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Abstract

We have used coarse-grained (CG) and united atom (UA) molecular dynamics simulations to
explore the mechanisms of protein orientational transition of a model peptide (AB42) in a
phosphatidylcholine/cholesterol (PC/CHO) lipid bilayer. We started with an inserted state of AP,
containing a folded (1) or unfolded (1) K28-A42 lipid insertion domain (LI1D), which was
stabilized by the K28-snorkeling and A42-anchoring to the PC polar groups in the lipid bilayer.
After a UA-to-CG transformation and a 1000 ns-CG simulation for enhancing the sampling of
protein orientations, we discovered two transitions: 1-to-"deep inserted” state with disrupted K28-
snorkeling and I1-to-"deep surface” state with disrupted A42-anchoring. The new states remained
stable after a CG-to-UA transformation and a 200 ns-UA simulation relaxation. Significant
changes in the cholesterol-binding domain of AB,, and protein-induced membrane disruptions
were evident after the transitions. We propose that the conformation of the LID regulates protein
orientational transitions in the lipid membrane.
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l. INTRODUCTION

Membrane protein orientations in lipid membranes play a key role in normal, pathogenic
and therapeutic cellular processes such as signal transduction, protein-misfolding disorders,
and drug delivery to cells [1-3]. At present, the detailed molecular mechanisms that regulate
protein orientational transition and the subsequent protein/lipid interaction in a lipid bilayer
that signal various cellular processes remain unclear.

A 42-residue beta-amyloid (AP) or AP, represents an ideal membrane-active protein model
to study protein orientational transition and protein/lipid interactions [4] in a lipid bilayer.
Monomeric AP peptides of different lengths are released by the concerted proteolytic
cleavage of the amyloid precursor protein by beta and gamma secretases in neurons [5].
Among other shorter alloforms of AB, AB42 is more neurotoxic and has higher propensity to
self-aggregate in aqueous solution or in membrane [6]. The C-terminal (K28-A42) of A4y
represents a distinctive lipid insertion domain (LID) containing 13 non-polar amino acid
residues bounded, at physiological pH, by a positively charged lysine (K28) and a negatively
charged C-terminus (A42) [7]. Interestingly, this LID contains several key elements of
protein membrane translocation: (i) a charged K28 that can bind to a lipid target on the
upper lipid leaflet, (ii) a charged A42 that can anchor the entire peptide by binding to the
lower lipid leaflet, and (iii) a loosely folded transbilayer insertion structure [8-10].

Due to its amphiphilic structure, AB4,. may exhibit different protein orientational states that
strongly depend on the protein conformation and lipid environment [11, 12]. Starting from a
“partially inserted” state of APy, as predicted by NMR [7], previous simulation studies [13,
14] have established that the C-terminus (A42) of the protein can descend and anchor to the
polar headgroup region of the lower leaflet of the lipid bilayer or undergo a “partially
inserted”-to-"fully inserted” orientational state transition within 50 ns of an atomistic
simulation. Note that the previous NMR work [7] was performed on a lipid membrane
mimic, i.e., a SDS micelle environment, which may not be totally equivalent to the natural
lipid bilayer system as used in this work. Protein orientational states, including inserted and
surface, of various AP peptides have been experimentally verified in various studies [15-
17]. Questions remain about the stability of the inserted state and the mechanisms that
regulate the transition from the inserted state to other state such as the surface state. In
addition, the alterations of the protein/lipid interactions, e.g., protein binding behavior to
nearby lipids, membrane disruption and bilayer thickness, due to the transition at atomistic
details are unclear.

Using a multi-resolution molecular dynamics (MD) simulation approach, we explored the
transition behavior of protein orientational states of A4, on the subnanosecond time scale
and at both united atom (UA) and coarse-grained (CG) spatial resolutions in a fully hydrated
binary phosphatidycholine/cholesterol (PC/CHO) bilayer. The use of a UA-to-CG mapping
of the starting UA structure and the subsequent CG simulation allowed sampling new
protein orientational states more effectively than the UA simulation alone [18, 19]. On the
other hand, the following reverse CG-to-UA mapping and the subsequent UA simulation
[18, 20], which relaxed the reconstructed UA structure, allowed characterizations of the
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protein conformation and the subsequent lipid/protein interactions in the new protein
orientational states with high spatial resolutions.

We started with a UA inserted state of ABo containing a folded (1) or unfolded (II) LID in a
phosphatidylcholine/cholesterol (PC/CHO) bilayer that mimics a partially folded or
unfolded membrane-active protein embedded in the cholesterol-enriched raft domain of the
cell membrane [21]. Our previous UA simulation studies [13, 14] have established the dual-
stabilizing, protein/lipid interaction mechanism of A4, via the K28-snorkeling and A42-
anchoring to the upper and lower leaflets of the PC/CHO bilayer for both the | and Il
complexes. The multi-resolution MD simulation approach used here explores new protein
orientational state transitions of AB, and to characterize the subsequent protein/lipid
interactions in the folded | and unfolded Il systems. Our major goal was to understand how
the folding of the LID (I vs. Il) in a protein influences the protein orientational transition and
the subsequent protein/lipid interaction behavior in a well-defined, model protein/membrane
system.

Since AP is an important amyloidogenic peptide in the brain [22], protein-interaction events
with neuronal membranes [11, 23], such as the protein orientational transitions and
subsequent protein/interactions of Af within the lipid bilayer studied here, are important
molecular events for understanding the complex pathogenic amyloid cascade pathways [5, 6,
16, 24-27] that lead to Alzheimer’s. Both computer simulations and complementary
experiments such as NMR and single-molecule imaging and spectroscopy are urgently
needed to uncover the basic mechanisms governing these events [28]. There have been a
number of recent MD simulations of Af peptide in or on model membranes with different
starting structures [13, 14, 29-33]. Simulations of aggregation and release processes [30, 31,
33] of AP are relevant to this work, because they represent the future molecular events that
take place after the completion of the predicted protein orientational transitions. In addition,
our predicted structures of the new protein orientational states may signal further
downstream folding/unfolding, binding and self-aggregation phenomena in the complex
membrane-associated amyloid cascade pathways that may contribute to the pathogenesis of
Alzheimer’s.

Il. MATERIALS AND METHODS

A. Starting Structures of Protein/Lipid/Water/lon Complexes

1. Protein—We used the human AP4» in this study, and its sequence [34] is:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

The N-terminus and C-terminus are D1 and A42, respectively. AB4o has two segments, an
N-terminal D1-N27 (non-LID) and a C-terminal K28-A42 (LID), which is in bold. The LID
or lipid insertion domain has 13 non-polar residues, G29 to 141, flanked by the polar K28
and A42 residues. The non-LID contains mainly polar residues. At neutral pH, there are six
negatively charged residues: E3, D7, E11, E22, D23 and a deprotonated C-terminus or A-42,
and three positively charged residues: R5, K16 and K28. Therefore, AB4, has a net charge of
-3.
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2. Lipid—We used two lipid molecules, 1-palmitoyl-2-oleoyl-phosphatidylcholine (PC)
and cholesterol (CHO). Here PC has a zwitterionic polar headgroup, a glycerol backbone
and two acyl chains; whereas CHO has a small polar group, four bulky ring groups and a
hydrocarbon tail. We identified 5 structural groups in PC: NC3, PO4, GLY, sn-1 chain and
sn-2 chain. Here, NC3 contains the positively charged trimethylammonium, PO4 the
negatively charged phosphate, sn-1 chain the saturated C16:0 acyl chain, and sn-2 chain the
mono-unsaturated C18:1 acyl chain with an unsaturated bond at the C9 and C10 positions.
For CHO, the three structural groups are ROH, Rings and Chain, representing the polar 3f3-
OH, four fused rings and the tail chain, respectively. A detailed labeling scheme and the
chemical structures of PC and CHO are given in Figs. S1 and S2 in Supporting Information.
NC3, PO4, GLY and ROH are all polar lipid groups and are capable of forming hydrogen
bonds with the polar residues of AB4».

