der Waal value could produce 
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unphysical results. A specific example in this work is the VDW and void volume 

distributions of water molecules. Data in Table 3.2 show that the mean of VDW volume 

of water was 7.1 ± 1.8 Å3 and the mean of void volume was 23.7 ± 4.4 Å3, indicating that 

most of the volume occupied by a water molecule is void. This unphysical observation is 

due to the fact that in the SPC water model, the van der Waal radius of the hydrogen 

atoms is 0 Å, the van der Waal radius of the oxygen is ~1.78 Å, and the bond length 

between hydrogen and oxygen is 1 Å. In other words, the hydrogen atoms are inside the 

van der Waal volume region of the oxygen. When a sampling point is placed at a point 

within the van der Waal radius of the oxygen but in closer proximity to a hydrogen atom, 

this sampling point will contribute to the void volume of the water molecule instead of 

the VDW volume. Therefore, the VDW volume of water molecule is being cancelled out 

by two hydrogen atoms with a van der Waal radius of 0 Å. In general, the partition of 

VDW volume and void volume between two atoms with different van der Waal radius 

based on minimum distance search is a zero order approximation. There are two cases 

where the zero order approximation is adequate. According to the algorithm employed in 

Gromacs [8, 21-23, 27], the self-interacting van der Waal radii of the two atoms, e.g., σ1 

for atom 1 and σ2 for atom 2, are replaced by a common radius σ = (σ1 + σ2) / 2, when 

they interact with each other. In this case, the two atoms have the same van der Waal 

radius, so the partition of VDW volume by a bisector, equivalent to the minimum 

distance search, is valid. In another case where the distance between two atoms is much 

greater than the sum of their van der Waal radii so that one half of the distance is greater 

than the biggest van der Waal radius of the two atoms, the zero order approximation is 

also valid. In this case, the atom to which a sampling point is assigned is guaranteed to be 
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the correct one with respect to either VDW or void volume. However, when the two 

atoms are close, but not overlapping, such that the biggest van der Waal radius of the two 

atoms is greater than half the distance between the two atoms, there are chances that a 

sampling point belonging to the VDW volume of the bigger atom is mistakenly assigned 

to the other one based on minimum distance search. It is important to point out that for 

protein-lipid systems such as C2 studied here, the consideration of mis-counting of VDW 

volume and void volume because of difference in van der Waal radius among the atoms 

is relevant. Nevertheless, the total volume distribution is not related the van der Waal 

radius, and the results for VDW and void volume conforms qualitatively to the results for 

total volume. 

The issue of z-dependence of surface area of a chemical group is resolved by 

calculating the z-profile of average surface area. The average of the surface area of the 

chemical groups in one frame is the average over the participating entities only, i.e., those 

with non-zero partial volume contribution to the specific layer. The average surface area 

z-profile is not a scaled version of number density z-profile. While a zero average surface 

area always corresponds to a zero number density, it is not necessary that the maximum 

average surface area corresponds to the maximum number density. Erratic appearance of 

a chemical group in a layer will be captured in the z-profile of average surface area and 

marked with a large error bar resulting from time average over multiple frames. Although 

the total volume is the sum of VDW volume and void volume, it is possible for an 

average VDW surface area in a layer to be greater than the averaged total surface area 

because they could have different denominators in calculating the average value. 
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Our volume distribution data for PC components indicate that the condensing 

effect of cholesterol on PC is z-dependent. Specifically, the condensing effect starts from 

the phosphate group and all the way down to the terminal methyl. This is because the 

cholesterol molecules are located below the polar headgroups of PC, more aligned with 

the glycerol with respect to membrane transverse location. The van der Waal interaction 

between the cholesterol and the trimethylammonium group is weak because of the 

distance, and the electrostatic interaction is attenuated by the screening effect of the 

charges in the glycerol and phosphate groups as well as some water molecules trapped in 

the water-membrane interfacial region. 

The volume distribution plots for CH-1, the 3β oxygen of cholesterol, showed a 

bimodal behavior in SL and C2, which is unique among all the chemical groups studied. 

The analysis result showed that this bimodal distribution was due to heterogeneous 

environment the CH-1 group faced. The difference in the volume was primarily due to 

close contact with water for both SL and C2 systems. On average, a higher fraction of 

CH-1 in the AL region of C2 belonged to peak 1 as compared to the nAL region. This 

was because the protein perturbation on the lipid increased the influx of water into the 

bilayer, so that the CH-1 had higher chance of forming hydrogen bond with water 

molecules.       

The z-profiles of lipids and their components gave us a new perspective, which is 

different from density profile, to understand the structure of PC and PC/CHOL bilayers. 

As mentioned above, a zero in the z-profile indicates the absence of a chemical group in 

the layer centering at the z coordinate. In Figure 3.11A shows that the PC and PC/CHOL 

bilayer had the same thickness in the sense that it required the same minimum z interval 
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to accommodate all PC molecules in either bilayer. This contradicts the conclusion of PC 

bilayer being thinner than PC/CHOL bilayer drawn on density profiles [1]. Plots for all 

other components of PC, except for terminal methyls, show similar patterns. The outer 

boundaries of a chemical component were the same for both PU and SL, but the inner 

boundaries were closer in PU than in SL. 

The z-profile of average surface area are more symmetric for the PU than for the 

SL system, especially for the unsaturated bond and terminal methyls of PC. Based on the 

symmetry of a pure lipid bilayer about the x-y plane, this indicates that the SL was not 

fully equilibrated after 200 ns simulation time. Since it is more complicated than the PU 

system, the interactions between the PC and cholesterol makes the free energy landscape 

more rugged, and the system could be trapped in local meta-stable states. The 

asymmetrical feature seen in the z-profiles for unsaturated bond may or may not 

correspond to a similarly asymmetric number density profile. However, this ambiguity 

cannot be resolved from the z-profile of averaged surface area. 

The experimentally determined PC volume in a PC and PC/CHOL bilayer with 40 

mole % of cholesterol was 1256.5 Å3 and ~1010 Å3, respectively [25]. Our results for the 

PC total volume were 1177.6 ± 40.0 Å3 and 1129.6 ± 29.2 Å3 for PC and PC/CHOL 

bilayer, respectively. The result was lower than the experimental value for PC bilayer, but 

higher for PC/CHOL bilayer. PC volume reported from other MD simulation studies was 

1241.8 Å3 [28] in PC bilayer, and 1198.1 ± 2.0 Å3 [20] in PC/CHOL bilayer. These 

results also show that the volume of PC in PC bilayer was lower in MD simulation than 

in experiment, but just the opposite for the volume of PC in PC/CHOL bilayer, it was 

higher in simulation than in experiment. Since the Monte Carlo integration program 
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estimates volumetric information based on offered simulation trajectories, so the 

discrepancy between our estimated volume and experimental result is due to systematic 

errors induced by the MD simulation. The experimental result for cholesterol volume was 

630.0 ± 10.0 Å3 [25]  in a PC/CHOL bilayer with 40 mole % of cholesterol, also higher 

than the volume of 604.76 ± 4.98 Å3  [28] from MD simulation and 601.4 ± 20 Å3 from 

our Monte Carlo integration program. 

The experimental value for PC surface area, also called surface area per PC, in a 

PC bilayer was 68.3 ± 1.5 Å3  [29]. Different values for surface area per PC in PC bilayer 

from MD simulations had been given: 65.8 Å2  [30], 66.5 Å2  [28] and 70.9 ± 0.05 Å2 

[20]. The peak value of the z-profile of averaged total surface area for PC in PU is ~65 

Å2, agrees with the given values. The match between the experimental values for surface 

area per PC and computed value using traditional methods is expected, since the 

assumptions made in the traditional method are well justified for a single-component 

lipid bilayer. For the PC/CHOL bilayer, the surface area per PC and surface area per 

cholesterol reported from MD simulation study [20] was 57.16 ± 0.05 Å2 and 29.74 ± 

0.02 Å2, respectively, using Hofsäss method. Our data show, in Figure 3.13A, that the 

maximum averaged total surface area of PC and cholesterol in SL is ~50 Å2 and ~44 Å2, 

respectively. In Hofsäss method the cholesterol is assumed to have a fixed volume and 

have the same height as PC, hence the cholesterol molecules are effectively elongated 

and at the same time their surface area are shrunk. Meanwhile, the surface area of PC 

must be artificially increased to fill up the void space created from stretching the 

cholesterol molecules. Therefore, the Hofsäss method overestimates the surface area per 

PC and underestimates the surface area per cholesterol. 
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Application of the Monte Carlo algorithm to protein-containing lipid bilayers was 

illustrated with the C2 system. This example demonstrated the superior resolving ability 

of the Monte Carlo algorithm in characterizing volume and surface area of molecules in 

heterogeneous lipid bilayers. In the C2 system, the protein Aβ40 adopted a transmembrane 

orientation with respect to the PC/CHOL lipid bilayer. Since the protein penetrated the 

entire lipid bilayer, both the hydrophilic headgroup and hydrophobic tails of the lipids 

were affected. Our results of volume distribution and z-profile of average surface area in 

the AL region provided supporting evidence. In addition, we observed additional 

condensing effect of transmembrane protein on PC on top of the effect induced by 

cholesterol.   
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3.5 CONCLUSION 

Monte Carlo integration algorithm is a stochastic method for characterization of volume 

distribution and averaged surface area profile for homogenous or heterogeneous lipid 

systems. The error estimation of the algorithm is provided and validated. Using domain 

decomposition with MPI, highly accurate results can be generated efficiently. The 

partition of VDW volume and void volume is a zero order approximation based on 

nearest neighbor search, errors could be introduced due to difference in van der Waal 

radius among atoms. Nevertheless, the partition of total volume is not based on van der 

Waal radius and the error is only due to the random nature of the algorithm. Interesting 

results are obtained by applying the algorithm to various systems. We observed the 

component-dependency of cholesterol condensing effect on PC, due to the vertical 

alignment of cholesterol and PC in a lipid bilayer. We also observed the segregation of 

cholesterol molecules into shielded and unshielded groups in a PC/CHOL bilayer. We 

confirmed the non-uniformity of lipid cross-section area along lipid normal direction. 

Because the Monte Carlo algorithm calculates the volume of individual molecules 

(chemical groups), it is a flexible and powerful tool in studying protein-lipid interactions. 

In the C2 system, we studied the protein perturbation effect on lipid bilayers and found 

the additional condensing effect on the PC molecules. 
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Table 3.1. Bin volume of PU and SL system 

GROUP PUTOT PUVDW PUVOID SLTOT SLVDW SLVOID 

CH0 - - - 2 0.2 2 

CH1 - - - 0.05 0.05 0.05 

CH2 - - - 2 0.2 2 

CH3 - - - 2 0.05 2 

LI0 2 0.2 2 2 0.2 2 

LI1 0.2 0.2 0.2 0.2 0.2 0.2 

LI2 0.2 0.2 0.2 0.2 0.2 0.2 

LI3 0.2 0.2 0.2 0.2 0.2 0.2 

LI4 2 0.1 2 2 0.1 2 

LI5 2 0.1 2 2 0.1 2 

LI6 0.2 0.2 0.2 0.2 0.2 0.2 

LI7 2 0.05 2 2 0.05 2 

SOL 0.2 0.2 0.2 0.2 0.2 0.2 

Bin volume for total (TOT) volume, van der Waal (VDW) volume, and void (VOD) 
volume distribution are in Å3. 
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Table 3.2. Bin volume of C2 system 

GROUP  TOT(AL)  VDW(AL)  VOD(AL)  TOT(nAL)  VDW(nAL)  VOD(nAL) 

CH0  4  2  4  0.2  0.2  0.2 

CH1  0.5  0.2  0.5  0.2  0.2  0.2 

CH2  4  2  4  0.2  0.2  0.2 

CH3  4  0.5  4  0.2  0.2  0.2 

LI0  4  2  4  0.2  0.2  0.2 

LI1  0.5  0.5  0.5  0.2  0.2  0.2 

LI2  0.5  0.5  0.5  0.2  0.2  0.2 

LI3  0.5  0.5  0.5  0.2  0.2  0.2 

LI4  4  2  4  0.2  0.2  0.2 

LI5  4  2  4  0.2  0.2  0.2 

LI6  0.5  0.5  0.5  0.2  0.2  0.2 

LI7  0.5  0.5  0.5  0.2  0.2  0.2 

SOL  0.5  0.5  0.5  0.5  0.5  0.5 

Bin volume for total (TOT) volume, van der Waal (VDW) volume, and void (VOD) 
volume distribution are in Å3.
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Table 3.3. Summary of Volumes of PU and SL systems 

Group PUTOT PUVDW PUVOID SLTOT SLVDW SLVOID 

CH0 - - - 601.4±20.0 442.4±5.3 158.9±16.6 

CH1 - - - 14.3±3.2 7.6±0.7 6.7±2.7 

CH2 - - - 354.8±13.2 301.6±5.2 53.1±9.3 

CH3 - - - 219.2±11.2 133.2±0.8 85.9±11.0 

LI0 1177.6±40.0 953.6±10.3 223.8±29.7 1129.6±29.2 950.5±9.4 179.0±22.6 

LI1 78.1±5.2 74.7±3.3 3.3±2.3 78.2±4.7 74.8±3.2 3.3±2.0 

LI2 63.3±5.7 50.0±2.4 13.1±3.8 62.2±5.7 49.5±2.4 12.6±3.7 

LI3 70.4±7.4 45.4±2.2 24.8±5.8 67.6±6.6 44.9±2.2 22.5±4.9 

LI4 363.8±19.6 294.4±4.9 69.4±16.1 344.4±14.5 293.5±4.3 50.8±11.4 

LI5 413.0±21.3 333.9±5.3 79.0±17.6 392.4±15.9 332.9±4.7 59.4±12.5 

LI6 50.6±6.0 40.6±1.5 9.9±4.9 47.5±4.1 40.4±1.3 6.9±3.2 

LI7 91.7±9.7 63.2±1.5 28.5±8.8 88.2±8.4 63.1±1.3 25.1±7.5 

SOL 30.9±4.4 7.1±1.8 23.7±4.5 30.8±4.3 7.1±1.8 23.7±4.4 

Total (TOT) volume, van der Waal (VDW) volume, and void (VOD) volume are in Å3. 