3. Protein/lipid/water/ion complexes—We focused on two starting AB,/lipid/
water/ion complexes, | (initial) and 11 (initial). In both complexes AB4, was in a fully
inserted orientational state. These two starting structures were extracted from the previously
published D1 and D3 trajectories at 10 and 200 ns [14]. A detailed description of the UA
structures and the procedure to generate the D1 and D3 trajectories are given elsewhere [14].
The unfolding extent of AB,4,, expressed as the number of residues exhibiting non-hydrogen-
bonded structures [35] divided by the total number of residues in each segment of the
peptide and multiplied by 100, was 51.9% in the non-LID and 26.7% in the LID of the |
(initial), and 40.7% in the non-LID and 60% in the LID of the Il (initial) complex. Therefore
the LID was more unfolded in the Il (initial) complex than in the I (initial) complex. Three
positive counterions, Na* were present to ensure a charge neutral system for each starting
structure. Water was also present in the two starting structures.

B. MD Simulations of Protein/Lipid/Water/lon Complexes

1. UA-to-CG mapping method to generate starting CG complexes—A forward
mapping procedure, UA-to-CG mapping, was used to transform the starting UA APB4o/lipid/
water/ion complexes to the corresponding CG complexes. Protein and lipid molecules were
transformed using an AWK script (atom2cg_v2.1.awk) [36] and an in-house C program,
respectively, based on the UA-to-CG mapping scheme of the Martini model [36, 37]. These
programs assigned the coordinates of the CG beads to the corresponding centers of mass of
the atoms according to the mapping scheme. In general, four heavy atoms were transformed
to one CG bead for both protein and lipids.

Direct transformation of the original UA water [38] to CG water from the starting atomic
structure was not possible due to the steric conflict among CG water beads after
transformation and also the non-uniformly distributed interfacial water at the lipid/water
interface. Therefore, all water molecules were removed from the UA starting complexes and
replaced by randomized CG water. Similarly, UA sodium ions were removed and replaced
by CG sodium ions. In the Martini Model, one CG water represents four water molecules
but one CG sodium ion represents one sodium ion [36]. Our starting CG simulation system
consisted of 574 PC, 383 CHO, and 16,789 water with a box size of ~13.8 x 15.9 x 13.8
nm3,
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2. CG MD simulations—CG MD simulations were performed on the initial CG AP,/
lipid/water/ion complexes. We used the MARTINI 2.1 CG force field for protein [37], ion
and water, and MARTINI 2.0 CG force field for lipids [36]. For protein, the CG force field
requires the secondary structure of the protein. This secondary structure was determined
from the atomic coordinates of each starting complex using the DSSP (Define Secondary
Structure of Proteins) algorithm [35]. A leapfrog integrator with a 25 fs time step was used.
For the non-bonded interactions, a Leonard-Jones potential with cutoff at 1.2 nm and shifted
from 0.9 to 1.2 nm, and a coulomb potential shifted from 0 to 1.2 nm were used. A v-scale
thermostat [39] with a coupling time of 1 ps to maintain a fixed temperature of 310K, and a
Berendsen barostat [40] with a coupling time of 1 ps and a compressibility of 1x1074 bar™1
to achieve a semi-isotropic pressure of 1 bar along the x-y and z-directions were employed.
To ensure effective phase sampling, four independent simulation replicates, each with a
different initial velocity distribution but identical coordinates of the CG beads, were
generated for each starting CG structures. A 1000 ns-CG simulation was performed on each
replicate under constant number, pressure and temperature (NPT) condition with x-y-z
periodic boundaries.

3. CG-to-UA mapping to reconstruct UA complexes from CG complexes—A
reverse mapping procedure, CG-to-UA mapping, was performed to reconstruct the high-
resolution UA structures from the 1000 ns simulated CG structures. Detailed steps of this
reverse mapping procedure have been published by Rzepiela et al. 2010 [18]. Briefly, the
first step involved the reconstruction of an initial UA complex from the CG complex by
placing the constituent atoms randomly inside each corresponding CG bead within a radius
of 3 A for lipid and protein but 2.1 A for water. A restrained simulated annealing (RSA) MD
simulation was then performed for 100 ps. Here, an external restraining harmonic potential
with a force constant of 12,000 kJ mol~tnm~2 was applied to lipid and protein atoms to keep
the center of mass of those reconstituted atoms in close proximity to the center of the
corresponding CG bead. For water, a smaller harmonic force constant of 400 kJ mol~thm=2
was used for reconstructing four water molecules from a single CG water bead. Also, the
temperature was varied linearly from a high temperature Ty to the target temperature of
310K. For our case, the Ty for the protein and lipid reconstruction was at 1300K and that for
the water and ion at 400K.

Due to the random placement of atoms within the corresponding CG bead, large forces
occurred at the beginning of the simulation that caused instability of the simulation. To solve
this issue, a time varying force threshold or cap was applied in order to achieve a balance of
simulation stability while maintaining efficient phase sampling of the energy-minimized
structure throughout the simulation. In this work, the force threshold started from 15,000 kJ
mol~t nm~1 and increased linearly at a rate of 100 kJ mol~1 nm~1 ps~1. The RSA simulation
was performed at a constant volume with a 2 fs integration step. After the RSA, the external
restraining potential was slowly removed in 10 ps to create the reconstructed UA complex.
Our starting UA simulation system consisted of 574 PC, 383 CHO, and 67,099 water with a
size of ~13.8 x 15.9 x 13.7 nm3.
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4. UA simulations of reconstructed UA complexes—To ensure that the
reconstructed UA structures are properly relaxed and equilibrated, a 200 ns atomistic
simulation was performed on each reconstructed UA structure. Again, to improve phase
sampling of different conformations, two independent simulation replicates, each with a
different initial velocity distribution but identical coordinates, were generated for each of the
reconstructed UA complex. The details of the UA simulations have been published
elsewhere [13, 14]. Briefly, molecular dynamics simulations were performed under NPT
conditions using Gromacs 4.0 [41-44] with Berger et al. [45] and Holtje et al. [46] lipid
parameters and a modified GROMOS87 force field [47, 48]. The effect of force field on
behavior specific to this system has been discussed recently in detail [13]. Periodic boundary
conditions were applied each direction. A SPC model [38] was used for water. Electrostatic
interactions were estimated by Particle-Mesh-Ewald method with the direct space cutoff set
to 1.0 nm [49, 50]. Bond lengths were constrained by LINCS [51]. A leapfrog integrator
with a 2 fs time step was used to integrate the motion of the systems. Temperature baths of
310 K were coupled to water, lipids and protein separately, using a v-rescale thermostat [39]
with a coupling time of 0.05 ps. A Berendsen barostat [40] with a coupling time of 1 ps kept
the systems at an isotropic pressure of 1 atm.

C. Data Analysis

1. Protein secondary structures—The DSSP algorithm [35] was used to analyze the
secondary structures and their time evolution of AB,4, peptide in all reconstructed and
relaxed UA simulated complexes. In DSSP, a secondary structure was assigned to each
amino acid residue of the protein based on the atomic coordinates of the backbone NH and
CO dipoles between two amino acid residues using an electrostatic model. According to the
repeating pattern and locations of the residues, DSSP assigned 6 hydrogen-bonded
structures: 3-turn helix (G), 4-turn helix (H) and 5-turn helix (l), beta-sheet (E), isolated
beta-bridge (B) and turn (T), and two non-hydrogen bonded structures: coil (C) and bend
(S), at each time frame of all the UA simulations. Four reduced secondary structures, helix
(GHI), beta (EB), turn (T) and loop (SC), were used in this study to facilitate the analysis of
the hydrogen-bonded (GHI, EB NS T) and non-hydrogen bonded (SC) behavior of the
amino acid residues in AB4,. The Visual Molecular Dynamics (VMD) program [52] was
used to generate snapshots of proteins with detailed secondary structures as well as nearby
lipids in both CG and UA representations.

2. Residue-specific protein/lipid interaction dynamics—Residue-specific protein/
lipid interaction dynamics was analyzed using the minimum distance analysis tool,
g_mindist from GROMACS [53]. This tool calculates the minimum distance between any
atom of a protein group, e.g., the K28 or A42 side chain of a residue of Ay, to any atom of
a lipid group, e.g., the structural group PO4 or GLY of PC or ROH of CHO, for each time
frame in a simulated trajectory. This minimum distance dynamics analysis was applied to
trajectories in both UA and CG representations.

3. Residue-specific hydrogen bonding profile—Residue-specific protein/lipid,

protein/protein and protein/solvent hydrogen bonding profile was examined using the
hydrogen-bonding analysis tool, g_hbond from GROMACS [53]. This tool identifies the
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hydrogen bond partners between two groups, e.g., a specific residue of a protein (donor) and
a lipid, protein residue or solvent (acceptor). Hydrogen bonding between the two matched
pair is assigned when the threshold bonding distance and angle between the donor-acceptor
pair atoms are less than or equal to the default values of 3.5 A and 30°, respectively, from
GROMACS [53]. We used this tool to examine the K28 (donor) hydrogen bonding profile
with the acceptor from lipid (PC and CHO), protein (residues other than K28) and solvent
(water) in the UA complexes. Other than identifying the acceptors, the percentage of time
that K28 was engaged in hydrogen bonding with each identified acceptor within the last 50
ns of the 200 ns simulation was also determined for each UA trajectory. In addition, average
K28 hydrogen bonding profile was also generated by calculating the average K28 hydrogen
bonding time across all repeated replicates of each I or Il complex.

4. Annular and non-annular lipid and solvent analysis—To analyze the structures
of the molecules near the protein, annular (AL) and non-annular (nAL) lipids (PC and CHO)
and solvent (w) surrounding the protein were identified from the simulated trajectories using
the molecule selection tool, g_select from GROMACS [53]. This tool identifies the group of
lipid or solvent molecules that are within a threshold distance between any atom of the
protein and any atom of the surrounding lipid or solvent frame-by-frame in a given
trajectory. In this study, AL-PC, nAL-PC, AL-CHO, nAL-CHO, AL-w and nAL-w were
identified for each time frame in the UA trajectory with a threshold of 0.5 nm [12]. The
selection of AL and nAL molecules was performed for each time frame.

5. Transbilayer density profile—The time-averaged transbilayer density profiles for
different lipid structural groups: PO4 of PC, GLY of PC, ROH of CHO, solvent (w) and
protein: all atoms or a selected side chain group (e.g., NH3 of K28) were calculated for each
time frame, and then averaged over a given length of time for both AL and nAL regions.
The time-averaged density for each group is given by

1 N n;(2)
p(z)—ﬁl_:1 A O

Here, nj(2) is the number of particles for each lipid or protein group within a thin z-slice at a
given z-coordinate and A is the cross-sectional or x-y area of the simulation system, N is the
total number of time frames for the calculations. In this study, Az = Z/100, where Zs was the
Z-dimension of the simulation box which depended on the amount of explicit solvent on the
top and bottom of the lipid bilayer. The z-axis was parallel to the normal of the PC/CHO
lipid bilayer in all trajectories. We used the analysis tool, g_density from GROMACS [53]
for the density profile calculation, averaged over the last 50 ns of each 200 ns UA trajectory
for each simulation replicate. In addition, average density profile was also generated by
calculating the average of all time-averaged density profiles across all repeated replicates of
each | or Il complex.

6. Order parameter of lipid—A time-averaged orientational order parameter S(n) at a
given carbon number position (n) was used to quantify the segmental orientation order of the
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PC acyl chains with respect to the normal (z-axis) of the bilayer over a given length of time
based on the following equation:

1Y 3cos?6,, — 1
S(n):ﬁz<f>' @)

i=1

Here, Oy, is the angle between the z-axis and a vector C, (= rp+1 — Fn-1) joining the nearest-
neighbor carbons on each side of the carbon atom n, where rp+1 and r—1 are the position
vectors of the n+1 and n—1 carbon positions of the chain. Again, N is the number of time
frames for the averaging. The square bracket denotes the average over all the participating
lipids in the AL or nAL regions. The order parameter calculation was performed on both
sn-1 and sn-2 chains using a molecular order tool, g_order from GROMACS [53] averaged
over the last 50 ns of each 200 ns UA trajectory for each simulation replicate. In addition,
average order parameters were also generated by calculating the average of the time-
averaged order parameters across all repeated replicates of each | or 11 complex.

7. Bilayer thickness maps—Time-averaged bilayer thickness maps of a lipid bilayer
were calculated over a given length of time using a grid-based membrane analysis tool,
GridMAT-MD [54], for all our UA simulations. This tool reads the coordinates of all the
phosphorus atoms in the lipid bilayer, determines the shortest z-distances between those
from the top layer and those from the bottom layer, and generates a 2-dimensional thickness
matrix for each time frame. Upon averaging the matrix over a given time range, the time-
averaged thickness map was created for a given trajectory using an in-house R script. In
addition, we identified the location of the protein by assigning a large “thickness” value e.g.,
6 nm, for each identified protein atom on the x-y plane and overlaid them on the thickness
map frame-by-frame. The time-averaged thickness and protein location maps were created
over the last 50 ns of each 200 ns UA trajectory. The average (avg) and uncertainty
thickness maps were also generated from the average and standard error pixel-by-pixel
calculations of all repeated replicates of each | or Il complex. To identify the thickness near
the periodic boundary, a larger, repeated or tiled image along the x- and y- directions, is
presented for each thickness map.

3. RESULTS

A. MD Simulations of Protein/Lipid/Water/lon Complexes

From the two starting UA structures of AB4o/lipid/water/ion complexes, 8 CG and 16
reconstructed UA simulation replicates were generated using the multi-resolution MD
simulations. The 4 computational steps are given below.

1. Creation of starting CG complexes—A UA-to-CG mapping transformed 2 UA
starting structures to 2 corresponding starting CG structures (Table 1). The starting UA |
(initial) and Il (initial) structures of the AB4o/lipid/water/ion complexes are illustrated in
Figures 1A and 1D, respectively. A successful transformation of the protein and lipid atoms
into corresponding CG beads that preserved the orientations and conformations of the side
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chains and backbone of AB4o and key structural groups of PC and CHO was evident for each
starting structure.

2. Simulation of CG complexes—A 1000 ns-CG simulation was performed on each of
the 4 independent simulation replicates generated from each starting CG complex. As noted
in Materials and Methods, each replicate had identical initial coordinates but a different
randomly generated initial velocity distribution. Hence, a total of 8 CG replicates were
generated: I-rep0, I-repl, I-rep2 and I-rep3 for the | complex and I1-rep0, I1-repl, ll-rep2
and Il-rep3 for Il complex. Table 1 summarizes these 8 CG replicates. For the | complex, the
beginning (0 ns) and ending (1000 ns) CG structures of a representative replicate I-rep0 are
shown in Figures 1B and 1C, respectively. Similarly, for the Il complex, the CG structures
of a representative replicate I1-rep0 are shown in Figures 1E and 1F, respectively. For
clarity, water and ions present in CG simulation are not shown.

3. Creation of reconstructed UA complexes—A CG-to-UA mapping was used to
reconstruct the UA structures from the 1000 ns-equilibrated CG structures. These
reconstructed UA structures provided the “starting” coordinates for the UA simulation that
followed. Successful reconstruction of the UA atoms from the corresponding CG beads for
both protein and lipid molecules were observed in all replicates. Figures 2A and 2D
illustrate the accuracy of the assignment of the atomic coordinates of protein and lipids and
the successful reconstruction of the protein secondary structure from the protein CG beads in
representative replicates I-rep0 and I1-rep0, respectively.

4. Relaxation of reconstructed UA complexes—A 200 ns-UA simulation was used
to relax each of the 8 reconstructed UA replicates. Here 2 independent replicates were
generated for each reconstructed UA replicate. In total, 16 replicates were generated: I-
rep0-0, I-rep0-1, I-rep1-0, I-repl-1, I-rep2-0, I-rep2-1, 1-rep3-0 and I-rep3-1 for the |
complex and Il-rep0-0, I1-rep0-1, 1l-rep1-0, Il-rep1-1, I1-rep2-0, ll-rep2-1, 1l-rep3-0 and 11-
rep3-1 for the 11 complex. Table 1 summarizes these UA simulation replicates. For the |
complex, the beginning (0 ns) and ending (1000 ns) UA structures of a representative
replicate I-rep0-0 are shown in Figures 2B and 2C, respectively. Similarly, for the |1
complex, the structures of a representative replicate I1-rep0-0 are shown in Figures 2E and
2F, respectively. Again, water and ions present in the UA simulations are not shown for
clarity.