Each data is reported in a form of mean ± standard error. 
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Table 3.4. Summary of Volumes of C2 System 

Group TOT(AL) VDW(AL) VOD(AL) TOT(nAL) VDW(nAL) VOD(nAL) 

CH0 601.7±24.6 441.5±5.2 159.1±21.1 603.6±20.3 442.7±5.3 160.7±17.0 

CH1 13.4±3.4 7.3±0.8 5.9±2.8 14.3±3.3 7.6±0.8 6.6±2.8 

CH2 356.2±15.3 300.7±5.1 54.4±11.5 356.9±13.2 301.8±5.2 54.9±9.4 

CH3 217.8±13.3 133.0±0.9 84.3±13.0 220.4±11.3 133.1±0.9 87.1±11.2 

LI0 1113.0±34.4 942.0±12.1 170.0±24.9 1131.6±29.9 950.6±9.6 180.8±23.2 

LI1 77.1±5.4 73.7±3.7 3.1±2.3 78.1±4.9 74.8±3.3 3.2±2.1 

LI2 61.1±5.5 49.1±2.5 11.8±3.6 62.6±5.9 49.6±2.5 12.8±3.9 

LI3 65.3±7.4 44.4±2.6 20.7±5.4 67.7±6.7 44.9±2.4 22.6±5.0 

LI4 339.8±15.3 290.6±5.4 48.1±11.6 345.9±14.6 293.5±4.4 52.3±11.7 

LI5 390.3±19.7 330.1±6.5 59.2±15.0 393.7±16.2 332.8±4.8 60.8±12.8 

LI6 48.6±4.9 40.5±1.6 7.9±3.9 47.7±4.3 40.5±1.4 7.1±3.3 

LI7 83.7±8.4 62.0±1.9 21.5±7.1 88.5±8.3 62.9±1.4 25.4±7.4 

SOL 30.7±4.4 6.9±1.9 23.6±4.5 30.7±4.4 6.9±1.9 23.5±4.5 

Total (TOT) volume, van der Waal (VDW) volume, and void (VOD) volume are in Å3. 

Each data is reported in a form of mean ± standard error. 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FIGURE CAPTIONS 

Figure 3.1. Illustration of a hardsphere system. The system consists of 1000 

hardspheres each of radius 5 Å packed with simple cubic symmetry (Panels A and B). 

The geometry of a spherical cap of height h and radius r and its volume formula are 

shown in Panel C. The x-y-z coordinate system, five representative z-slices each of 

thickness 2 Å and a shifted simple cubic unit cell (red square) of size 10 × 10 × 10 Å3 are 

shown in Panel D. 10 Å scale bars are shown.  

Figure 3.2. Average nearest-point volume statistics of a hardsphere system. Each plot 

was obtained from the average of 30 independent MPI-MCI measurements of the void 

(black), vdw (blue) or total (red) volume distribution of the hardsphere (see Materials 

and Methods). The measurements corresponded to the use of random sampling points of 

1.56 × 105 (A-C), 1.56 × 107 (D-F), 1.56 × 109 (G-I) and 1.56 × 1011 (J-L). The error bars 

are standard errors of the mean. The dotted line in each plot represents the theoretical 

value of the void, vdw or total volume (See Figure 3.1 and Materials and Methods). 

Inserts are the zoomed distributions showing the width of the distributions with the 

magnifications identified.  

Figure 3.3. Average nearest-point surface area statistics of a hardsphere system. 

Each plot was obtained from the average of 30 independent MPI-MCI measurements of 

the void (black), vdw (blue) and total (red) surface area as a function of the z-distance of 

the hardsphere system (Figure 3.1 and see Materials and Methods).  The measurements 

corresponded to the use of random sampling points of 1.56 × 105 (A), 1.56 × 107 (B), 1.56 

× 109 (C) and 1.56 × 1011 (D). The error bars are standard errors of the mean. The line in 

each surface area plot represents the theoretical value of the void, vdw or total surface 
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area (See Figure 3.1 and Materials and Methods). The residuals (= measured - theoretical 

values) as a function of the z-distance are shown in the upper panel of each surface area 

plot.  

Figure 3.4. Data validation of MPI-MCI measurements of the hardsphere system. 

The means and standard deviations of the vdw (blue) and void (red) volumes from 30 

independent MPI-MCI measurements (see Materials and Methods) as a function of the 

number of random sampling points (N) in each measurement are shown in Panel A. A 

log-log plot of the full-width-half-maximum (FWHM) of the total (black), vdw (blue) or 

void (red) volume distribution vs. N (see Figure 3.2) is shown in Panel B. A log-log plot 

of the standard deviation (SD) vs. N is given in the insert. The log-log plot of the SD 

from the residual of total (black), vdw (blue) or void (red) surface area vs. z-distance is 

given in Panel C. The dotted horizontal lines in Panel A indicate the theoretical volumes. 

The solid line in each of the three log-log plots represents the best-fitted line using linear 

regression.   

Figure 3.5. Labeling scheme of atoms and chemical groups of POPC and cholesterol.  

Figure 3.6. Average nearest-point volume statistics of solvent and lipid molecules in 

PC and PC/CHOL systems. Each plot was obtained from the average MPI-MCI 

measurements of void (A, D and G), vdw (B, E, H) and total (C, F, I) volume of solvent 

(A-C), POPC (D-F) or CHOL (G-I) molecule of PC (blue) or PC/CHOL (red) system 

(see Materials and Methods). The number of random sampling points was 1.05 × 1011 in 

all measurements. Each point represents an average over 30 time frames (170-200 ns) of 

the corresponding trajectory with the standard error of the mean indicated by the error 

bar.  
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Figure 3.7. Average nearest-point volume statistics of the polar groups of lipid 

molecules in PC and PC/CHOL systems. The polar groups are the N(CH3)3 of PC or 

LI-1 (A-C), PO4 of PC  or LI-2(D-F), interfacial oxygen atoms of PC or LI-3 (G-I) and 

the O6 of CHOL or CH-1 (J-L). See the legends of Figures 3.5 and 3.6 for details.  

Figure 3.8. Average nearest-point volume statistics of the nonpolar groups of lipid 

molecules in PC and PC/CHOL systems. The non-polar groups are sn-1 or LI-4 (A-C) 

and sn-2 or LI-5 (D-F) chains of PC, terminal CH3 of PC or LI-7 (G-I), C=C of PC or LI-

6 (J-L), rings of CHOL or CH-2 (M-O) and acyl chain of CHOL of CH-3 (P-R). See the 

legends of Figures 3.5 and 3.6 for details.  

Figure 3.9.  Heterogeneous volume distribution of cholesterol hydroxyl oxygen O6 in 

PC/CHOL bilayer. The top view of the PC/CHOL bilayer is shown in (A), where the 

O6, i.e., CH-1 group, atoms with large volume (total volume > 12.5 Å3) are highlighted in 

red and those with small volume (total volume ≤ 12.5 Å3) was highlighted in blue; the 

headgroups of PC are shown as white spheres. The side-view of the same bilayer is 

shown in (B), the translucent background shows the PC molecules, whose headgroup is 

depicted as white spheres and the acyl chain carbon atoms as green spheres. In consistent 

to the top view, the blue and red spheres represent O6 atoms with large and small 

volumes, respectively. Panel (C) and (D) show the enlarged top view and side view, 

respectively, of a cholesterol, whose O6 is inside the blue dotted circle in panel (A), with 

its surrounding PC neighbors. In analogy to (C) and (D), Panel (E) and (F) are for another 

cholesterol, whose O6 is inside the red dotted circle in panel (A). In the panels (C-F), all 

molecules are presented as van der Waal spheres; in particular, the headgroup atoms of 

PC are white, the acyl chain carbon atoms are green; the O6 of cholesterol is red and 
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other atoms are blue; the atoms of water are golden. The three volume plots in panel (G) 

display the respective volume distribution of O6 atoms with small (blue line), denoted as 

Peak 1, and large volumes (red line), denoted as Peak 2.  

Figure 3.10. Nearest-neighbor-distance distribution of cholesterol hydroxyl oxygen 

O6 and hydrogen bond of cholesterol with water and PC. The distance distribution of 

the first (red line), second (blue line), third (green line) and fourth (purple line) neighbor 

of small volume (solid line) O6 and large volume (dotted line) O6 is presented with 

respect to SOL group (A), LI-1 group (B), LI-2 group (C) and LI-3 group (D). The inset 

in panel A demonstrates a cholesterol (blue, white and red spheres) interacting with a 

water molecule (golden sphere) through O6 (red sphere), the minimum distance between 

water and O6 is 2.03 Å.  The average number of hydrogen bonds the small volume O6 

(red circle) or the large volume O6 (blue square) formed with water (E) or PC (F) is 

plotted for each of the 30 frames in the last 30 ns of trajectory. 

Figure 3.11. Plots of average surface area at different z slices for PU and SL systems. 

The average surface area for various chemical groups is plotted as function of the central 

z position of each slice for PU (black) and SL (blue for cholesterol and its components, 

red for others) systems. The plot for whole molecule of PC (LI0) and cholesterol (CH0) is 

in panel A, and the one for water is in panel B. The plots for trimethylammonium group 

(LI-1) and phosphate group (LI-2) are in panel C and D, respectively. The plot for the 

interfacial oxygen atoms of PC and the hydroxyl oxygen of cholesterol is in panel E. In 

panel F, the result for sn-1 and sn-2 chain of PC are displayed as solid circle and triangle, 

respectively; the result for the acyl chain of cholesterol is shown as open circle, and that 

for the rings as solid circle.  
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Figure 3.12.  Heterogeneous volume distribution of cholesterol hydroxyl oxygen O6 

in C2 system. The total volume distribution of O6 of cholesterol in AL (red) is different 

from that in nAL (black). Shown in inset is the number ratio of small value (total volume 

≤ 12.5 Å3) O6 to large volume (total volume > 12.5 Å3) O6 in SL, AL and nAL of C2. 

Figure 3.13. Hydrogen bonds of cholesterol with PC and water in C2 system. The 

average numbers of hydrogen bonds the small volume O6 (red) and the large volume O6 

(blue) formed with PC (upper panel) or water (lower panel) in the AL (solid symbol) and 

nAL (open symbol) regions are plotted for each of the 30 frames in the last 30 ns of 

trajectory. An O6 with a total volume less than or equal to 12.5 Å3 is categorized as small 

volume O6, otherwise as large volume O6. 

Figure 3.14. Plots of average surface area at different z slices for C2 system. The 

average surface area for various chemical groups: LI-0 (A), CH-0 (B), SOL (C), LI-1 (D), 

LI-2 (E), LI-3 (F), CH-1 (G), LI-4 and LI-5 (H), and CH-2 and CH-3 (I), is plotted as 

function of the central z position of each slice. The results for AL region are presented as 

solid circles and those for nAL region as dotted lines. In panel H, the result for LI-4, i.e., 

sn-1, is shown in black, and the result for LI-5, i.e., sn-2, is shown in red. In panel I, the 

result for CH-2 is shown in black and that for CH-3 in red. 
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FIGURES 

 

Figure 3.1. Illustration of a hardsphere system. 
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Figure 3.2. Average nearest-point volume statistics of a hardsphere system.  
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Figure 3.3. Average nearest-point surface area statistics of a hardsphere system.  
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Figure 3.4. Data validation of MPI-MCI measurements of the hardsphere system.  
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Figure 3.5. Labeling scheme of atoms and chemical groups of POPC and cholesterol.  
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Figure 3.6. Average nearest-point volume statistics of solvent and lipid molecules in 

PC and PC/CHOL systems. 
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Figure 3.7. Average nearest-point volume statistics of the polar groups of lipid 

molecules in PC and PC/CHOL systems. 
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Figure 3.8. Average nearest-point volume statistics of the nonpolar groups of lipid 

molecules in PC and PC/CHOL systems. 
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Figure 3.9.  Heterogeneous volume distribution of cholesterol hydroxyl oxygen O6 in 

PC/CHOL bilayer. 
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Figure 3.10. Nearest-neighbor-distance distribution of cholesterol hydroxyl oxygen 

O6 and hydrogen bond of cholesterol with water and PC. 
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Figure 3.11. Plots of average surface area at different z slices for PU and SL systems.  
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Figure 3.12.  Heterogeneous volume distribution of cholesterol hydroxyl oxygen O6 

in C2 system.  
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Figure 3.13. Hydrogen bonds of cholesterol with PC and water in C2 system.  
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Figure 3.14. Plots of average surface area at different z slices for C2 system.  
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Chapter 4 
 

Exploring Beta-Amyloid Protein Aβ42 Transmembrane Insertion 

Behavior and Residue-Specific Lipid Interactions in Lipid Bilayers Using 

Multiscale MD Simulations 

 

ABSTRACT 
Protein/lipid interactions of beta-amyloid (Aβ42) with neurons are linked to the 

pathogenesis of Alzheimer's disease (AD). Using both Coarse-Grained (CG) and 

atomistic, i.e., multiscale, molecular dynamics (MD) simulations, we have explored 

the transbilayer insertion dynamics and stability of Aβ42 in phosphatidylcholine 

(POPC) and POPC/Cholesterol (POPC/CHOL) bilayers that mimic the cholesterol-

depleted and -enriched neuronal lipid nanodomains. Starting from an atomistic, 

partially inserted state of Aβ42 in a POPC/CHOL bilayer and following by a CG-to-

atomistic (forward) mapping, Aβ42 migrated to the bilayer surface within 50ns of CG 

simulations. Interestingly, the membrane-vertical-orientation resident time of Aβ42 

increased progressively with the alpha-helix contents (nH) of the lipid insertion 

domain (Lys28 to Ala42). However, starting from an atomistic, transbilayer inserted 

state that was stabilized by Lys28 snorkeling and Ala42 anchoring to the polar groups 

of PC and following a forward mapping, the folded (nH = 10) inserted state switched 

to a new extended inserted state where Lys28 descended toward the middle of the 

bilayer, whereas the unfolded (nH = 3) inserted state migrated to the bilayer-surface-

state within 1000ns of CG-simulation. Both membrane-vertical and -surface states 

were stable for 200ns of atomistic simulations after the CG-to-atomistic (reverse) 

mapping. For POPC bilayers, both folded and unfolded inserted states remained stable 

up to 1000ns of CG-simulations. However, a subsequent reverse mapping led to a 
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breakdown of the bilayers mostly within 50ns of atomistic simulations. We concluded 

that different Aβ42 membrane-orientation states separated by free energy barriers 

could be sampled by the multiscale MD more effectively than by the atomistic MD in 

studying atomistic, residue-specific protein/lipid interactions.  