B. Exploration of Protein Orientational States

VMD and transhilayer density profile analysis were used to explore protein orientational
states from the above CG and UA trajectories.

1. Fully inserted state in starting complexes—BY our design rationale, the protein
was in a “fully inserted” state in the starting complexes. Figure 3A illustrates the VMD
visualization of the D1-N27 (non-LID) and K28-A42 (LID) fragments of APy, of the |
(initial) complex before the UA-to-CG mapping. Here the elongated LID segment (orange)
of AB4y was embedded entirely inside the lipid bilayer with its long helical axis in a
transbhilayer vertical orientation, parallel to the z-axis or normal to the bilayer plane. The
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bilayer plane was defined by the polar headgroups of PC. In contrast, most of the globular
non-LID segment (yellow) was exposed to water and the polar region of the upper lipid
leaflet of the lipid bilayer. Figure 3D shows the average minimum distance from each
protein residue to the nearest lipid, CHO or PC, for this complex. Similar protein orientation
was found in the 11 (initial) complex, and also in all 8 CG starting structures after the UA-to-
CG mapping.

In addition to VMD-visualization, quantitative transbilayer density profile analyses were
performed on the starting structures as shown in Figure 4. Transbilayer density profile
provides information of the spatial distribution of molecules across the bilayer normal. Note
that the absolute z value of the density profile depends on the height or z-length of the
simulation box and the amount of water above and below the lipid bilayer in any simulation
system. Therefore only the widths and peak locations of the density distributions are useful
for quantitative comparison.

Figures 4A and 4B illustrate the transbilayer density profile vs. z plots of the protein and
lipid polar groups of the I (initial) and I1 (initial) complexes, respectively. The protein
density distribution (green trace) spanned ~ 5 to 10.5 nm along the z-axis and had a width of
~ 5.5 nm in both starting complexes. Note that the density profile peak of K28-NH3, the
polar group of the long arm K28 residue, was at ~8.5 nm in both of the I and I complexes.
Therefore, the protein distribution from ~8.5 to 10.5 nm with a major peak at ~9.5 nm
represented mostly the non-LID distribution of the protein. In comparison, the density
distribution of the PC polar groups (red dash trace), represented by PC-PO4 (nAL), had two
well-defined peaks of FWHM of ~0.5 nm at ~5 and 9 nm, corresponding to the PC polar
group density peak locations of the lower and upper lipid leaflets, respectively. Therefore, a
significant positive “peak difference” (= density peak location of protein - density peak
location of PC) of ~ 0.5 nm, i.e., 9.5 nm of protein peak - 9.0 nm of PC polar group peak in
the upper lipid leaflet, provided evidence that the majority of non-LID was exposed to the
aqueous phase. Similar observations were found in all 8 CG starting structures.

2. Deep inserted state for the | Complex—A transmembrane inserted orientation of
LID was evident in the | complex after the 1000 ns CG simulation. In addition, both LID
and non-LID segments were found to insert deeper towards the center of the lipid bilayer for
all 4 replicates (I-rep0, I-repl, I-rep2 and I-rep3) as illustrated in Figure 1C. After the CG-
to-UA mapping and the 200 ns of UA simulations, the transmembrane inserted orientation
of the protein and a deeper insertion of both LID and non-LID segments were observed for
all replicates as demonstrated in Figure 2C. This new protein orientation is therefore defined
as a “deep inserted” state as shown in Table 1.

Figure 3B shows the VMD-visualization of the deep inserted state of a representative
replicate (I-rep0-0). It is clear that the non-LID segment descended deeper towards the lipid
bilayer center when compared with the starting structure (Figure 3A). Figure 3E shows the
average minimum distance from each protein residue to the nearest lipid, CHO or PC for the
deep inserted state.
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Using the quantitative density profile analysis as shown in Figure 4C, the average
transbhilayer density profile of the major protein peak was at ~ 8.5 nm relative to the PC peak
at ~ 9 nm. The FWHM of either peak was similar to that of the starting structure. Here, a
significant negative “peak difference” of ~ —0.5 nm, i.e., 8.5 nm - 9 nm, was found.
Therefore, a net ~ =1 nm shift of the protein peak was deducted from the observed change of
the “peak difference” from ~ +0.5 to —0.5 nm before and after the multiscale simulations,
respectively. Examinations of the transbilayer density profiles of each of the 8 UA starting
structures revealed a similar ~ =1 nm negative shift of protein peak (see Figs. S3—-S4 of
Supporting Information).

3. Deep surface state in the Il complex—The inserted orientation of the 1l complex
LID segment moved drastically to a horizontal orientation, after the 1000 ns-CG simulation;
the long axis of the peptide backbone was parallel to the bilayer plane, as shown in Figure
1F. Similar to the | complex, the non-LID segment also descended towards the center of the
lipid bilayer. This behavior was observed in all 4 replicates (11-rep0, ll-repl, Il-rep2 and Il-
rep3) of the Il complex, as demonstrated in Figure 1F. After the CG-to-UA mapping and the
200 ns-UA simulations, the horizontal surface orientation of LID and the insertion of the
non-LID segments remained for all 8 replicates, as demonstrated in Figure 2F. This protein
orientation is defined as a “deep surface” state as shown in Table 1.

Figure 3C shows the VMD-visualization of the deep surface state of a representative
replicate (11-rep0-0). Again, the non-LID descended towards the lipid bilayer center (Figure
3A). Figure 3E shows the average minimum distance from each protein residue to the
nearest lipid, CHO or PC for the deep surface state.

Using the quantitative transbilayer density profile analysis as shown in Figure 4D, the
average density profile of the major protein peak was also at ~ 8.5 nm relative to the PC
peak at ~ 9 nm. Therefore, a similar net ~ =1 nm shift of the protein peak was deducted after
the multiscale simulation. Examinations of the transbilayer density profiles of each of the 8
UA starting structures revealed similar observations of the negative shift of protein peak (see
Figs. S5-S6 of Supporting Information).

C. Protein Orientational State Transitions

Examination of the starting structures of the | and Il complexes revealed that the side chain
of K28 of AB4o were attached to the polar group of the upper lipid leaflet in the CG (Figures
1B and 1E) representation. This K28-lipid attachment is defined as “K28-snorkeling”. In
addition, the C-terminus (A42) of AB,4, was attached to the polar groups of the lower lipid
monolayer in the CG (Figures 1B and 1E) representation. This A42-lipid attachment is
defined as “A42-anchoring”.

After the CG 1000 ns simulations, K28-snorkeling was disrupted, as evidenced by the
descent of K28 towards the center of the bilayer for all 4 replicates in the | complex (Figure
1C). On the other hand, in the Il complex, A42-anchoring was disrupted as evidenced by the
ascent of A42 from the lower lipid monolayer to the upper lipid monolayer (Figures 1F).
Therefore, disruptions of K28-snorkeling and A42-anchoring signified the protein
orientational state transitions in the | and Il complexes, respectively.
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We have calculated the minimum distances between the positively charged K28 and the
negatively charged PO4 group of PC (K28-PO4) and between the negatively charged A42
and the positively charged NC3 of PC (A42-NC3) in both upper and lower lipid leaflets as a
function of simulation time. These K28-PO4 and A42-NC3 vs. time plots, Figure 5 and 6,
quantify the protein orientational state transition.

1. “Inserted” to “deep inserted” state transition in the | complex—For the CG |
complex, Figure 5A (upper panel) shows the K28-PO4 distance vs. time plots of a
representative replicate (I-rep2) from 0 to 1000 ns with a time-resolution of 0.1 ns. Here, the
K28-PO4 distances were approximately 0.7 and 3.5 nm for the upper and lower lipid
leaflets, respectively, at 0 ns. At ~ 90 ns, an abrupt increase was seen for the upper
monolayer and a concurrent reduction in the lower monolayer K28-PO4 distance. The
transition took ~ 30 ns, and from ~ 130-1000 ns, the distances remained stable at ~ 2 nm.
Figure 5A (lower panel) shows the representative A42-NC3 distance vs. time plots of the
same replicate in both monolayers. The A42-NC3 distance started at approximately 4 and
0.5 nm for the upper and lower lipid monolayers, respectively, at 0 ns. These values
remained stable throughout the entire 1000 ns simulation period. Similar observations of
K28-PO4 transition and stable A42-NC3 for other three representatives, i.e., I-rep0, I-repl
and I-rep3 were detected (see Fig. S7 of Supporting Information).

To detect the stability of K28-PO4 and A42-NC3 over time in the relaxed UA
representation, similar K28-PO4 and A42-NC3 distance vs. time plots were generated as
illustrated in Figure 6. We observed that A42-NC3 maintained a low value of ~ 0.25 nm for
the lower leaflet but a high value of ~3 nm for the upper leaflet in all 8 UA replicates
indicating the preservation of the A42 anchoring in UA representation. Interestingly, the
K28-PO4 distance remained at 1-2 nm for the upper and lower leaflets for 7 out of 8
replicates indicating that K28 snorkeling was disrupted in most replicates. The outlier
replicate was I-rep2-1 in which K28-PO4 was closer, 0.5 nm, as illustrated in Figure 6C
(middle panel).

Since detachment of K28 with the PC polar group was found in most UA replicates, we also
explored the possible “attachment” of K28 with the polar groups of CHO located below the
polar PO4 groups of PC (see Figure 4). Interestingly, 2 replicates, I-rep-0-0 and I-rep0-1, of
8 replicates demonstrated attachment of K28 with ROH of CHO as demonstrated in Figure
6A (middle panel), where K28-ROH was 0.25 nm for the upper layer throughout the 200 ns
UA simulation in the replicate I-rep0-1. A representative replicate (I-rep1-1) that shows no
K28 attachment to PC-PO4 or CHO-ROH is also illustrated in Figure 6B (upper and middle
panels). Plots of the other replicates are given in Fig. S8 of Supporting Information.

2. “Inserted” to “deep surface” state transition in the Il Complex—For the CG Il
complex, Figure 5B (upper panel) shows the representative K28-PO4 distance vs. time plots
of a representative replicate (11-rep2) in both lipid monolayers. Here, the K28-PO4 distance
started at ~1.5 and 2.5 nm for the upper and lower lipid monolayers, respectively, at O ns.
The values reached steady state of 0.5 and 4 nm, respectively, within the 1000 ns simulation
time. Figure 5B (lower panel) shows the representative A42-NC3 distance vs. time plots of
the same replicate in both monolayers. Here the A42-NC3 distance started at ~3.5 and 0.5
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nm for the upper and lower lipid monolayers, respectively, at 0 ns. At ~150 ns, the K28-
NC3 distance decreased abruptly in the upper monolayer and increased in the lower
monolayer. The transition was rapid and completed in ~ 1 ns. After the transition, K28-PO4
maintained the steady state values of ~0.5 and 4.5 nm for the upper and lower monolayers
throughout the entire 1000 ns simulation. Similar observations were found for the remaining
replicates, although the time of transition differed: 300 ns for Il-rep0, 220 ns for Il-repl and
550 ns for 11-rep3 (see Fig. S7 of Supporting Information).

To detect the stability of K28-PO4 and A42-NC3 distance over time in the UA
representation, similar K28-PO4 and A42-NC3 distance vs. time plots are illustrated in
Figure 6. We observed that both K28-PO4 and A42-NC3 distance remains low ~0.25 nm for
the upper layer but high of ~3 nm for the lower layer, as illustrated in a representative
replicate I1-rep1-1 (Figure 6D). Similar observations were found for other replicates.

Similar to the | complex, we also explored possible “attachment” of K28 with the polar
groups of CHO. K28-ROH maintained a low value of ~ 0.5 nm in all replicates as illustrated
in Figure 6D (middle panel), indicating close interactions between ROH and K28 in the Il
complex. Plots of all replicates are given in Fig. S8 of Supporting Information.

D. Characterizations of Protein Conformations in Protein Orientational States

The secondary structures of AB4o in the I and 1l complexes before and after the CG
simulation were examined by DSSP. The secondary structure as a function of UA simulation
time (0 to 200 ns) of each of the 16 reconstructed UA replicates of | and Il complexes is
given in Fig. S9 of Supporting Information. A summary of the average reduced secondary
structures (GHI, BE, T and SC) of each replicate is also presented in Figs. S10 and S11 of
Supporting Information. Table 1 summarizes the time-averaged unfolding % or SC % of the
protein in both the non-LID and the LID of each replicate over the last 50 ns of the relaxed
200 ns - UA simulations. The unfolding % before the UA simulation relaxation, i.e., after
the 1000 ns-CG simulation and the CG-UA mapping, are also shown for comparison. Also
shown in Table 1 is the average unfolding % (highlighted in bold) across all replicates of
each | or Il complex.

The | complex was initially 52% unfolded in the non-LID and 27% unfolded in the LID
before the multi-resolution MD simulations. Before the UA simulation relaxation, a diverse
range of unfolding of 41 — 63% with an average of 53% in the non-LID but of 20 — 40 %
with an average of 28% in the LID was detected among 4 replicates, indicating no
significant change in the average unfolding in both domains. After the 200 ns-UA
simulation, the level of unfolding relaxed to a range of 32 — 73% with an average of 54% in
the non-LID but 28 —68% with an average of 49% in the LID among 8 replicates, indicating
a significant increase in the average unfolding of the LID.

The 1l complex was initially 41% unfolded in the non-LID and 60% unfolded in the LID
before the multi-resolution MD simulations. Before the UA simulation relaxation, a range of
unfolding of 44 — 85% with an average of 60% in the non-LID and 67 — 100% with an
average of 92% in the LID was observed among 4 replicates, indicating significant
unfolding in both domains. After the 200 ns-UA simulations, the levels of unfolding relaxed
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to a range of 37 — 70% with an average of 55% in the non-LID and 53 — 100% with an
average of 78% in the LID among 8 replicates, indicating a significant increase in the
average unfolding of both non-LID and LID domains.

At the whole chain level, the protein unfolding started at 43% and 53% in the 1 and 11
complexes. The corresponding levels became 44%and 71% before the UA simulation
relaxation, and finally relaxed to 52 and 64% after the 200 ns-UA simulations. The results
indicate a modest 20% increase in the total unfolding for both complexes after the multi-
resolution simulations. We noticed a general trend of a decrease in the helix (GHI) and an
increase in the turn (T) structures of the protein after the membrane orientational transition
of the I or Il complex. In addition, beta (BE) structures were evident in several replicates,
particularly in the LID, of the Il complex as shown in Figs. S9-S11 of Supporting
Information.

E. Hydrogen Bonding Profile of K28

For the I complex, the K28 hydrogen bonding profile of each replicate was determined. In
agreement with the minimum distance calculations, I-rep0-0 and I-rep0-1 exhibited K28-
ROH hydrogen bonding and I-rep2-1 K28-GLY hydrogen bonding. The other replicates
showed only intra-protein hydrogen bonding between K28 and other nearby protein
residues. In some cases, K28-solvent hydrogen bonding was also detected. Figure 7A shows
the combined K28-hydrogen profile of all the 8 replicates. Individual K28-hydrogen profiles
of all replicates are given in Fig. S12 of Supporting Information. Because of its association
with PC in K28-hydrogen bonding, I-rep2-1-1 is further identified as “deep inserted-P”
state. Replicates I-rep0-0 and I-rep0-1 are denoted “deep inserted-C” state indicating the
bonding of K28 with and CHO, respectively. The classification of three sub-states in the |
complex is summarized in Table 1. The other replicates, i.e., I-rep1-0, I-rep1-1, I-rep2-0, I-
rep3-0 and I-rep3-1, that exhibited no K28-lipid hydrogen bonding are defined as simply
“deep inserted” state.