 

KEYWORDS. MD Simulations; Multiscale; Coarse-Grained; Beta–Amlyoid; Protein/Lipid 

Interactions.
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4.1 INTRODUCTION 

Alzheimer’s disease (AD) is a neurodegenerative disease that causes progressive 

functional deficit of neurons and irreversible loss of cognition and memory[1]. The 

histological hallmark of AD is the deposition of beta-amyloid (Aβ) protein plaques[2, 

3], or fibrillar aggregates, in the brains of AD patients. The secondary structure of 

these fibrils has been determined to be mainly in extended β-strands[4]. The 

fibrillization process of Aβ protein has been an important topic in biophysics and 

biochemistry, and the detailed molecular level pathways involved are still unclear. 

Despite apparent correlation, the causal role of Aβ fibril in AD disease has not been 

established[5, 6]. On the contrary, studies in the neuronal toxicity of Aβ in animal 

models[5, 7] revealed that functional and structural deficit of neurons precedes the 

formation of fibrils, suggesting that oligomeric, or even monomeric, Aβ may 

independently initiate the neuronal damage at the early, pre-clinical phase of AD. 

Aβ is a short peptide, with 39-43 amino acids, derived from a large Amyloid 

Precursor Protein (APP) via sequential proteolytic cleavage by β- and γ-secretases[2] 

within the neuronal cell membrane[8, 9]. The 40-residue long (Aβ40) and 42-residue 

long (Aβ42) are the two most abundant isoforms of Aβ in vivo. Aβ42 has a higher 

propensity of self-aggregation and is more toxic to neurons[10, 11]. Right after the 

enzymatic cleavage of APP, Aβ is in a partial membrane inserted state, in which the 

protein is oriented perpendicularly to the cell membrane, with its C-terminal region, 

from residue Lys28 to the C-terminus[12], embedded inside the membrane and the N-

terminal region, e.g. the first 27 residues, exposed to the extracellular environment[12, 

13]. However, the biological pathway of Aβ after the enzymatic cleavage remains 

unclear and has been a subject of great research interest.  
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Experimental evidence suggests that the Aβ could adopt either a membrane-

inserted state, in which the C-terminal preferentially partitions into the membrane 

with the peptide chain parallel to the normal of the lipid bilayer; or a membrane-

surface state, in which the protein chain lies parallel to the membrane surface[14, 15] 

with the peptide chain parallel to the bilayer surface. The inserted Aβ in the lipid 

membrane increases the water permeability of the membrane[16] and may participate 

in future pore formation[17] or membrane fusion[18]. On the other hand, Aβ in 

surface state is believed to trigger the formation of soluble neurotoxic oligomers[5]. 

Due to the importance of the early events of Aβ interactions with cell membranes in 

the pathogenesis of AD, atomistic studies of the structural dynamics of Aβ in lipid 

bilayers of well–defined compositions are critical to understand the pathogenesis of 

AD. Both experimental and computational measures had been employed [14, 16, 18-

22] to investigate the insertion or release mechanism of the protein into or from model 

lipid membrane, respectively.  

The observation that the Aβ plagues are mostly extracellular deposits in the 

brains of AD patients indicates that Aβ prefers to stay outside the cell membrane upon 

its generation[23]. However, there is also evidence that creates controversies in this 

regard. For example, Manson et al.[19] studied the interaction of the neurotoxic 

fragment Aβ(25-35) with 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) 

membrane using small-angle X-ray diffraction, and demonstrated that this fragment is 

lipophilic and prefers to insert into the lipid bilayer[19]. Dencher et al.[20] later 

confirmed the intercalation of Aβ(25-35) into pure phospholipid membrane by small-

angle neutron diffraction, and also demonstrated that cholesterol concentration in the 

lipid membrane is a regulating factor of the insertion[24]. 
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Computational methods have also been used to study the Aβ interaction with 

model lipid membranes and its conformational transitions. Xu et al. used molecular 

dynamics (MD) simulations to study the Aβ40 interaction with DPPC bilayer[21]. In 

their simulations, the Aβ protein was initially half-embedded in the DPPC bilayer but 

was ejected to the membrane surface within 100 ns simulation time[21]. Lemkul et al. 

also used MD simulation to study a similar system[13], which also contained one 

Aβ40 in a DPPC bilayer with a partially-embedded initial orientation. Opposite to the 

results obtained by Xu et al., the authors found that the protein inserted into the 

bilayer within a comparable simulation time. A recent atomistic MD study by Qiu et 

al.[16] demonstrated that both Aβ40 and Aβ42 could end up in either an inserted state 

or a surface state within 200 ns simulation time, starting from a partially-embedded 

initial orientation in a cholesterol (CHOL) enriched or depleted POPC model 

membrane. Furthermore, their results indicated that the cholesterol promoted the 

insertion of the proteins into the membrane and the inserted state of the protein was 

stabilized by a snorkeling of residue Lys28 to the phosphate group of POPC or the 3β 

hydroxyl of cholesterol in the upper layer, and by a anchoring of the C-terminus to the 

trimethylammonium group of POPC in the lower layer. Recently, Lemkul et al. 

investigated the actual mechanism by which the Aβ40 protein releases from the lipid 

membrane and the influences of lipid composition on the release[22]. The authors 

concluded that Aβ40 is stable in POPC, POPS, or POPC/POPE model membranes, and 

the specific Aβ interaction with Ganglioside GM1 is essential to the release of the 

protein from the membrane. 

In this study we focused on the intermolecular interactions of Aβ42 with POPC 

or POPC/CHOL bilayer that affects the dynamics of the protein after the cleavage 

from APP, i.e., whether it will insert into the membrane or exit to the aqueous 
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solution, and what factors influence this mechanism. In order to get a better 

understanding of the mechanism or dynamics of the system, it is desirable to sample 

the phase space of the system as much as possible. However, traditional atomistic MD 

simulation has limitations in the length and time scales[25].  

Classical molecular dynamics (MD) simulation has become a popular tool for 

investigations of dynamics and structures of many-particle systems. It has found wide 

applications in studying complex systems such as lipid membranes and proteins/lipid 

systems[13, 16, 21, 22, 26-32]. The advantage of atomistic MD simulation, as 

compared to experimental methods, is its capabilities of offering the time evolution of 

the system of interest with atomistic resolution and precise control of initial 

configuration of the system. Unfortunately, atomistic MD simulation is very 

computation intensive. Even with the combination of the latest computer technologies 

and highly optimized algorithms, the accessible time and length scales of atomistic 

MD simulations are limited to hundreds of nanoseconds and tens of nanometers[33], 

respectively. In many systems, especially biological systems, the characteristic time 

and length scales of phenomena of interest are beyond the limits of the atomistic MD. 

Therefore, the atomistic MD essentially only samples a small region in the phase 

space of the system near its initial state point.   To overcome these limitations, various 

coarse-grained (CG) models[25, 34, 35] have been developed. 

In CG models, atoms in various molecules are grouped together to form new 

particles, or CG beads, resulting in a lower spatial resolution but higher 

computationally efficient and faster simulation system when compared with the 

original atomistic system without the transformation. The process of grouping atoms 

to CG beads is defined by an unique forward-mapping scheme for each molecular 

type of the system. The forward-mapping schemes are in general different for 
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different CG models[36-38]. Closely coupled to the forward-mapping schemes is the 

CG force field, which determines the interaction potentials among the CG beads from 

the same or different molecules in the system. The MARTINI model[25, 34, 35] is a 

popular CG model that has attracted a lot of applications in studying lipid and lipid-

protein systems[39-42]. 

For lipid and protein, the MARTINI model roughly follows a 4 to 1 mapping 

principle, which maps the center of mass of 4 heavy atoms to a single CG bead, with 

exceptions for ring structures, which require a 2 to 1 mapping. A single particle is 

used for the 4 water molecules. The MARTINI force field accounts for the nonbonded 

(van der Waals and electrostatic) and bonded interactions among CG beads; the 

functional forms of which are the same as in atomistic model. The determination of 

force field parameters is through fitting the free energy difference of partitioning 

between oil and aqueous phases for different molecules[34]. 

As compared with other available CG models, the MARTINI model is not 

biased towards any reference atomistic systems for coarse graining. Its force field 

parameters are predefined and ready to be applied to different systems. Due to the 

way its force field parameters are calibrated, however, the MARTINI force field is not 

ideal for simulating the dynamics of certain types of system, especially systems 

focusing on protein conformational transition. The ordered secondary structures of 

proteins, i.e., alpha-helix and β-strand, are essentially fixed[25] in the MARTINI 

model through large force constants for their dihedral potentials. In addition, for some 

systems, the dynamic characteristics obtained from atomistic simulation and CG 

simulation with the MARTINI force field could be very different[43]. Nevertheless, 

the MARTINI model reproduces correct thermodynamic properties of simple 

simulated systems (refs); also, it smoothes out the free energy landscape so that 
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broader area of free energy landscape can be sampled in a shorter time in the CG 

representation as compared to the atomistic representation. As a consequence of these 

special features of the MARTINI model, precautions are required in interpreting the 

results of simulations with the MARTINI CG model. 

We have studied two simulation systems: a CG simulation of Aβ42 in an 

partially inserted membrane-vertical state but with different pre-assigned number of 

helices (nH) in the lipid insertion domain (Lys28 to Ala42) in POPC/CHOl bilayers, 

and a multiscale (atomistic-to-CG-atomistic) simulation of Aβ42 in membrane-inserted 

state with two different nH values resulted by a folded (large nH) and an unfolded 

(small nH) insertion in either POPC or POPC/CHOL bilayers from an atomistic 

simulation.  

In the first system, we explored the difference in the insertion dynamics of 

Aβ42between atomistic and CG simulations in a POPC/CHOL bilayer. The protein in 

these systems had an initial transmembrane orientation such that the residue Lys28 

was near the phosphate group (PO4) of the POPC or the 3β-oxygen of cholesterol in 

the upper layer, and its C-terminus, which is residue Ala42, being dangling in the 

middle of the bilayer. The insertion dynamics of Aβ42 was characterized by the 

minimum distance between the C-terminus and the trimethylammonium group (NC3) 

of POPC in the lower layer as a function of simulation time. (How about the Lys-28 

snorkeling.) The insertion dynamics was compared with the results from atomistic 

simulations of the system with identical initial orientation. Our results show 

prominent difference in the insertion dynamics of Aβ42 predicted by atomistic and CG 

MD. 

In the second system, a multiscale method was applied to 4 protein-lipid 

systems containing monomeric Aβ42 embedded in a pure POPC or POPC/CHOL 
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bilayer. Here, a multiscale MD is defined as molecular dynamics simulation using 

atomistic or coarse-grained (CG) models at different stages of simulation. Through 

multiscale MD we can efficiently sample a larger region in the system’s phase space 

with CG model, and at the same time we can study the detailed interaction between 

molecules by switching back to atomistic model.  

In the multiscale simulations presented in this study, the CG simulation with 

the MARTINI model was first applied to a simulation system until either an initial 

configuration close to the global minimum in its energy landscape was obtained or a 

functional characteristics had been achieved, and then the system was reversed back 

to its atomistic representation and simulated with atomistic force field to restore the 

detailed intermolecular interactions. The results of the multiscale simulations revealed 

a new stable configuration for the cholesterol containing system, which has not been 

observed in atomistic simulations. Moreover, the results showed that the stable 

configuration depend on the secondary structures of the protein as well as the 

composition of the lipid membrane.  
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4.2 MATERIAL AND METHODS 

4.2.1 MD Simulations 

Both atomistic and CG MD simulations in the study were carried out with the 

Gromacs 4.5 package[44-48] under the constant particle number, constant pressure, 

and constant temperature (NpT) condition, with periodic boundary conditions (PBC) 

applied to x, y, z directions.  

For atomistic simulations, the integration of the MD trajectories was generated 

by a leapfrog[49] algorithm with a time increment of 2 fs. Here, van de Waal’s 

interactions were approximated by a twin-range cutoff Lennard-Jones (LJ) 

potential[45], with interactions within 1.0 nm calculated every step, and interactions 

between 1.0 to 1.5 nm calculated every 10 steps. Short range electrostatic interactions 

were evaluated with a smooth shifted Coulomb potential[50], and long-range 

electrostatic interactions were approximated with a particle mesh Ewald (PME) 

algorithm[51, 52]. Constraints on bond lengths were effected through LINCS 

algorithm[53].  Temperatures of protein, PC, cholesterol, and water/ion were 

maintained by weak coupling separately to an external heat bath of 310K with a v-

rescale[54] algorithm, using a coupling time of 0.05 ps. Semi-isotropic pressure of 1 

bar was applied independently to the x-y and z directions through a Berendsen 

barostat[55] with a coupling time of 1 ps and compressibility of 4.5e-5. A simple 

point charge (SPC)[56] model was adopted for explicit solvent molecules. 

For CG simulations, the time increment for the leapfrog algorithm was 25 

fs[25, 34]. The non-bonded van der Waal’s and electrostatic interactions were 

approximated with the standard set of parameters[34], in which the LJ potential was 

cut off at rcut = 1.2 nm and shifted from rshift = 0.9 nm to rcut to avoid artificial force and 

energy; the electrostatic was shifted from rshift = 0.0 nm to rcut. Long range electrostatic 
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interactions were ignored. Temperatures of protein, PC, cholesterol, and water/ions 

were maintained at 310K by coupling to external heat bath through v-rescaling[54] 

with a coupling time of 1 ps. Semi-isotropic pressure of 1 bar was applied to the x-y 

and z directions by a Berendsen barostat[55] with a coupling time of 1 ps and 

compressibility of 1e-4. 

 

4.2.2 Forward and reverse mapping between atomistic and CG representations 

In this study, systems were simulated at different levels of spatial resolutions, 

corresponding to different models (atomistic and CG) and at different stages. At the 

transition, systems were either mapped from an atomistic model to a CG model 

(forward mapping); or mapped from a CG model back to an atomistic model (reverse 

mapping).  

In forward mapping, the protein, PC, cholesterol, and water/ion were treated in 

different ways. The mapping of protein from atomistic to MARTINI CG model was 

accomplished with an AWK script which is available for free download from website 

md.chem.rug.nl/cgmartini/index.php/downloads/tools. In MARTINI CG model, the 

force field for a protein is closely related to the secondary structures of the protein. To 

generate the force field for the protein for CG MD simulation, the secondary 

structures were first determined with a defined secondary structure of protein (DSSP) 

program[57], and the secondary structures together with the primary sequence of the 

protein were inputs to a Perl script, which is also available for download from the 

same website for the AWK script, to generate the force field parameters specific to 

the protein. The forward mapping for both PC and cholesterol were achieved with in-

house C programs. These programs have built-in mapping schemes for PC and 

cholesterol, which effectively divide the atoms into small chemical groups 
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corresponding to CG beads defined in MARTINI model[34]. The centers of mass of 

these small chemical groups were used as the coordinates of the CG beads. In the 

MARTINI model the ring structures of cholesterol are fixed by bond length 

constraints. The in-house forward mapping program for cholesterol enforces these 

constraints after the center of mass mapping. The forward mapping of 4 atomistic 

water molecules to 1 CG bead for water is difficult to do without creating severe 

steric conflicts among CG beads, especially for water molecules in the lipid-water 

interfacial region. Therefore, the whole CG construct was resolvated with CG water 

and ions after the forward mapping for protein, PC, and cholesterol had been done. 

The reverse mapping from a CG representation to an atomistic representation 

was performed with a restrained simulated annealing (RSA) simulation method [58]. 

The initial constructs of molecules were created by randomly placing the constituent 

atoms corresponding to a CG bead inside a sphere of radius of 1 nm centering at the 

CG bead. These initial constructs were then relaxed through a 100 ps annealing 

process wherein the dynamics of the atoms were governed by the bonded interactions 

defined for each molecule. The time increment for the simulated annealing was 2 fs. 

During the annealing, the temperature of the system decreased linearly from an initial 

high temperature to a final physiological temperature. As recommended[58], the 

initial temperature for protein, PC, and cholesterol was set to 1300K, whereas the 

initial temperature for water/ion was 400K; the final temperature of 310K for all 

molecules was reached in 60 ps. After reaching the final temperature, the system was 

further relaxed for additional 40 ps. Due to the random placement of atoms to their 

initial positions, close contact and hence extremely large forces may result and crash 

the simulated annealing. To ensure a stable simulation, a force threshold was set so 

that all forces exceeding the threshold would be reset to the threshold. This force 
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threshold started out with an initial value of 15,000 kJ mol-1 nm-1 and increase linearly 

with simulation time at a rate of 100 kJ mol-1 nm-1[58]. During the first 10 ps of the 

simulated annealing, the centers of mass of atom groups were restrained to the 

positions of the corresponding CG beads through a force constant of 12,000 kJ mol-1 

nm-1[58]. Each CG water molecule was transformed into 4 atomistic water molecules, 

with the center of mass of the 4 water molecules being restrained to the position of the 

CG water molecule. 

After completing the RSA step the resulting system was carefully examined 

using VMD[59], a visualization program, to search for anomalies created by the RSA. 

Usually there would be a small amount of water molecules trapped in the lipid bilayer 

interior that had to be removed manually. After removal of these water molecules, the 

atoms in the pdb file for the system was renumbered with the Gromacs tool 

genconf[50], and the topology file for the system was modified accordingly. This 

modified system is ready to go through the steps of energy minimization and position 

restraint for a full-blown atomistic MD simulation. 

 

4.2.3. Simulation Systems 

4.2.3.1 CG-simulations of Aβ42 with Fixed Alpha-Helix Contents in POPC/CHOL 

Bilayer 

A CG-simulation template was first generated from a forward mapping of an 

atomistic structure consisting of Aβ42 partially inserted in a POPC/CHOL bilayer with 

40 mole% CHOL and in the presence of explicit solvent. The atomistic structure was 

identified as D0 in our previous study[16]. Briefly, in this D0 structure, the lipid 

insertion domain (LID) made up of residues 28-42 was pre-inserted in the upper 

monolayer of the lipid bilayer with residue Lys28 located in the PC headgroup/water 
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interfacial region of the upper layer. On the other hand, the non-lipid insertion domain 

(nLID) made up of residues 1-27 was exposed to the solvent above the upper layer. In 

the nLID region, residues 15-27 were in the alpha-helix structure, whereas, in the 

LID, residues 28-37 were in the alpha-helix structure. The other residues were in 

disordered structures. There were 286 POPC and 191 CHOL in the upper layer of the 

membrane and 288 POPC and 192 CHOL in the lower layer. The alpha-helix axis of 

either the LID and nLID was perpendicular to the bilayer surface, or in a partially 

membrane-inserted state. 

A total of 11 initial (or time = 0ns) CG–simulation structures denoted as nHX 

were subsequently created from the above CG-template. Here, the number (X) of of 

the alpha-helix content (nH) was systematically varied from 0 to 10 with an increment 

of 1. For examples, the simulation structure with nHX identified as nH0, nH5 or nH10 

(see Figure 4.1) has a total of 0, 5 or 10 alpha-helices pre-assigned to the LID region 

running from Lys28 towards the C-terminus, or Ala42. The possibility of altering the 

number of alpha-helix structure without changing the initial protein conformation was 

conferred by the peculiarity of MARTINI CG model in handling protein force field, 

where the secondary structure of each residue can be pre-assigned. 

Each of these 11 CG systems went through energy minimization and position 

restraint steps before became ready for producing production runs. A total of 4 

replicates were created for each of the 11 CG systems; these replicates had the same 

initial particle coordinates but different initial velocities for each particle. A 50 ns CG 

MD simulation trajectory was generated from each replicate under the same CG-

simulation condition.  
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4.2.3.2 Multiscale Simulations of Pre-inserted Aβ42 in POPC and POPC/CHOL 

Bilayers 

Two pre-inserted Aβ42 in POPC/CHOL (D1 and D3) and two pre-inserted Aβ42 in 

POPC (B1 and B2) were created for multiscale simulations.  Here D1 and D3 refer to 

the atomistic folded (nH = 10) and unfolded (nH = 3) states, respectively, of Aβ42 in 

POPC/CHOL bilayers from our previous 200 ns atomistic data[16]. The initial 

structures of D1 and D3 were extracted at 5 ns and 200 ns from their trajectories 

where stabilized inserted states were evident in that Lys28 was snorkeling to the 

phosphate group (PO4) of POPC in the upper layer and Ala42 (C-terminus) anchoring 

to the trimethylammonium group (NC3) in the lower layer. Similarly, B1 and B2 refer 

to the atomistic folded (nH = 11) and unfolded (nH = 0) states, respectively, of Aβ42 in 

POPC bilayer, also from our previous 200 ns atomistic data[16]. The initial structures 

of B1 and B2 were extracted at 30 ns from their trajectories, with the snorkeling and 

anchoring in place. Since the D1, D3, B1 and B2 systems started with the Aβ42 fully 

inserted in the lipid bilayer, they are also referred to as fully inserted systems. 

Using the D1, D3, B1 and B3 initial atomistic structures, their corresponding 

CG initial systems were created with the forward mapping procedure described in 

section 2.2. The CG systems were simulated under the CG force field for 1 μs. There 

were 4 replicates simulated for each of the D1, D3, B1 and B3 CG systems. Table 4.2 

shows the naming convention for the systems studied by multiscale simulations. For 

example, the 4 replicates of D1 are referred to as D1-CG1, D1-CG2, D1-CG3 and D1-

CG4. The generalization to the other 3 systems is straightforward.  

The final CG structure (at 1 μs of simulation) from each replicate of D1, D3, 

B1 and B2 was reverse mapped to its atomistic equivalent through a 100 ps RSA 

procedure as described in section 2.2. Therefore, there were 4 atomistic structures 
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produced by the RSA for each of D1, D3, B1 and B2 CG systems. Refer to Table 4.2 

for the designations of the RSA-produced atomistic structures.  

Following the reverse mapping procedure, two replicates of 200 ns atomistic 

MD simulations were performed on the RSA-produced atomistic structure for D1, D3, 

B1 and B2. The two replicates shared the same system configuration but had different 

velocity distribution among the atoms. In total, there were 8 replicates for D1, D3, B1 

or B2. 

 

4.2.3.3 POPC and POPC/CHOL Bilayer Control Systems 

The POPC and POPC/CHOL bilayer control systems were adopted from a previous 

publication[16]. The POPC control system contained 576 POPC molecules, 

symmetrically distributed in the upper and lower layers.  The POPC/CHOL control 

system contained 576 POPC and 384 cholesterol molecules, symmetrically distributed 

in the upper and lower layers. Both POPC and POPC/CHOL bilayer were solvated in 

an explicit water box. Following the same multiscale simulation procedure described 

in section 2.3.2 for Aβ42 containing bilayers, the equilibrated structures of the POPC 

and POPC/CHOL control systems were forward mapped to their CG equivalent; 4 

replicates of 1 μs CG MD simulation were conducted on each system; following that, 

the CG replicates were reverse mapped to their atomistic representations through 100 

ps RSA; and finally continued with 200 ns atomistic MD simulations, one for each 

RSA output. 
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4.2.4 Data Analysis 

4.2.4.1 Minimum Distance Between Two Groups of Atoms 

Minimum distance between two groups of atoms was measured with Gromacs tool 

g_mindist[50]. The groups of atoms involved in the minimum distance measurement 

were specified by the Gromacs tool make_ndx[50].  

 

4.2.4.2 Determination of Hydrogen Bonds Between Residue Lys28 and Other System 

Components 

Gromacs tool g_hbond[50] was used to detect hydrogen bonds between Lys28 and 

other system components such as water, hydroxyl group of cholesterol, 

phosphate/glycerol of POPC, and other residues of Aβ42. The default values of 

g_hbond for distance and angle criteria in defining a hydrogen bond were adopted in 

the analysis. 

 

4.2.4.3 Determination of Aβ42 Secondary Structures and Simulation Snapshot 

Rendering 

The secondary structures of Aβ42 were determined by a DSSP[57] program. Snapshots 

of simulation trajectories were rendered by VMD 1.9.1[59]. 

 

4.2.4.4 Determination of Order Parameters of POPC Acyl Chains and Cholesterol 

The order parameters of POPC acyl chains sn-1 and sn-2 were determined for POPC 

molecules in the annular lipid (AL) and non-annular lipid (nAL) regions of Aβ42 in 

the D1, D3, B1 and B2 systems. The definition of AL/nAL and algorithm used to 

partition lipid molecules into AL and nAL regions was described in detail in our 

previous publication[16]. In brief, the AL and nAL regions are the lateral protein-
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proximal and -distal regions of the bilayer, respectively. A lipid molecule, either 

POPC or cholesterol, is considered located in AL region if at lease half (or the bigger 

half in the case of odd number of atoms) of its constituent atoms are inside the AL 

region. The order parameter of a cholesterol molecule is defined as the <3cos2θ – 1> ⁄ 

2, where θ  is the angle between the bilayer normal and the plane of fused rings as 

determined by atoms C5, C13 and C16 in topology of cholesterol defined in the force 

field[60]. The order parameters of cholesterol and POPC acyl chains were determined 

as average over the last 30 ns of atomistic MD simulation trajectories by Gromacs 

tool g_order[50]. 

 

4.2.4.5 Determination of Density Profiles of Lipid Components 

Density profiles of the phosphate group of POPC, the hydroxyl group of CHOL, and 

water versus z coordinates were determined for the AL and nAL regions for the 

simulated protein-lipid systems. The lipid and water molecules in the AL and nAL 

regions were separated and their density profiles calculated independently for the last 

50 frames. Density profiles for the AL and nAL regions were calculated using 

Gromacs tool g_density[50]. The simulation box was divided into 50 layers 

perpendicular to bilayer normal. The density of a target group, for example, phosphate 

of POPC, in a specific layer was calculated by dividing the number of constituent 

atoms located in this layer by the volume of the layer, which was the product of the 

cross-section area and the thickness of the layer. Because the actual cross-section 

areas of AL and nAL regions were less than the cross-section area of the original 

simulation box, the density profiles for the AL and nAL needed to be scaled up by 

factors of (cross-section area of box / cross-section area of AL) and (cross-section 

area of box / cross-section area of nAL), respectively. The cross-section areas of AL 
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and nAL regions were approximated by 1×1 Å2 grids. In calculating the density 

profiles for lipids and water in the AL region, the volume occupied by Aβ42 was 

ignored because the volume of a transmembrane protein is not a well-defined 

quantity.  



Texas Tech University, Liming Qiu, May 2013 
 

  166 

4.3 RESULTS 

4.3.1 Insertion Dynamics of nHX Systems in a CG Representation 

Eleven systems with an identical initial configuration of an alpha barrel of nH =10 in 

the N-terminal but with different pre-assigned alpha helical structures (nHX, where X 

= 0 to 10 with an increment of 1) were created and simulated with the MARTINI 

force field for 50 ns. Four replicates, i.e., the same initial coordinates but different 

initial velocity distribution, were generated for each of the 11 systems. This allowed 

us to sample 4 different points of the phase space for each given structure defined 

above. A summary of the systems is provided in Table 4.1. Final system configuration 

was determined for each replicate in terms of the Aβ42 orientation with respect to lipid 

bilayer. If the C-terminus of Aβ42 was attached to the upper layer then the system was 

categorized as in surface state. Otherwise, if the C-terminus was attached to the lower 

layer then the system was categorized as in inserted state. The attachment of the C-

terminus to upper or lower layer was assessed by measuring the minimum distance of 

the C-terminus to the NC3 group of POPC. A minimum distance of 0.5 nm served as 

the critical distance for attachment.  

All systems from nH0 to nH9 ended up in surface state after 50 ns of CG 

simulations, except nH10.  For nH10, 3 out of 4 replicates were in the surface state, but 

one (rep4) remained unsettled, in which the C-terminus of the protein maintained an 

approximately equal distance to the upper and lower layers. Demonstration of Aβ42 

insertion dynamics in some representative systems is shown in Figure 4.1. 