Figure 8 demonstrates the hydrogen bonding partners of K28 with protein residues and
nearby lipids. The hydrogen bonding partners of A42 with nearby lipids are also shown for
comparison. Note that K28-snorkeling and A42-anchoring with PC were evident in the |
(initial) and I1 (initial) states as shown in Figures 8A and 8B, respectively. Figures 8C and E
illustrate the conformation and orientation of K28 and the hydrogen bond acceptors from PC
and CHO, of I-rep2-1 and I-rep1-0, respectively. The K28 hydrogen bond partner for I-
rep2-1 was only PC, but for replicate I-rep1-0 it formed hydrogen bonds with CHO and
other protein residues, N27 and V24, and water.

Since K28 snorkeling was preserved in all replicates of the 11 complex, the hydrogen-
bonding profile of all replicates of the Il complex was also determined as controls. For the 11
complex (Figure 7B), K28 formed hydrogen bonds with the PO4 and/or GLY group of PC
in all replicates in agreement with minimum distance analysis. Only, one replicate (11-
rep3-1) showed an extra K28-A42 hydrogen bond (See Figure S12 of Supporting
Information). Figure 8F illustrates the K28 hydrogen bonding lipid partners in a
representative replicate 11-rep3-0.
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F. Protein-Induced Membrane Disruptions

The order parameters of PC acyl chains and bilayer thickness map were determined to assess
the protein-induced membrane disruptions of the lipid bilayer.

1. Order parameter of PC—The time-averaged order parameters for both the sn-1 and
sn-2 chains by carbon number in the AL and nAL regions of both complexes were
calculated. Results of all 16 replicates are shown in Figures S13-15 of Supporting
Information. The order parameters for a representative replicate I-rep0-0 are shown Figures
9A and B for each carbon number in both acyl chains. It is clear that the order parameters in
the AL region were significantly lower than those in the nAL region. The difference of order
parameters AS (= order parameter of AL — order parameter of nAL) was calculated to
evaluate the extent of disruption in the AL compared to the nAL region. As can be seen in
Figure 3C, there were no AL lipids in the Il complex since the protein was only in the upper
lipid leaflet. Hence no AS in the lower lipid leaflet was determined.

Figure 9C shows that the average AS was more negative for the I complex than for the |
complex in the upper layer for both the sn-1 and sn-2. This indicates that the protein in the
surface state (11 complex) disrupted the acyl chain order more than the protein in the deeper
inserted state (I complex) did. The effect was stronger for high carbon number (C10 to C15)
of the sn-1 chain but near the middle (C12-14) of the sn-2 chain. Also, the chains in the
upper layer were more disrupted by the protein than those in the lower layer in the |
complex.

2. Bilayer thickness maps—Figure 10 shows the average bilayer thickness maps over
all eight replicates of each I or Il complex. The thickness maps indicate that the protein
induced similar reduction (~ 1 nm) of the thickness near the vicinity of the protein in the |
and 1l complexes. The protein lateral mobility was lower in the inserted state than in the
surface state as evidenced in the protein location map. Also, the variation of the thickness
among 8 replicates was larger in the | complex than in the 11 complex. Time-average bilayer
thickness and protein location maps of all replicates are shown in Figures S16-S19 of
Supporting Information.

IV. DISCUSSION

A multi-resolution simulation approach has been employed to enhance the sampling of
protein orientations and to characterize the protein conformations and protein/interaction
behavior of a model membrane-active protein in a PC/CHO lipid matrix. Our computational
strategy was to sample and characterize new protein orientational states using sequential
steps of transformations and simulations.

Starting from a UA structure with a folded (1) or unfolded (I1) LID of the protein, a UA-to-
CG forward transformation and a long 1000 ns CG simulation allowed sampling protein
orientational states of the | or Il complex in the CG representation using multiple replicates.
With this CG approach, two new protein orientational states: deep inserted and deep surface
were discovered in the | and Il complexes, respectively. These new CG orientational states
were transformed by a CG-to-UA backward transformation followed by a 200 ns UA
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simulation on multiple replicates. The final UA computational step successfully relaxed the
UA reconstructed protein in each replicate. The 200 ns UA simulation step was sufficiently
long to sample different protein secondary structures in both non-LID and LID domains and
to assess protein/lipid interactions at high spatial resolutions. Based on the K28-hydrogen
bonding profile, two new sub-states of the deep inserted state existed: deep inserted-P and
deep-inserted-C. These were defined by whether K28-snorkeling targeted PC or CHO.

Hydrogen bonding is an important driving force in driving the membrane orientational
transition of the protein. Low levels of hydrogen bonding can stabilize the configuration of
membrane-active proteins, since the dielectric constant of the membrane is low. For the deep
inserted state with no K28 snorkeling with lipid, the residue K28 no longer fixes the LID to
the interface but rather contributes to stabilizing the relatively disordered state of the peptide
by hydrogen bonding with several amino acids from what was the non-LID (see Figures 7
and 8) and helps stabilize the compact cytofacial structure of the non-LID. Note that our
previous studies [13, 14] on AB,4, in a PC/CHO bilayer revealed only a fully inserted
transition based on the UA simulation alone. This multi-resolution simulation work
therefore provides an extension of our previous studies on protein orientational transition of
A4, ina PC/CHO bilayer.

Protein orientational states in the AB4,/lipid/water/ion complex are separated by free energy
barriers [55, 56]. If the free energy barriers are too high, identifying or sampling the
different orientational states is difficult. Conventional MD simulations are usually biased by
the starting structures, limited number of independent simulation replicates, and available
computing resources [57, 58]. A number of temperature-based sampling techniques, such as
replicate-exchange molecular dynamics (REMD) method [59-61], are commonly used. In
the present work, we improve sampling through a CG-reverse mapping approach. The CG
representation of APy, is primarily based on the backbone of the peptide and the mapping
back to the UA structure through simulated annealing [18] is not unique. Many different
reconstructed UA structures of the protein are possible (see Table 1) when it is relaxed in a
complex lipid/water/ion environment. A similar reverse mapping procedure has been applied
to other amyloid systems [62].

Our previous unconstrained 200 ns-atomistic MD simulations of the same AB/PC/CHO/
water/ion complex with a partially inserted starting structure revealed “partially inserted”-
to-"fully inserted” transition of AB4, in all four independent replicates [13]. Depending on
the degree of unfolding of the LID, fast and slow relaxation Kinetics were detected during
the first 50 ns of the simulations [13]. However, studies of model membrane-active peptides
[63] have indicated that unfolding of a transbilayer helix structure is enthalpically
unfavorable with an energy cost of ~ 4-6 kcal/mol or lower due to a disruption of hydrogen
bonding of the peptide backbone in a low dielectric membrane environment. Although, the
enthalpy cost could be compensated by the entropy increase from protein unfolding and
arrangement of lipid around the disordered protein region ranging from ~ 1.25 to > 6.25
kcal/mol per peptide bond [63, 64]. In addition, the A42-anchoring and K28-snorkeling
provide the dual-attachment mechanism for the stabilization of the fully inserted state.
However, the important question of the membrane stability for the fully inserted states
involving the enthalpically favorable LID folded and enthalpically unfavorable unfolded
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LID remained unanswered by unconstrained atomistic MD simulation approach alone. The
reduced dimensionality of the CG space and the CG forces among molecules ensure that
simulation is less likely to be trapped in a local energy minimum [19]. In the CG space, the
deep surface state was found in 100 ns or less, and the deep surface state in 550 ns or less
(see Supporting Information). Neither of these states was seen in previous multiple-replicate
200 ns UA simulations [14].

Various protein conformations or levels of unfolding were present in the protein
orientational states before and after the UA simulation relaxation. In the | complex, no
significant change in the average protein unfolding in either LID or non-LID before the UA
simulation relaxation, i.e., after the CG simulations and the reverse CG-to-UA mapping, was
evident. However, unfolding in the LID over a wide range occurred after the UA simulation
relaxation. This result suggests that the unfolding of LID in the deep inserted state was
mainly attributed to the interactions of the LID with the lipid matrix during the UA
relaxation similar to the observation of the partially inserted -to- fully inserted transition
found in earlier studies [14, 65]. In the Il complex, significant changes in the average protein
unfolding in the LID was found before and after the UA simulation relaxation. This may be
explained by the unfavorable interactions of the hydrophobic LID with the relatively polar
environment of the polar regions of the lipid bilayer in the deep surface state. This is in
contrast to the hydrophobic environment of the LID in the deep inserted state in the |
complex.

The choice of force field affects the conformational and orientational behavior of the protein
in a lipid matrix. In this multi-resolution MD study, both CG and UA force fields were used.
For the CG force field, the non-polarizable Martini FF was used. Recently, the role of
polarizability of water in CG simulations of protein/lipid interactions has been raised [66,
67]. In the MARTINI 2.1 and earlier force field [19, 36, 37], four water molecules were
represented by a single non-polarizable CG particle. Whether or not the polarizability of
water affected the membrane-bound orientations of A4, was examined. We have performed
several 1000 ns-CG simulations on the same | (initial) and Il (initial) systems using the latest
MARTINI 2.2P force field [67] with polarizable water and some adjustments of protein
residue interactions. Interestingly, we observed identical transitional behavior from the
inserted to the deep inserted state for the I (initial) complex | and from the inserted to the
deep surface state for the 11 (initial) complex (results not shown). Therefore, the protein
orientation transition behavior of AB4, in PC/CHO was not significantly influenced by the
polarizability of water or by better-tuned protein parameters under the MARTINI 2.2P force
field [67]. The observed transition from the inserted to the deep surface state is also
consistent with the thermodynamics argument that unfolding in the LID is energetically
unfavorable [63, 68], and therefore drives the transition towards the surface state.

For the UA simulations the GROMOS87/Berger lipids were used. It should be noted that the
GROMOS force field has undergone several revisions since the version employed in this
study was released. Kukol [69] found that the secondary structure and integrity of a
membrane-active protein was similar for both the GROMOS87/Berger force field and the
GROMOS96 53A6 field, and the protein in the GROMOS87/Berger field exhibited greater
root mean square deviation, suggesting the structure was less stable. Tieleman et al. [70]
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found that the strength of lipid-protein interaction was overestimated by the combination of
the modified GROMOS87/Berger field. The versions and evolution of the GROMOS force
field and its uses have been discussed [69-72]. Therefore, lipid-peptide interactions in this
study may be stronger than those in studies using other force fields, leading to a relative
increase of unfolded states. This raises the question of how these final protein configurations
might be affected. To answer, it should be noted that the deep-inserted and deep surface
states occurred during the GG Martini field phase of the simulation so they were not the
result of GROMOS87/Berger parameters. The small change in the K28/A42 position (see
Figure 6) during the UA simulation suggests stable protein configuration without excessive
lipid interaction. In addition, the primary interaction that occurs, snorkeling, has been
detected in studies using the GROMOS96 53A6 force field [30, 73]. Therefore, we conclude
that there are no appreciable force-field artifacts in the lipid/protein interactions. Since we
used the GROMOS87/Berger force field in our previous work with the partially-inserted to
fully-inserted transition in PC and PC/CHO, the same force field was used here to complete
the work on monomeric protein transition behavior.

With increased recognition that high cholesterol is an important, but poorly understood risk
factor for Alzheimer's disease [74—76], there has been a corresponding interest in CHO/AB4
interactions. Recent biochemical [77] and molecular docking [78] studies have suggested the
existence of a linear cholesterol-binding domain (E22-M35). Note that this cholesterol-
binding domain includes K28 and two GXXXG moatifs, G25-G29 and G29-G33. K28 [79]
has been identified as a key residue involved in downstream self-aggregation pathway and
cell toxicity and GXXXG [80, 81] is important in helix-helix association in the lipid
membrane. Our finding that the non-LID (1-N27) descended ~ 1 nm toward the center of the
bilayer (see Figure 3) to form the deep inserted state allows efficient CHO binding with
E22-M35. The minimum distance between the residues of A4, and the lipid for each state
(inserted (I (initial), | deep inserted and Il deep surface) are shown in Figure 3. It is clear
that CHO molecules achieve a minimum distance of 0.25 nm within the linear sub-segments
A30-V36 for the I (initial) state, but with E22-M35 and VV24-N27 for the | and 11 states,
respectively. Therefore, our results establish that the deep inserted state makes more of the
cholesterol-binding domain available for cholesterol to interactions. The presence of three
protein orientational states further suggests a molecular “switch” mechanism that controls
the cholesterol accessibility to the cholesterol-binding domain in AB4p within the membrane.
In Figure 3, the proximity of CHO to the peptide backbone in the deep inserted state suggest
much stronger lipid/peptide interaction than would be expected from the deep surface state.

The deep inserted state also requires that AB4o be more tilted than required for the initial
inserted state. This can be seen clearly in Figure 3. It is the result of the extra length of
peptide residing within the membrane thickness, which can only be accommodated by
tilting. In general, tilted peptides have been shown to trigger membrane instability [82] and
in particular, the tilt of AB4, has also been proposed to contribute to its cytotoxicity [83].

Insight into the biochemical basis for membrane perturbation and destabilization of both the
deep inserted and deep surface states can be seen from Figure 4. The deep inserted state
alters the local transverse cholesterol distribution, as shown by the wider cholesterol annular
lipid number density peak. In conjunction with the redistribution of CHO, annular POPC
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was pushed outward from the membrane center, as shown by the shift in its number density
peak. This redistribution of annular lipids may be a result of the increased size of the
available CHO binding domain [84], or be required to equalize membrane lateral stresses
induced by A4, perturbation of the exofacial membrane interface [85, 86]. In either case,
the availability of hydrophilic lipid head groups and penetration of polar amino acids into
the hydrophobic core of the membrane allowed increased, deeper water penetration of the
bilayer.

The deep surface state perturbed the membrane in a different manner. From Figure 4, it is
apparent that the peptide mass was much more compact; the number density at the peak
maximum increasing about 50%. The implication is that the mass of the peptide is much
more planar and concentrated near the surface. Furthermore, by its proximity to the surface,
the state provides a scaffold to interact with extracellular A and other exofacial interface
peptides. There is also an increase of beta structure of the protein associated with the deep
surface state (see Supporting Information). The surface beta structure may serve as the
seeding template to promote protein aggregations on membrane surfaces [87].

The lipid order parameters as shown in Figure 9 further verify the perturbation of the
membrane annular lipids. While surface associated states have been seen in the previous
simulations, they have usually occurred when AB was initially placed on or near the water/
lipid interface [88-92]. Both the deep surface state and the deep insertion state, Figure 9,
show substantial alteration in the AL resulting from the AB4, conformational changes.
However both Figures 4 and 9 suggest little affect of the conformational change to the nAL.

Our results reveal an interesting correlation between K28-lipid interaction and protein
conformation in the deep inserted state. Figure 11 illustrates the minimum distance between
K28 and ROH of cholesterol (K28-ROH) or between K28 and PO4 of PC (K28-PO4) vs.
percent helicity (GHI) of AB4o from 8 simulation replicates of the | complex. A general
increase of interaction between K28-ROH and K28-PO4 with increasing helicity of the
protein was found for the non-LID and LID, suggesting that the secondary structure of the
protein in cholesterol-containing membrane may be regulated by the interaction of K28 with
the lipid. Specifically, snorkeling of K28 with the polar groups of the lipids in the upper
monolayer, PO4 or GLY of PC and K28-ROH of CHO, promotes the helical structure of the
protein. As shown in Table 1 and Supporting Information, the two deep inserted sub-states,
deep inserted-P and deep inserted-C, possessed less unfolding and higher helicity than the
other deep inserted states.