The insertion dynamics of these systems was captured as the distances of the 

C-terminus to the upper and lower layers versus simulation time, and results for 

representative systems are shown in Figure 4.2.  Except for rep4 of nH10, the C-

terminus of Aβ42 in all systems migrated to the upper layer and attached to the NC3 
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group of POPC. The attachment of C-terminus to upper layer was stable for all 

systems; once the attachment was established, the minimum distance between C-

terminus and NC3 fluctuates around 0.5 nm through the end of simulation. 

To further characterize the insertion dynamics, we extracted the resident time 

for each system. Resident time is defined as the first time the minimum distance of the 

C-terminus of Aβ42 to NC3 in either upper or lower layer is less than or equal to 0.5 

nm. The result and statistics of resident time for the 11 systems are summarized in 

Figure 4.3. For the systems with less than 8 alpha-helix structures in the LID of Aβ42, 

the difference in resident time is not statistically significant. For systems with more 

than or equal to 8 alpha-helix structures, the mean resident time is at least one order 

magnitude greater than those with smaller helical structures and increase nonlinearly 

with the number of alpha-heloices. As an extreme case, the C-terminus of rep4 of 

nH10 kept an approximately equal distance to both layers of the lipid bilayer for 50 ns. 

The results suggest that the insertion dynamics of the protein is closely related to the 

secondary structure of the protein such that the protein with more alpha-helices in the 

LID tended to stay longer in the partial inserted state during the CG simulations.  

 

4.3.2 Multiscale Simulations of Fully Inserted Systems 

The 4 fully inserted systems D1, D3, B1 and B2 were investigated by a multiscale 

simulation as described in section 2.3.2 in MATERIALS AND METHODS. A summary 

of all fully inserted systems studied is provided in Table 4.2.  

 

4.3.2.1 Fully Inserted Systems D1 and D3  

Figure 4.4 and 4.9 demonstrate the multiscale procedure for D1 and D3, respectively, 

with snapshot of the system at the beginning and terminating moments of different 
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stages of multiscale simulation. The 0 ns and 10 ns snapshots, shown in Figure 4.4A 

and 4.4B for D1 and Figure 4.9A and 4.9B for D3, respectively, are taken from 

previous publications[16] and are displayed for conceptual completion of multiscale 

simulation. Four replicates of D1 system, designated as D1-CG1, D1-CG2, D1-CG3 

and D1-CG4, as well as four replicates of D3 system, designated as D3-CG1, D3-

CG2, D3-CG3 and D3-CG4, were simulated using MARTINI CG force field for 1 μs. 

The CG MD simulation is more efficient than atomistic simulation, and it is able to 

sample a broader region of the phase space of the simulated system due to a smoother 

energy landscape for CG model than atomistic model[25, 34]. Hence, the 1 μ s CG 

simulation was intended to explore other energy minimums that are not accessible to 

atomistic simulation in a practical time span. The D1 and D3 system were similar in 

their initial protein configuration, where the Aβ42 protein adopted an inserted state. 

However, the two systems had very different alpha-helix contents in the LID and 

nLID of Aβ42. For D1 system, the Aβ42 had 9 alpha-helix structures in the LID and 13 

in the nLID; while for D3 system, it had only 2 alpha-helix structures in the LID but 

15 helix structures, 10 alpha-helix plus 5 5-helix structures, in the nLID. Since the 

MARTINI force field inhibits transition of secondary structures under physiological 

condition, the protein retained its initial secondary structures throughout 1 μ s CG 

simulation.  

We are concerned with the stability of the inserted state of Aβ42 in 

POPC/CHOL bilayer under CG simulation. Previous publication[16] discovered a 

stabilization mechanism for the inserted state of Aβ42 in lipid bilayer, where the Lys28 

snorkels to the phosphate group (PO4) in the upper layer together with Ala42, the C-

terminus, anchors to the trimethylammonium group (NC3) in the lower layer. Here, 

we investigated the snorkeling and anchoring through the minimum distance, dK28-upper 
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and dK28-lower respectively, of Lys28 to the PO4 group of POPC in the upper and lower 

layer, as well as the minimum distances, dC-upper and dC-lower respectively, of C-terminus 

to the NC3 group of POPC in upper and lower layer. Under MARTINI force field, 

two particles interacting with each other through non-bonded interactions are 

considered as being noncovalently associated if the distance between them is not 

greater than 0.5 nm.  

The D1 and D3 systems demonstrated distinctive behavior with respect to the 

snorkeling and anchoring of the protein to the lipid bilayer. Results for D1 are shown 

in Figure 4.5 to 4.6; and those for D3 are shown in Figure 4.10 and 4.11.  

All 4 replicates of the D1 maintained stable anchoring of C-terminus to the 

lower layer throughout 1 μs ; however, they lost the Lys28 snorkeling to the upper 

layer. As shown in Figure 4.5, the attachment of Lys28 to PO4 group in the upper 

layer was lost within the first 200 ns, and the Lys28 descended toward the lower 

layer, as demonstrated by an increase of dK28-upper and a simultaneous decrease of the 

minimum distance dK28-lower. At the end of 1 μ s, both dK28-upper and dK28-lower were 

stabilized, fluctuating around a mean value of 2 nm. Therefore, the results show that 

in D1 the Aβ42 transformed to a new stable transmembrane configuration denoted as 

extended inserted state. This extended inserted state is different from the initial 

inserted state in atomistic model in that the Lys28 descended deeper to the mid-plane 

of the bilayer and no longer attach to the PO4 in the upper layer. 

Contrary to the results of D1, all replicates of D3 maintained a stable Lys28 

snorkeling to the upper layer throughout 1 μs, but lost the C-terminus anchoring to the 

lower layer. As shown in Figure 4.11, plots of dC-upper and dC-lower crossed each other to 

switch their position, indicating that the C-terminus anchoring was stable for a period 

of time at the beginning but was detached from the lower layer and associated to the 
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upper layer. The time at which the C-terminus was detached from the lower layer was 

319.3 ± 88.27 ns, on average of 4 replicates. Using the generally accepted scale factor 

of 4 in converting CG simulation time to atomistic simulation time, our result 

suggests that it would take about 1.2 μs atomistic simulation time for Aβ42 with low a-

helix content to switch from an inserted state to surface state. At the end of 1 μs, all 

replicates of D3 had the Aβ42 in a surface state, where the protein laid on the upper 

surface of the bilayer in a parallel orientation, with Lys28 snorkeling and C-terminus 

anchoring associated with the upper layer. The final Lys28 snorkeling and C-terminus 

anchoring to the upper layer were stable as evident from the plots of dK28-upper and dC-

upper, in which both distances were fluctuation around a common mean value of 0.5 

nm. The stable snorkeling and anchoring further implied the stability of the surface 

state of Aβ42 in the bilayer. 

Following the 1μs CG simulation, all replicates of D1 and D3 systems were 

transformed to their atomistic equivalents through a 100 ps RSA simulation. The 

resulting atomistic system from the RSA was energy minimized to reduce the possible 

unresolved steric conflicts during the RSA, and a 10 ns position restraint MD 

simulation was performed, in which the protein atoms were restrained to their original 

position and the surrounding environment were relaxed. The extended inserted state 

and surface states of Aβ42 in D1 and D3, respectively, were essentially conserved 

throughout the above process. Starting from the relaxed atomistic structure 

transformed from output of CG simulation, a 200 ns unrestrained atomistic MD 

simulation was conducted to sample to the more rugged energy landscape of the 

system under atomistic model. We are primarily concerned with the stability of the 

Aβ42 extended inserted state and surface state observed in CG simulation for D1 and 

D3, respectively, in atomistic MD simulation. As in the case of CG, we measure the 
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minimum distance of Lys28 to the PO4 group of POPC in the upper and lower layer, 

as well as the minimum distance of C-terminus to the NC3 group of POPC in the 

upper and lower layer. These atomistic minimum distances share the same notation as 

their CG counterparts, e.g., dK28-upper and dK28-lower for the minimum distance between 

Lys28 and PO4 in the upper and lower layer, respectively; and dC-upper and dC-lower for 

the minimum distance between C-terminus and NC3 in the upper and lower layer, 

respectively. Following previous publications[16, 28], formation of close contacts 

between two atoms is judged by whether the minimum distance is less than 0.3 nm. 

Almost all replicates of D1 system maintained the extended inserted state of 

Aβ42 during the 200 ns atomistic simulation. The only exception was the replicate D1-

CG3-r-A1, as shown in Figure 4.7, where the Lys28 moved toward the upper layer 

with the minimum distance dK28-upper being ~0.5 nm; moreover, the plot shown a 

transient attachment of Lys28 to the upper layer around 150 ns. However, the 

minimum distance of C-terminus to either layer was not affected by Lys28, dC-lower 

fluctuating about 0.3 nm, as shown in Figure 4.8. Therefore, 1 out of 8 D1 replicates 

tended to recover the initial inserted state. In contrast, all replicates of D3 retained the 

surface state of Aβ42. Figure 4.12 and 4.13 show the plots for dK28-upper (dK28-lower) and 

dC-upper (dC-lower) versus simulation time for D3, respectively. Both Lys28 and C-

terminus of Aβ42 were attached to the upper layer, as reflected by the plots of dK28-upper 

and dC-upper. However, a bigger fluctuation is seen in dC-upper than in dK28-upper. Our data 

suggested that the stable system structures obtained in CG model were also stable in 

atomistic model.  

Hydrogen bond between Lys28 side-chain with other system components was 

investigated for D1 and D3 in their atomistic representations. Our results indicate 

distinctive hydrogen bond patterns for the two systems, depending on the protein 
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orientation relative to the lipid membrane. A summary of hydrogen bond pattern of 

Lys28 side-chain in D1 and D3 is available in Figure 4.14, in which the fraction of 

time (mean ± standard error over all 8 replicates) in the last 50 ns of simulation when 

a hydrogen bond was detected is plotted for each partner of Lys28 side-chain in 

forming hydrogen bonds. 

The amine group of Lys28 side-chain serving as a hydrogen bond donor can 

form hydrogen bond with a variety of acceptors, such as the water molecules, the 

phosphate group (PO4) and the glycerol of POPC, the hydroxyl group of cholesterol, 

the peptide backbone carbonyl group, and other residue side-chains that can serve as 

an acceptor. In a previous publication[16] we discovered that Aβ42 protein maintained 

a stable inserted state in a POPC/CHOL bilayer through a specific mechanism where 

the Lys28 side-chain snorkeled to the phosphate group of POPC in the upper layer. 

The analysis of hydrogen bond on that trajectory showed that the Lys28 side-chain 

formed hydrogen bonds exclusively with the phosphate and glycerol group of POPC. 

Figure 4.15A and 4.15C highlight the hydrogen bonds between Lys28 and POPC 

headgroups. On the contrary, the Lys28 side-chain hydrogen bond pattern in the 

extended inserted state, i.e., D1 systems, was very different. The Lys28 side-chain 

only formed sporadic hydrogen bonds with the glycerol of POPC, hydroxyl of CHOL 

and water, but predominantly formed Intra-peptide hydrogen bonds with other amino 

acids.  For the extended inserted state in D1, the Lys28 side-chain formed hydrogen 

bonds extensively with its neighboring amino acid residues ranging from Phe30 to 

Gly33. Among these neighbors, the side-chain of Glu22, Asp23 and Asn27 could 

form hydrogen bond with Lys28 side-chain. However, we only observed Lys28 side-

chain forming hydrogen bonds with the side-chains of Asp23 and Asn27. On the other 

hand, the side-chain-to-backbone hydrogen bond between Lys28 and its neighbors 
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was less selective, but the major contribution was from Glu22, Asp23, Val24 and 

Asn27. A snapshot of D1-CG4-r-A1 showing Lys28 side-chain simultaneously 

formed 4 hydrogen bonds with the backbone carbonyl group of 4 neighboring 

residues is displayed in Figure 4.15B. For the surface state of Aβ42 in D3 systems, the 

Lys28 side-chain hydrogen bond pattern was very similar to that of the inserted state 

in the previous publication. The bonds were found mainly between Lys28 side-chain 

and the phosphate and glycerol group of POPC; intermittent intra-peptide bonding 

also observed, and the most significant one involved the C-terminus, which was 

bonded to the Lys28 side-chain for most of the last 50 ns in one of the D3 replicates, 

as shown in Figure 4.15D.  

Aβ42 secondary structure kinetics for the extended inserted state in D1 and the 

surface state in D3 were examined with DSSP[57] algorithm. Results of DSSP 

analysis for D1 and D3 are shown in Figure 4.16 and 4.17, respectively. The results 

show that the secondary structure kinetics was highly dependent on the protein 

membrane orientation. Even though helix structures are common in both D1 and D3, 

they mainly resided in the hydrophobic C-terminal domain, i.e., from Lys28 to C-

terminus, in D1; whereas in D3, the helix structures concentrated more in the 

hydrophilic N-terminal domain, i.e., from N-terminus to Asn27. Moreover, more 

stable beta-sheet structures are seen in the C-terminal domain of D3 systems, as 

opposed to the intermittent appearance in D1 systems.  

A quantitative analysis to compare the Aβ42 secondary structures in the 

extended inserted state in D1 and the surface state in D3 was produced wherein the 

secondary structures defined in DSSP were categorized into 4 classes: helix, beta, turn 

and loop. The helix class includes alpha-helix, 3-helix and 5-helix; the beta class 

includes beta-sheet and beta-bridge; the turn class contains only turn; and the loop 
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class encompasses random coil and bend. The result is shown in Figure 4.18. In the 

hydrophilic N-terminal domain, Aβ42 in surface state, i.e., in D3, showed higher 

propensity to form helix than in extended inserted state, i.e., in D1, but lower 

propensity to form turn structures; with respect to beta and loop, they showed 

virtually no difference. In the hydrophobic C-terminal domain, Aβ42 in extended 

inserted state showed significantly more helix structures than in surface state, but less 

loop structures; the number of beta structures in the surface state was marginally 

higher than in extended inserted state; no significant difference in turn structures was 

noticed between the two states. 

The perturbation effect of Aβ42 on the lipid bilayer was assessed by the order 

parameters SC of POPC saturated (sn-1) and unsaturated (sn-2) acyl chains as well as 

the fused rings of cholesterol. The order parameter SC characterized the perturbation 

on the vertical alignment of the acyl chains with the bilayer normal in the case of 

POPC or the fused rings in the case of cholesterol. We divided the lipids into two 

groups, e.g., annular lipids (AL) and non-annular lipids (nAL), based on their 

proximity to the protein, and applied the order parameter measurement to each group 

for the last 25 ns of simulation. More detailed description of the AL and nAL division 

is available previous publication[16]. Plots of POPC acyl chain order parameters for 

D1 and D3 are available in Figure 4.19 and 4.20, respectively. 

The order parameters of both acyl chains of POPC in the nAL for either upper 

or lower layer was very consistent across all replicates of D1 and D3, and in 

agreement with results in previous publication[16], indicating the equilibrium of lipid 

bilayer in the atomistic model. For D1 systems, the Aβ42 perturbation effect was 

stronger in AL than nAL, due to the protein/lipid interaction. Moreover, the 

perturbation effect was more prominent in the upper layer than the lower layer. This 
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can be attributed to the fact that most of the charged residues of Aβ42 were interacting 

with the polar headgroups in the upper layer, while only the C-terminus was 

interacting with the NC3 group in the lower layer. For D3 systems, the perturbation of 

lipid in AL was also stronger than in nAL; furthermore, since the Aβ42 protein ended 

up in a surface state, the perturbation effect of the protein was mainly on the upper 

layer. To stress the differential effect on POPC order parameter by the extended 

inserted state and surface state of Aβ42, difference in order parameter, i.e., SC of AL – 

SC of nAL, was calculated for the two acyl chains in both layers, and the results are 

shown in Figure 4.21. It shows that the lipids in the upper layer were more perturbed 

by the protein than in the lower layer irrespective of D1 or D3. The protein effect on 

sn-1 chain order was consistently stronger in D3 than in D1; but the effect on sn-2 

chain order showed more features. The Aβ42 in extended inserted state had 

comparable perturbation effect on the sn-2 chain as in surface state up to the carbon 

forming unsaturated double bond; after the double bond, the effect of protein in 

extended inserted state on the sn-2 chain was substantially less. The results suggests 

that while the saturated sn-1 chain is affected more, as expected, by Aβ42 in surface 

state than in extended inserted state; the part of unsaturated sn-2 chain closer to the 

center of lipid bilayer is more sensitive to the protein in surface state. 

Another indication of protein perturbation effect on lipid bilayer is cholesterol 

order parameter (refer to section 2.4.4 for definition of cholesterol order parameter). 

Similar to the analysis of POPC order parameter, the cholesterol order parameters in 

AL and nAL regions of lipid bilayer were analyzed separately. The result of 

cholesterol order parameter is summarized in Figure 4.22. The cholesterols in the nAL 

region of D1 and D3 had essentially the same order parameter with respect to either 

upper or lower layer; furthermore, the cholesterol order parameters for the upper and 
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lower layers were also very similar for both D1 and D3. This again indicates that the 

lipids in the nAL region had reached equilibrium. The average cholesterol order 

parameter in the upper layer AL region of D3 was slightly lower than that of D1, 

probably due to the more intense protein/lipid interaction resulting from the surface 

state of Aβ42 in D3 than the extended inserted state in D1. Analogously, the order in 

the lower layer AL region was lower in D1 than in D3, due to the stronger 

perturbation effect by the protein in extended inserted state than surface state.  

The perturbation effect of Aβ42 in extended inserted state on the cholesterol 

order is also compared to that in inserted state. The data shown in Figure 4.22 under 

AA was extracted from trajectories for a previous publication[16]. The cholesterol 

order in the AL region of either upper or lower layer was similar in both systems. For 

the nAL region, the cholesterol order in the lower layer showed no difference between 

the two systems, but those in the upper layer could sense the perturbation of Aβ42 in 

inserted state. This may reflect the fact that the effect of the nLID of Aβ42 in inserted 

state is beyond AL region. 

Density profiles of phosphate group of POPC, interfacial oxygen of CHOL, 

and water were also determined for D1 and D3 systems, and compared to the previous 

studied atomistic systems serving as the starting template for the multiscale 

simulations. As shown in Figure 4.23A – C, the distributions of phosphate group in 

the transverse direction of the lipid bilayer were broader in D1 and D3 systems, as 

compared to the atomistic system, but similar to each other. For the interfacial oxygen 

of CHOL, the distributions in D1 and D3 systems were also broader, and the 

perturbation in the AL region of D1 systems was more significant. No prominent 

difference in distributions of water molecules was observed for systems with different 

protein-lipid orientations. Peak-to-peak distance, defined as the distance between the 
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peaks of distribution in both upper and lower layers, was calculated for phosphate and 

interfacial oxygen, as shown in Figure 4.23D. The peak-to-peak distances for 

phosphate and interfacial oxygen in nAL region were consistent across all systems. 

For AL region, the peak-to-peak distance for phosphate had a slightly greater standard 

error for the D1 and D3 than for atomistic system but almost identical mean value, 

consistent with a broader distribution of the phosphate density profile in the AL 

region for the two systems as shown in Figure 4.23A. The peak-to-peak distance for 

interfacial oxygen in AL region in the extended inserted state in D1 was smaller with 

respect to other systems. Our data show that the perturbation effect of lipid membrane 

is not strongly correlated with the protein-lipid orientation. 

 

4.3.2.2 Fully Inserted Systems B1 and B2 

B1 and B2 systems were the model systems used to investigate Aβ42 interaction with 

pure POPC bilayers. In analogous to D1 and D3, the two systems differed in the 

number of alpha-helix structures in the LID of Aβ42 in the initial configuration. In 

particular, B1 had 11 alpha-helix structures in the LID, whereas B2 had zero. In close 

analogy to Figure 4.4 for D1, Figure 4.24 and 4.27 demonstrate the multiscale 

procedure for B1 and B2, respectively, with snapshot of the system at the beginning 

and terminating moments of different stages of multiscale simulation. 

Following the same procedure of simulation and analysis for D1 and D3, B1 

and B2 systems were simulated under CG model for 1 μs, and their structural 

properties were examined.  The minimum distance of Lys28 to the PO4 group, dK28-

upper and dK28-lower, as well as minimum distance of C-terminus to the NC3 group, dC-upper 

and dC-lower, were investigated as an indicator of the stability of the Lys28 snorkeling 

and C-terminus anchoring to the bilayer. The results for B1 are shown in Figure 4.25 
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and 26, all B1 replicates, except for B1-CG3, maintained a stable Lys28 snorkeling to 

the upper layer and C-terminus anchoring to the lower layer. Replicate B1-CG3 

showed an unstable Lys28 snorkeling to the upper layer, evidenced by the intermittent 

detachment of the Lys28 from the PO4 group in the upper layer. 

The results for B2 are shown in Figure 4.28 and 4.29. All replicates of B2, 

except for B2-CG1, showed stable Lys28 snorkeling to the upper layer and C-

terminus anchoring to the lower layer. In replicate B2-CG1 the Aβ42 switched from 

the initial inserted state to the final surface state around 600 ns, as indicated by the 

minimum distance plots dC-upper and dC-lower shown in Figure 4.29A. Therefore, it is 

shown that the Aβ42 with low alpha-helix content in LID was also unstable in inserted 

state in POPC bilayer, and tended to adopt a surface state. 

Following the same CG-to-atomistic conversion procedure for D1 and D3, the 

final system structures of B1 and B2 were taken as the initial structures of 200 ns 

atomistic simulations.  However, the atomistic simulations were not stable. In most 

systems, the lipid bilayer broke before finishing the 200 ns simulation, as shown in 

Figure 4.27F. The breaking of lipid bilayer did not show correlation with the location 

of protein, and was probably due to the RSA procedure, which created artificial 

perturbation in the lipid bilayer, since we saw the same phenomenon in pure POPC 

bilayer studied by multiscale simulation.  

Illustrated in Figure 4.30 was a process to identify the lipid breaking time, 

where a trajectory was viewed by VMD and three time consecutive frames spanning 

the lipid breaking process were selected. The first frame was right before the 

appearance of a small hole in the bilayer, the second frame was right at the time the 

hole started to grow, and the third one showed a mature hole formed in the membrane. 

The time of the second frame was treated as the lipid breaking time. The lipid 
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breaking times for B1, B2, as well as pure POPC control systems were determined 

and their statistics are shown in Figure 4.31. The result shows that the breaking time 

in B2 in very similar to that in control system; while the breaking time for B1 is 

obviously higher, considering the fact that two B1 replicates, i.e., B1-CG1-A1 (200 ns 

snapshot shown in Figure 4.24F) and B1-CG2-A1, maintained the visual integrity of 

the lipid bilayer for at least 200 ns, and their lipid breaking time were taken as 200 ns. 

Even though the B1 and B2 systems are not stable in multiscale simulation, the 

difference in lipid breaking time hints at the possible protective effect of α-helix 

dominated LID of Aβ42 on pure POPC lipid bilayer. 

 

4.3.2.3 Control Systems 

POPC/CHOL and pure POPC lipid bilayer control systems were simulated using the 

identical multiscale procedure applied to the D1, D3, B1, and B2 systems, for the 

purpose of assessing their stabilities in the CG, RSA, and the subsequent atomistic 

MD simulations. 4 independent replicates were studies for both POPC/CHOL and 

pure POPC control systems. All control systems were stable for the 1 μ s CG 

simulation with MARTINI force field; their respective atomistic equivalents were 

successfully created from RSA. However, they showed distinct stabilities for the 

atomistic MD simulation following the RSA. The 4 replicates of POPC/CHOL control 

system was stable up to ~70 ns, without evidence of the integrity of lipid bilayer being 

compromised. In contrast, all 4 replicates of the pure POPC control system had holes 

spontaneously formed at various times before 100 ns. The lipid breaking time for the 

4 pure POPC control system replicates was reported in Figure 4.31. 
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4.4 DISCUSSION 

The CG-MD simulation using MARTINI force field is much faster or efficient, at 

least by an order magnitude, than the atomistic MD simulation as demonstrated in 

various protein/lipid complexes. The improvement in efficiency in the CG simulation 

was due to a number of factors: the reduced degrees of freedom, increased time step 

employed in the trajectory evolution, shorter-range potential functions, and a 

smoothed system energy landscape. A reduction in the degrees of freedom was 

achieved through simplification of molecule structure by combining groups of atoms 

into virtual beads, at the expense of lower spatial resolutions. Furthermore, decrease 

in the degrees of freedom entails a decrease in the configurational entropy, in order 

for the CG model to reproduce the proper thermodynamics, the enthalpy term must be 

tuned down to compensate for the loss in entropy. The combination of changes in 

entropy and enthalpy results in a smoother energy landscape in the CG than in the 

atomistic simulation. Because of the smoothed energy landscape and the use of 

shorter-range potential functions, a bigger integration time step can be used without 

causing numerical instability. 

A change in the energy landscape unavoidably induces a change in the 

dynamics of simulated systems. For example, it is generally accepted that the 

diffusion coefficient of water in CG simulation with MARTINI force field is 4 times 

greater than it would be in atomistic simulation[34]. In this study, we also 

demonstrated the change of system dynamics in CG model through the nHX systems. 

In the nHX systems, an Aβ42 protein was partially inserted into a POPC/CHOL lipid 

bilayer at the beginning, with the C-terminus located near the mid-plane of the bilayer 

and residue Lys28 located near the water-headgroup interfacial region. The number of 

alpha-helix structures in the LID of Aβ42 was manipulated to assess the dependence of 
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the protein insertion dynamics on the secondary structure of the protein. The protein 

insertion dynamics obtained from CG simulations was very different from that from 

atomistic simulations. The CG simulation results showed that Aβ42 in almost all 

systems dived out of the lipid bilayer and ended up in a surface state irrespective of its 

secondary structure; but the resident time of the LID of Aβ42 in the lipid bilayer 

increased nonlinearly with the number of α-helix structures in the LID. On the 

contrary, atomistic simulation results showed that inserted state of Aβ42 was more 

favorable than surface state[16],  and the insertion rate was correlated to the 

secondary structure of the protein. 

The discrepancy with respect to the Aβ42 insertion dynamics between CG and 

atomistic simulations was related to the secondary structure dependency of 

protein/lipid interaction in MARTINI force field. According to the force field, 

backbone particles of amino acid residues committed in helix structure are nonpolar, 

while those in random coil structure are polar[25]. Therefore, the more random 

structures in the LID of Aβ42, higher the energy penalty for the LID to be inside the 

hydrophobic interior of lipid bilayer. This was demonstrated not only in the nHX 

systems, but also in the D3 and B2 systems. In the latter two systems, Aβ42 started 

with an inserted state in lipid bilayers, and the residues in LID were mostly in random 

structures; Aβ42 in all replicates in D3 and one of the 4 replicates in B2 adopted a 

surface state. It took a longer time, as compared with the nHX systems, for Aβ42 to 

switch from an inserted state to surface state in these two systems because it involved 

a competing process in which the repelling of the polar amino acid backbones upward 

from the hydrophobic acyl chain region of lipid bilayer was counteracted by the 

electrostatic attraction of the negative charged C-terminus to the headgroup region of 

the lower layer, and vice versus. Eventually, the systems crossed an energy barrier 
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and stabilized itself in a surface state. Additionally, the nonelectrostatic CG model of 

water also contributed to the dynamics of Aβ42 in systems studied here. Yethiraj et 

al.[43] pointed out that the MARTINI water model didn’t reproduce correct dipole 

potential at the headgroup-water interface of DPPC lipid bilayer, the potential inside 

the bilayer was negative instead of positive as in experiments and atomistic 

simulations. Qualitatively, this inverted membrane potential exerted electrostatic force 

on the charged residues in the nLID of Aβ42 and added to the deviation of the 

insertion dynamics from what would be in atomistic simulations.   