Both the deep surface and deep insertion states have pathophysiological importance. For the
deep surface state the proximity of the protein molecules to the exofacial interface and the
reduced dimensionality of the surface [93] increase the probability of interaction between
the deep surface state and membrane-absorbed protein, especially AB peptide. Coulombic
attraction, hydrophobic, and hydrogen-bonding properties of bilayer-buried and solvent-
exposed regions of the protein molecule drive self-association [94]. Alternatively, the deep
inserted state could associate with other membrane-active proteins to form a channel [95,
96] that would allow unregulated ion and water flow across the membrane. Both states
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destabilize the membrane by altering the lipid organization, which alone could result in
cytotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A UA-to-CG mapping (1)

I-rep0 (1 Os) in CG

D UA-to-CG mapping (ll)

ll-rep0 (1 Os) in CG

FIG. 1. UA-to-CG mapping and CG simulations of protein/lipid/water/ion complexes
UA and CG structures of Apso PC and CHO in the | (initial) and 11 (initial) Il (initial) (D)

complexes are shown. An orange ribbon (A, D) highlights the secondary structure of the UA
protein, whereas yellow and pink spheres represent the side chain and backbone CG beads,
respectively, of the CG protein. Blue, green and red arrows mark the residues D1, K28 and
AA42, respectively, of AB4. In CG-PC (A), the polar CG-beads in the headgroup (NC3 in
green, PO4 in purple and GLY in pink) and the non-polar beads in the saturated (C16:0)
sn-1 chain (4 blue beads) and mono-unsaturated (C18:1) sn-2 chain (four blue and one black
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beads) are shown. A single black bead represents the C=C of PC. In CG-CHO (A), 1 polar
CG bead (ROH in red), 4 green CG beads for the non-polar fused rings and 2 blue beads for
the non-polar acyl chain are shown. Representative CG simulation replicates (I-rep0 and I1-
rep0) before (B, E) and after (C, F) 1 us CG simulations for the I (B, C) and Il (E, F)
complexes are shown. The polar NC3 (green) and PO4 (purple) beads of PC and the polar
ROH (red) beads of CHO are highlighted, whereas the lines joining the other lipid CG-beads
are given by gray (PC) and yellow (CHO) lines. CG water and ions were present in all CG
simulations but are not shown.
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FIG. 2. CG-to-UA mapping and UA simulations of protein/lipid/water/ion complexes
Overlapping structures of AB4,, PC and CHO in the representative CG I-rep0 and UA I-

rep0-0 replicates (A), and AP, in the representative CG Il-rep0 and UA 1l-rep0-0 replicates
(D) using CG-to-UA mapping are shown. Shown are representative UA structures, (I-rep0-0
and Il-rep0-0), of two AP4o/lipid/water/ion complexes before (B, E) and after (C, F) 200 ns

UA simulations for the | (B, C) and Il (E, F) complexes. Refer to the legends of Figure 1 for

details of the atomic group labeling.
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FIG. 3. Protein orientational states and lipid/protein interactions in ABg/lipid/water/ion
complexes

UA structures of inserted (A), deep inserted (B) and deep surface (C) states of AB4y in AP/
lipid/water/ion complexes. D1-N27 or non-LID (yellow) and K28-A42 or LID (orange)
segments of the protein are rendered in surface representation. The polar phosphate (silver)
and NC3 (blue) of all PC are shown. The annular (AL) lipids, AL-CHO (color spheres) and
AL-PC (sticks), are shown. The average (avg) minimum distance between AB4, and CHO or
PC across all repeated replicates for the last 50 ns as a function of residue position of AB4
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in D (avg) (panel D), | (avg) (panel E) and Il (avg) (panel F) are shown. The bars indicate
standard errors. See Materials and Methods for details in averaging.
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FIG. 4. Transbilayer density profile of molecules in UA ABg4o/lipid/water/ion complexes
The number density vs. z distance of the | (initial) (A), Il (initial) (B), | (avg) (C) and II

(avg) (D) complexes are shown. The non-annular (nAL) and annular (AL) lipid and solvent
groups are in dashed and solid lines, respectively. The structural groups are PC-PO4 in red,
CHO-ROH in blue and solvent or W in black. The entire protein A4 is in green and the
K28- NH3 of A4, in pink. Due to the large density differences among AL and nAL
molecules, the number densities of protein and all AL molecules are magnified 10 times
while K28-NH3 50 times. The average (avg) was across all repeated replicates for the last
50 ns of the I (C) or Il (D) complexes. See Materials and Methods for details in averaging.
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FIG. 5. Protein orientational transition in CG AB4o/lipid/water/ion complexes
Time evolution of the minimum distance between K28 of AB4, and PO4 of PC (K28-P0O4)

and between A42 of AB4o and NC3 of PC (A42-NC3) of representative replicates I-rep2 (A)
and ll-rep2 (B) as a function of CG simulation time for the upper (red) and lower (black)
lipid monolayers are shown.
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FIG. 6. Protein orientational transition in UA ABg4,/lipid/water/ion complexes
Time evolution of the minimum distanc between K28 of AB4> and PO4 of PC (K28-P04),

between K28 of A4, and ROH of CHO (K28-ROH) and between A42 of AP, and NC3 of
PC (A42-NC3) of representative replicates I-rep0-1 (A), I-repl-1 (B), I-rep2-1 (C) and Il-
repl-1 (D) as a function of UA simulation time for the upper (red) and lower (black) lipid
monolayers.
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FIG. 7. K28 hydrogen bonding profile in UA ABgo/lipid/water/ion complexes
The percentage of time that the NH3 polar group of the side chain of K28 (donor) formed a

hydrogen bond with an acceptor group over the last 50 ns of the 200 ns UA simulations of |
(initial), 11 (initial), I (avg) and Il (avg) are given. The average (avg) was across all repeated
replicates of | or 1l complex. See Materials and Methods for details in averaging.
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FIG. 8. K28 and A42 hydrogen bonding partners in UA AB4o/lipid/water/ion complexes
Representative hydrogen bonding partners of K28 and A42 of AP, with the hydrogen

bonding partners, water (w), polar groups of lipids (PC and CHO), and protein residues
(A21, V24, N27) are shown for | (initial) (A) and Il (initial) (B) and representative
replicates: I-rep2-1 (C), I-repl-1 (D), I-rep1-0 (E) and Il-rep3-0 (F), are shown. The protein
orientational state of each structure is identified.
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FIG. 9. Order parameters of PC chains in UA ABy,/lipid/water/ion complexes
Order parameters (S) of sn-1 (black) and sn-2 (blue) chains of a representative replicate I-

rep-0-0 as a function of chain carbon number in the upper (A) and lower (B) monolayers.
Both the annular (AL) (filled circle) and non-annular (nAL) (open circle) lipids are shown.
The means and standard errors (error bars) over the last 50 ns of the simulation are shown.
Order parameter difference (AS= Sof AL — Sof nAL) of the sn-1 (C) and the sn-2 (D)
chains in the upper (black open circle) and lower (black filled circle) monolayers of | (avg)
complex and that in the open (red open circle) of Il (avg) complex are shown. The
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calculations were over the last 50 ns of the simulations with the mean and standard errors
obtained from the 8 independent replicates of | or 11 complex.
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FIG. 10. Lipid bilayer thickness maps of UA ABgo/lipid/water/ion complexes
Lipid bilayer thickness maps of | (avg) and Il (avg) complexes without (A, B) and with

overlays (C, D) of protein locations (yellow) are shown. The uncertainty maps (E, F) of
thickness based on the standard errors of the means are also given. The calculations were
over the last 50 ns of the simulations with means and standard errors obtained from 8
independent replicates.
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FIG. 11. Proximity of K28 and lipid headgroup in UA AB4o/lipid/water/ion complexes
The transbilayer density profiles (A) of PO4 of nAL-PC, ROH of nAL-CHO, and NH3 of

K28 of AB4o of each simulation replicate of the | complex are shown. Plots of the minimum
distance between K28 and ROH of CHO or K28-ROH (black circle) and between K28 and
PO4 of PC or K28-PO4 (open circle) as a function of helix % of D1-N27 (B), K28-A42 (C)
and D1-A42 (D) segments of AB4o are given. The calculations were over the last 50 ns of
the simulations with the standard errors (error bars) shown.
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