 Despite that the system dynamics revealed by CG simulation in general 

doesn’t agree with atomistic simulation, the CG simulation has a better phase space 

sampling efficiency. For complex systems involving protein/lipid interactions, in 

general, multiple free energy local minima exist, separated by energy barriers. It is 

common that the energy barriers are too high for an atomistic simulation to overcome 

in a practical time scale, so that the result of simulation will be biased by the initial 

state of the system. On the other hand, the relative smooth energy landscape in CG 

model is more conducive to sampling of more system configurations. But there is no 

guarantee that the distribution of system ensemble obtained in CG model is the same 

as what would be in atomistic model. More importantly, a stable configuration in CG 

model may not be stable in atomistic model. Nevertheless, we could transform a 

system in CG model back to the more detailed atomistic model; relax the system 

under the more rugged atomistic energy landscape through simulation to validate the 

stability of a configuration and obtain ensemble averages of interested structural and 

dynamical properties of the system. In this spirit, a multiscale procedure, see 

MATERIALS AND METHODS, was employed in this study to investigate protein-
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lipid interactions in 4 systems, e.g., D1, D3, B1 and B2, containing protein of 

different secondary structures in different lipid environments.  

Results for D1 and D3 revealed a relation between the insertion depths of Aβ42 

in cholesterol-enriched POPC bilayer and its secondary structure. The number of 

alpha-helix structures in LID of Aβ42 was different for the two systems; it was 9 for 

D1 versus 2 for D3. Aβ42 in both systems started from an inserted state; after 1 µs CG 

simulation, Aβ42 in D1 resulted in an extended inserted state whereas in D3 the 

protein went to the bilayer surface, i.e., in a surface state. Both protein states obtained 

in CG simulations were stable in the corresponding detailed atomistic model. This 

shows that the Aβ42 insertion in cholesterol-enriched POPC bilayer is modulated by 

the secondary structure of its LID. It also suggests that the inserted state of Aβ42 is a 

local energy minimum, which is separated by an energy barrier to either the extended 

inserted state or the surface state. The heights of the energy barriers are function of 

alpha-helix structures in LID. Although no transition from inserted state to extended 

inserted state of Aβ42 was observed in atomistic simulations[16], there are 

experimental evidence[18, 19, 24] supporting the existence of extended inserted state 

of Aβ42 in lipid membrane. These experimental studies focused on the toxic segment 

of Aβ(25-35) of the protein and discovered that the toxic segment was located in the 

bilayer hydrocarbon core using x-ray diffraction and small-angle neutron scattering. 

Our result further suggests that the discovery may also hold for the full-length Aβ42 

protein. On the other hand, the surface state of Aβ42 in lipid bilayer is commonly 

observed either in vitro or in vivo. The modulation effect of secondary structure in the 

insertion dynamics of Aβ42 may play a role in the pathogenesis of AD and its therapy, 

if only one of the two states, e.g., extended state or surface state, is implicated in AD. 
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While the results for D1 and D3 demonstrate the effectiveness of multiscale 

simulation in enhancing the phase space sampling ability, the results for B1 and B2 

show the limitation of the method. The lipid bilayers in B1 and B2 are pure POPC.  

Similar to the case for D1 and D3, Aβ42 in the two systems had different secondary 

structure. Aβ42 in B1 started with 11 alpha-helix structures in LID but 0 in B2. The 

CG simulation showed that Aβ42 in all replicates of B1 maintained the inserted state 

from the beginning, but changed to a surface state in B2-CG1. This shows the 

cholesterol effect on the Aβ42. In the absence of cholesterol, the energy barrier 

between the inserted state and extended state or surface state is higher such that the 

insertion dynamics of Aβ42 is insensitive to its secondary structure. The final CG 

structures of B1 and B2 systems could not be validated in atomistic simulation 

because they became unstable after reverse mapping from CG model, showing 

membrane breakage within 200 ns atomistic simulation time. The membrane breakage 

was no due to the perturbation effect of protein but the RSA simulation, since the 

same happened to pure POPC bilayer systems went through the same multiscale 

procedure. The RSA rendered the softer POPC bilayer in unstable configuration. The 

failure in B1 and B2 calls for a better method to handle the transition between 

atomistic and CG models.  

A recent experimental study[11] implicated that lysine plays a major role in 

Aβ42 folding and neurotoxicity. It shown that a substitution of Lys28 with Ala resulted 

in substantial change in protein folding and assembly. Furthermore, the toxicity of 

substituted Aβ42 analogue was also much lower than the wild type, supporting the 

view of lysine as the major toxic agent in many of the disease-related amyloidogenic 

proteins[11]. Our result shows that the hydrogen bond pattern of Lys28 is 

substantially influenced by the protein/lipid orientations. In the extended inserted 
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state, the Lys28 forms hydrogen bonds with side-chains and backbone of other 

residues in its vicinity. This may suggest that an Aβ42 in extended inserted state would 

be interfered with its interaction with its pathogenic cellular targets in vivo. Moreover, 

in the extended inserted state, the N-terminal domain of the protein is lowered to the 

interfacial region of the lipid bilayer, affecting the interaction of residue Lys16, which 

is another major toxicity mediator, with other components of the system. In the 

surface state, the Lys28 forms hydrogen bonds mainly with the phosphate and 

glycerol groups of POPC, or the hydroxyl group of cholesterol. Since the Lys28 is 

more exposed to the extracellular environment, it would contribute more to the 

assembly and aggregation of Aβ42 protein in oligomer formation, as it had been shown 

that Lys28 plays a role in determining the fibril morphology[11]. 

The results of MD simulation are necessarily related to the force field that 

describes the interactions of atoms. In this study, we employed Berger lipid force field 

[61] for POPC and cholesterol, and ffgmx force field for protein. Berger force field is 

a united-atom force field, which has been widely used in combination with various 

all-atom or united-atom force fields in MD simulations of pure lipid and lipid-protein 

systems[16, 21, 32, 62]. ffgmx force field is an variant of GROMOS87, with 

improvements in water-carbon interactions and aromatic residues[63, 64], which is 

also a united-atom force field. The united-atom force was preferred because of the 

greatly reduced computational cost as compared to all-atom force field. It was 

suggested that when combining the Berger and ffgmx force fields, the interactions 

between amino acids with large aliphatic groups, such as Lys, Arg, Ile, Leu and Val, 

and the lipid hydrocarbon core are overestimated[65]; but this suggestion was not 

based on comparison of simulation data with experimental data, due to limited 

experimental evidence for lipid-protein interactions[66]. In this study, we used a 
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multiscale simulation scheme to study the interaction of Aβ42 with lipid bilayers; the 

results regarding protein transmembrane orientation obtained from simulations using 

either CG or atomistic force field agree with each other, indicating that the subtle 

effect of a force field on the simulation would not change the physics of the system 

fundamentally. 
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4.5 CONCLUSION 

A multiscale MD simulation method was applied to the study of early intermolecular 

interaction of human Alzheimer’s protein Aβ42 in cholesterol-containing and 

cholesterol-depleted POPC lipid bilayers. It was demonstrated that multiscale 

simulation is capable of surveying more extended area of free energy landscape of a 

system than atomistic simulation; a new Aβ42–lipid orientation was discovered and its 

stability validated. This new Aβ42–lipid orientation may serve as a novel starting 

structure in investigation of pathological pathway of Aβ42 in AD through simulation, 

and may be implicated in the possible future therapeutic strategies. While it was 

successful in the D1 and D3 system, stability issue of multiscale method was also 

demonstrated in B1 and B2 systems, where there was a softer pure POPC lipid 

bilayer. It shows that, at its current stage, the multiscale method has limitation in its 

application scope and improvements are required to make it applicable to more 

systems of interest. 
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Table 4.1. nHX systems for studying Aβ42 insertion dynamics in POPC/CHOL 

bilayer  using MARTINI model 

nH Number of 
replicates 

X Simulation time 
(ns) 

Final Orientation1 

0 4 0 50 SU 
1 4 1 50 SU 
2 4 2 50 SU 
3 4 3 50 SU 
4 4 4 50 SU 
5 4 5 50 SU 
6 4 6 50 SU 
7 4 7 50 SU 
8 4 8 50 SU 
9 4 9 50 SU 

10 4 10 50 SU and PI2 
1 Final membrane-orientation of Aβ42 at 50 ns of CG simulation, including surface 

state (SU) and partial inserted state (PI). 2 rep4 of nH10 was in partial inserted state at 

the end of 50 ns CG simulation.
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Table 4.2. Summary of Multiscale MD simulations of Pre-Inserted Aβ42 in 

PC/CHOL and  PC bilayers.  

System CG-MD1  RSA2  Atomistic MD3 (Orientation4) 

D1a  D1-CG1 D1-CG1-r D1-CG1-r-A0 (EI) and D1-CG1-r-A1 (EI)  

(PC/CHOL) D1-CG2 D1-CG2-r D1-CG2-r-A0 (EI) and D1-CG2-r-A1 (EI) 

 D1-CG3 D1-CG3-r D1-CG3-r-A0 (EI) and D1-CG3-r-A1 (EI) 

 D1-CG4 D1-CG4-r D1-CG4-r-A0 (EI) and D1-CG4-r-A1 (EI) 

    

D3b D3-CG1 D3-CG1-r D3-CG1-r-A0 (SU) and D3-CG1-r-A1 (SU)  

(PC/CHOL) D3-CG2 D3-CG2-r D3-CG2-r-A0 (SU) and D3-CG2-r-A1 (SU)  

 D3-CG3 D3-CG3-r D3-CG3-r-A0 (SU) and D3-CG3-r-A1 (SU)  

 D3-CG4 D3-CG4-r D3-CG4-r-A0 (SU) and D3-CG4-r-A1 (SU)  

    

B1c B1-CG1 B1-CG1-r B1-CG1-r-A0 (I) and B1-CG1-r-A1 (I)  

(PC) B1-CG2 B1-CG2-r B1-CG2-r-A0 (I) and B1-CG2-r-A1 (I)  

 B1-CG3 B1-CG3-r B1-CG3-r-A0 (I) and B1-CG3-r-A1 (I)  

 B1-CG4 B1-CG4-r B1-CG4-r-A0 (I) and B1-CG4-r-A1 (I)  

    

B2d B2-CG1 B2-CG1-r B2-CG1-r-A0 (SU) and B2-CG1-r-A1 (SU)  

(PC) B2-CG2 B2-CG2-r B2-CG2-r-A0 (I) and B2-CG1-r-A1 (I)  

 B2-CG3 B2-CG3-r B2-CG3-r-A0 (I) and B2-CG1-r-A1 (I)  

 B2-CG4 B2-CG4-r B2-CG4-r-A0 (I) and B2-CG1-r-A1 (I)  
a,b Folded and unfolded membrane pre-inserted states of Aβ42 in PC/CHOL bilayers, 

respectively, from previous 200 ns atomistic simulations. c,d Folded and unfolded membrane 

inserted states of Aβ42 in PC bilayers, respectively, from previous 200 ns atomistic 

simulations. 1 1000 ns Coarse-Grained (CG) MD-simulations. 2 100 ps Restrained simulated 

annealing (RSA) simulation. 3 200 ns atomistic MD-simulations. 4 Membrane-orientation of 

Aβ42 in equilibrium, including extended inserted (EI) state, inserted (I) state and surface (S) 

state.  
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FIGURE CAPTIONS 

Figure 4.1. Demonstration of Aβ42 insertion dynamics in POPC/CHOL lipid 

bilayer in CG-simulations. Three representative systems are demonstrated: a system 

(nH0) with 0 alpha-helix structure in the lipid insertion domain (LID), i.e., between 

Lys28 and C-terminus, is shown in first row; another two systems (nH5 and nH10) with 

5 and 10 alpha-helix structures in the LID are shown in second and third row, 

respectively. For each row, the first figure from left shows the system configuration at 

0 ns; the second figure shows the sytem configuration at a moment when the C-

terminus was midway from its initial position to the water-lipid interfacial region of 

the upper layer; the last figure shows the final system configuration at 50 ns. In 

general, the backbone and side-chains of coarse-grained Aβ42 are depicted as pink and 

yellow spheres, respectively, except for side-chain of Lys28 and Ala42 (C-terminus), 

which are highlighted as green and red spheres, respectively. Furthermore, in order to 

stress the difference in number of alpha-helix in the LID, residues forming alpha-helix 

are depicted as purple spheres. The trimethylammonium (NC3) and phosphate (PO4) 

groups of POPC are depicted as green and red dots, respectively; the glycerol and acyl 

chains of POPC are depicted as gray dots. The particles of cholesterol are depicted as 

pink dots and water is not shown for clarity. 

Figure 4.2. Plots of minimum distance between C-terminus (Ala42) and 

trimethylammonium (NC3) groups of POPC versus simulation time. Results for 

various representative CG systems are shown: (A) nH0 rep2, (B) nH4 rep4, (C) nH6 

rep2, (D) nH8 rep3, (E) nH10 rep2 and (F) nH10 rep4. The distance between Ala42 and 

NC3 in the upper layer is plotted in black and that in the lower layer in red. 

Figure 4.3. Statistics of resident time of Aβ42 in partially inserted state in 

POPC/CHOL bilayer versus number of alpha-helix structures in LID. Resident 
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times for different replicates are depicted as open circles; mean resident time for 

replicates with same number of α-helix structures is depicted as solid black circle. 

Error bar represents standard error. 

Figure 4.4. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for D1. Starting from a partially inserted state (A), the Aβ42 attained an 

inserted state (B) in the POPC/CHOL bilayer in 10 ns of atomistic MD-simulation. 

Upon an atomistic-to-CG transformation, the CG equivalent (C) to the last atomistic 

configuration was obtained and served as the starting construct for a 1000 ns CG MD-

simulation. The final equilibrated system structure in CG is shown in (D), where the 

Aβ42 attained an extended inserted state. A CG-to-atomistic transformation mapped 

the last CG system structure back to its equivalent atomistic representation (E), and a 

200 ns atomistic MD-simulation further relaxed the system to its final atomistic 

structure (F) in which Aβ42 maintained a stable extended inserted state. For atomistic 

structures (A, B, E and F), the backbone of Aβ42 is represented as an orange ribbon; 

while the positively and negatively charged residues are shown as green and red 

licorices, the neutral ones are suppressed. The residue Lys28 and Ala42 are 

highlighted as oversized licorices. The NC3 group of POPC is depicted as a green 

sphere and the phosphate group of POPC a red sphere; the acyl chains are rendered as 

gray lines. The hydroxyl group of cholesterol is depicted as pink sphere and the 

hydrophobic part as pink lines. For CG structures (C and D), the backbone of the 

protein is shown as large pink spheres and the side-chains as yellow spheres, except 

for Lys28 and Ala42, which are highlighted as green and red large spheres, 

respectively. The particles representing the NC3 and PO4 groups of CG POPC are 

shown as small green and red spheres, respectively. The rest part of CG POPC is 
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shown as small gray spheres. The constituting particles of CG cholesterols are shown 

as small pink spheres. 

Figure 4.5. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D1 in CG simulation. Results for all CG replicates of 

D1, e.g., D1-CG1 (A), D1-CG2 (B), D1-CG3 (C) and D1-CG4 (D) are shown. 

Distance with respect to PO4 in the upper layer is plotted in black and that to the 

lower layer in red. 

Figure 4.6. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D1 in CG simulation. Results for all CG 

replicates of D1, e.g., D1-CG1 (A), D1-CG2 (B), D1-CG3 (C) and D1-CG4 (D) are 

shown. Distance with respect to NC3 in the upper layer is plotted in black and that to 

the lower layer in red. 

Figure 4.7. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D1 in atomistic simulation. Results for representative 

D1 replicates: D1-CG1-r-A0 (A), D1-CG2-r-A0 (B), D1-CG3-r-A1 (C) and D1-CG4-

r-A1 (D) are shown. Distance with respect to PO4 in the upper layer is plotted in 

black and that to the lower layer in red. 

Figure 4.8. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D1 in atomistic simulation. Results for 

representative D1 replicates: D1-CG1-r-A0 (A), D1-CG2-r-A0 (B), D1-CG3-r-A1 (C) 

and D1-CG4-r-A1 (D) are shown. Distance with respect to NC3 in the upper layer is 

plotted in black and that to the lower layer in red. 

Figure 4.9. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for D3.  Starting from a partially inserted state (A), the Aβ42 attained an 

inserted state (B) in the POPC/CHOL bilayer in 200 ns of atomistic MD-simulation. 
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Upon an atomistic-to-CG transformation, the CG equivalent (C) to the last atomistic 

configuration was obtained and served as the starting construct for a 1000 ns CG MD-

simulation. The final equilibrated system structure in CG is shown in (D), where the 

Aβ42 attained a surface state. A CG-to-atomistic transformation mapped the last CG 

system structure back to its equivalent atomistic representation (E), and a 200 ns 

atomistic MD-simulation further relaxed the system to its final atomistic structure (F) 

in which Aβ42 maintained a stable surface state. Refer to Figure 4.4 for legends. 

Figure 4.10. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D3 in CG simulation. Results for all CG replicates of 

D3, e.g., D3-CG1 (A), D3-CG2 (B), D3-CG3 (C) and D3-CG4 (D) are shown. 

Distance with respect to PO4 in the upper layer is plotted in black and that to the 

lower layer in red. 

Figure 4.11. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D3 in CG simulation. Results for all CG 

replicates of D3, e.g., D3-CG1 (A), D3-CG2 (B), D3-CG3 (C) and D3-CG4 (D) are 

shown. Distance with respect to NC3 in the upper layer is plotted in black and that to 

the lower layer in red. 

Figure 4.12. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D3 in atomistic simulation. Results for representative 

D3 replicates: D3-CG1-r-A1 (A), D3-CG2-r-A0 (B), D3-CG3-r-A1 (C) and D3-CG4-

r-A0 (D) are shown. Distance with respect to PO4 in the upper layer is plotted in 

black and that to the lower layer in red. 

Figure 4.13. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D3 in atomistic simulation. Results for 

representative D3 replicates: D3-CG1-r-A1 (A), D3-CG2-r-A0 (B), D3-CG3-r-A1 (C) 
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and D3-CG4-r-A0 (D) are shown. Distance with respect to NC3 in the upper layer is 

plotted in black and that to the lower layer in red. 

Figure 4.14. Plots of hydrogen bond pattern of Lys28 side-chain. Fraction of time 

in the last 50 ns of atomistic simulations when a hydrogen bond was detected is 

plotted for each partner of Lys28 side-chain in forming hydrogen bond for D1 (left 

panel) and D3 (right panel). Data for trajectories after CG simulation is plotted in 

blue, and data for trajectories before CG simulation is in black. 

Figure 4.15. Representative diagrams showing hydrogen bonds involving Lys28 

side-chain. Lys28 side-chain (green licorice) could form hydrogen bonds with Aβ42 

protein (cyan ribbon) and POPC (blue line). In the inserted state of D1 (panel A), the 

Lys28 side-chain formed one hydrogen bond (dotted purple line) with the PO4 group 

(orange licorice) of one POPC, and another one with the glycerol (pink licorice), 

denoted as -O- in the diagram, of another POPC; in the extended inserted state of D1 

(panel B), the Lys28 side-chain formed 4 intra-peptide hydrogen bond with the 

backbone carbonyl group of Val24 (blue licorice), Asn27 (orange licorice), Gly29 

(purple licorice) and Ile31 (pink licorice); in the inserted state of D3 (panel C), the 

Lys28 side-chain formed 2 hydrogen bonds with the PO4 and glycerol groups of a 

POPC; in the surface state of D3 (panel D), the Lys28 side-chain formed 2 hydrogen 

bonds with the 2 carboxylic oxygen atoms of the Ala42, and another 2 hydrogen 

bonds with the PO4 groups of two POPC.  

Figure 4.16. DSSP plots of representative atomistic D1 systems. 

Figure 4.17. DSSP plots of representative atomistic D3 systems. 

Figure 4.18. Statistics of secondary structure of Aβ42 in D1 and D3. Number of 

residues versus various secondary structures, e.g., helix, beta, turn and loop, is plotted 

for D1 (blue) and D3 (red) with respect to the hydrophilic N-terminal domain (upper 
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panel), which consists of residue 1 to 27, and the hydrophobic C-terminal (lower 

panel) domain, which consists of residue 28 to 42. 

Figure 4.19. Plots of order parameter of acyl chains of POPC in D1. Order 

parameter of sn-1 acyl chain in the AL (nAL) region is depicted as filled (open) red 

triangle for both upper and lower layers; order parameter of sn-2 acyl chain in the AL 

(nAL) region is depicted as filled (open) blue circle for both upper and lower layers. 

Figure 4.20. Plots of order parameter of acyl chains of POPC in D3. Refer to 

Figure 4.19 for legends. 

Figure 4.21. Plots of difference in acyl chain order parameter Sc between AL and 

nAL regions. The difference in order parameter (Sc of AL – Sc of nAL) in D1 (left 

panel) or D3 (right panel) is plotted for sn-1 (red circle) or sn-2 (blue triangle) acyl 

chain with respect to the upper (filled symbol) or lower layer (open symbol). Each 

data point is represented as mean ± standard error. 

Figure 4.22. Statistics of cholesterol order parameter. Statistics (mean ± SE) of 

order parameter of cholesterol in D1, D3, and other system (AA) studied 

previously[16] are compared. The result for the AL region of the upper layer, the nAL 

region in the upper layer, the AL region in the lower layer and the nAL region in the 

lower layer, is shown in red, black, blue and purple, respectively. 

Figure 4.23. Density Profiles of phosphate, interfacial oxygen and water. Number 

densities of the phosphate group of POPC (A), interfacial oxygen atom of CHOL (B) 

and water (C) are compared among three systems with different protein-lipid 

orientations, i.e., the extended inserted state of the D1 system (red), the surface state 

of D3 system (blue) and the atomistic system[16] studied previously (black), for 

different regions, AL (filled symbol) and nAL (open symbol), of the lipid membrane, 

to investigate the perturbation effect of the protein on the membrane. Peak to peak 
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distances (D) for phosphate and interfacial oxygen are also determined and shown. 

Data is presented as mean ± standard error.   

Figure 4.24. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for B1.  Starting from a partially inserted state (A), the Aβ42 attained an 

inserted state (B) in the POPC bilayer in 30 ns of atomistic MD-simulation. Upon an 

atomistic-to-CG transformation, the CG equivalent (C) to the last atomistic 

configuration was obtained and served as the starting construct for a 1000 ns CG MD-

simulation. The final equilibrated system structure in CG is shown in (D), where the 

Aβ42 maintained an inserted state. A CG-to-atomistic transformation mapped the last 

CG system structure back to its equivalent atomistic representation (E), and a 200 ns 

atomistic MD-simulation relaxed the system to its final atomistic structure (F), in 

which Aβ42 maintained an inserted state. Refer to Figure 4.4 for legends. 

Figure 4.25. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for B1 in CG simulation. Results for all CG replicates of 

B1, e.g., B1-CG1 (A), B1-CG2 (B), B1-CG3 (C) and B1-CG4 (D) are shown. 

Distance with respect to PO4 in the upper layer is plotted in black and that to the 

lower layer in red. 

Figure 4.26. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for B1 in CG simulation. Results for all CG 

replicates of B1, e.g., B1-CG1 (A), B1-CG2 (B), B1-CG3 (C) and B1-CG4 (D) are 

shown. Distance with respect to NC3 in the upper layer is plotted in black and that to 

the lower layer in red. 

Figure 4.27. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for B2.  Starting from a partially inserted state (A), the Aβ42 attained an 

inserted state (B) in the POPC bilayer in 30 ns of atomistic MD-simulation. Upon an 
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atomistic-to-CG transformation, the CG equivalent (C) to the last atomistic 

configuration was obtained and served as the starting construct for a 1000 ns CG MD-

simulation. The final equilibrated system structure in CG is shown in (D), where the 

Aβ42 maintained an inserted state. A CG-to-atomistic transformation mapped the last 

CG system structure back to its equivalent atomistic representation (E), and a 200 ns 

atomistic MD-simulation was intended to relax the system; however, the system 

became unstable, as shown in (F) where the lipid membrane collapsed. Refer to 

Figure 4.4 for legends. 

Figure 4.28. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for B2 in CG simulation. Results for all CG replicates of 

B2, e.g., B2-CG1 (A), B2-CG2 (B), B2-CG3 (C) and B2-CG4 (D) are shown. 

Distance with respect to PO4 in the upper layer is plotted in black and that to the 

lower layer in red. 

Figure 4.29. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for B2 in CG simulation. Results for all CG 

replicates of B2, e.g., B2-CG1 (A), B2-CG2 (B), B2-CG3 (C) and B2-CG4 (D) are 

shown. Distance with respect to NC3 in the upper layer is plotted in black and that to 

the lower layer in red. 

Figure 4.30. An illustration of how to determine the lipid breaking time for B1, 

B2, and pure POPC control systems. Top view (first row) and side view (second 

row) of a representative system are shown at 3 consecutive simulation times. The first 

snapshot at 70.5 ns (first column) was taken right before the hole formation; the 

second snapshot at 71 ns (second column) was taken at the moment the hole 

formation was starting; and the last snapshot at 71.5 ns (third column) was taken right 

after the hole started to form. The POPC molecules in the top views and the water 
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molecules in the side-views are both highlighted in white. Red arrows in the top views 

indicate the location of the hole; while the red arrows in the side-views indicate the 

water penetration through the hole. 

Figure 4.31. Statistics of breaking time of POPC membrane. POPC membrane 

breaking times for different systems are compared. The control system corresponds to 

pure POPC lipid bilayer in the absence of Aβ42; the nH0 system corresponds to B2, in 

which Aβ42 has zero α-helix in the LID; the nH11 system corresponds to B1, in which 

Aβ42 has 11 alpha-helix in the LID. The data for replicates in different systems are 

depicted as open circles; mean breaking time for each type of system is depicted as 

solid black circle. Error bar represents standard error. 
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FIGURES 

 

Figure 4.1. Demonstration of Aβ42 insertion dynamics in POPC/CHOL lipid 

bilayer in CG-simulations. 
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Figure 4.2. Plots of minimum distance between C-terminus (Ala42) and 

trimethylammonium (NC3) groups of POPC versus simulation time. 



Texas Tech University, Liming Qiu, May 2013 
 

  201 

 

Figure 4.3. Statistics of resident time of Aβ42 in partially inserted state in 

POPC/CHOL bilayer versus number of alpha-helix structures in LID. 
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Figure 4.4. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for D1. 



Texas Tech University, Liming Qiu, May 2013 
 

  203 

 

Figure 4.5. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D1 in CG simulation. 
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Figure 4.6. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D1 in CG simulation. 
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Figure 4.7. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D1 in atomistic simulation. 
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Figure 4.8. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D1 in atomistic simulation. 
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Figure 4.9. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for D3. 
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Figure 4.10. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D3 in CG simulation. 
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Figure 4.11. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D3 in CG simulation. 
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Figure 4.12. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for D3 in atomistic simulation. 
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Figure 4.13. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for D3 in atomistic simulation. 
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Figure 4.14. Plots of hydrogen bond pattern of Lys28 side-chain. 
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Figure 4.15. Representative diagrams showing hydrogen bonds involving Lys28 

side-chain. 
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Figure 4.16. DSSP plots of representative atomistic D1 systems. 
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Figure 4.17. DSSP plots of representative atomistic D3 systems. 
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Figure 4.18. Statistics of secondary structure of Aβ42 in D1 and D3. 
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Figure 4.19. Plots of order parameter of acyl chains of POPC in D1. 
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Figure 4.20. Plots of order parameter of acyl chains of POPC in D3. 
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Figure 4.21. Plots of difference in acyl chain order parameter Sc between AL and 

nAL regions. 
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Figure 4.22. Statistics of cholesterol order parameter. 
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Figure 4.23. Density profiles of phosphate, interfacial oxygen and water. 
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Figure 4.24. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for B1. 
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Figure 4.25. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for B1 in CG simulation. 
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Figure 4.26. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for B1 in CG simulation. 



Texas Tech University, Liming Qiu, May 2013 
 

  225 

 

Figure 4.27. Demonstration of the atomistic-CG-atomistic multiscale simulation 

procedure for B2. 
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Figure 4.28. Plots of minimum distance between Lys28 and PO4 group of POPC 

versus simulation time for B2 in CG simulation. 
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Figure 4.29. Plots of minimum distance between C-terminus and NC3 group of 

POPC versus simulation time for B2 in CG simulation. 
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Figure 4.30. An illustration of how to determine the lipid breaking time for B1, 

B2, and pure POPC control systems. 
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Figure 4.31. Statistics of breaking time of POPC membrane. 
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