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ABSTRACT The aggregation cascade and peptide-membrane interactions of the amyloid 8-peptide (Ag) have been implicated
as toxic events in the development and progression of Alzheimer’s disease. Af4» forms oligomers and ultimately plaques, and it
has been hypothesized that these oligomeric species are the main toxic species contributing to neuronal cell death. To better
understand oligomerization events and subsequent oligomer-membrane interactions of AG4,, we performed atomistic molecu-
lar-dynamics (MD) simulations to characterize both interpeptide interactions and perturbation of model membranes by the pep-
tides. MD simulations were utilized to first show the formation of a tetramer unit by four separate Ag4- peptides. AG4» tetramers
adopted an oblate ellipsoid shape and showed a significant increase in §-strand formation in the final tetramer unit relative to the
monomers, indicative of on-pathway events for fibril formation. The AB4» tetramer unit that formed in the initial simulations was
used in subsequent MD simulations in the presence of a pure POPC or cholesterol-rich raft model membrane. Tetramer-mem-
brane simulations resulted in elongation of the tetramer in the presence of both model membranes, with tetramer-raft interac-
tions giving rise to the rearrangement of key hydrophobic regions in the tetramer and the formation of a more rod-like
structure indicative of a fibril-seeding aggregate. Membrane perturbation by the tetramer was manifested in the form of more
ordered, rigid membranes, with the pure POPC being affected to a greater extent than the raft membrane. These results provide
critical atomistic insight into the aggregation pathway of A4, and a putative toxic mechanism in the pathogenesis of Alzheimer’s

disease.

INTRODUCTION

Aggregation of proteins into amyloid deposits is a common
feature of dozens of diseases (1). Alzheimer’s disease
(AD) is an amyloid disease that currently affects 5.3
million people in the United States, with no current treat-
ment to stop or slow the progression of the disease (2).
AD toxicity is associated with the aggregation and accumu-
lation of amyloid @-peptide (AB) in and around neural
tissue (3,4). AB is generated by sequential proteolysis by
G- and vy-secretase within the amyloid precursor protein
(APP) (4-6), and variations in the processivity of y-secre-
tase give rise to multiple A@ alloforms of different lengths
(7,8). The AB4, alloform aggregates faster (9,10) and is
more cytotoxic than the shorter alloforms (11). Recent ev-
idence suggests that low-molecular-weight oligomers of
AQ4> share common structures and possible mechanisms
of pathogenesis, and are the most toxic agents contributing
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to AD (12-15). In addition, neuronal cell membrane pertur-
bation by AQ is central to the pathology of AD (16). Un-
derstanding the mechanistic details related to the
formation of low-molecular-weight oligomers and their
role in membrane perturbation leading to neuronal cell
death is essential for assessing the cascade of events that
result in AD.

An unambiguous definition of the most cytotoxic low-
molecular-weight AS oligomer in terms of structure and
size remains elusive (17,18). Some argue that it is not
necessarily the size of the Af oligomer that correlates
with the highest toxicity, but rather the structure and orga-
nization of the peptide. These structural states are assessed
based on secondary-structure elements retained by the pep-
tide, the density of the oligomer, and the order of events
leading to fibrillization (19). The structural transition
from the primarily a-helical monomer of A{ after y-secre-
tase cleavage to a disordered ensemble in solution, and
subsequent enrichment in §-strand structure (20) are indic-
ative of on-pathway aggregation (21,22) and suggest an
important role for the A monomer structure in oligomer
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and fibril formation (9,23). Events leading to the aggrega-
tion of multiple AG monomers into oligomeric forms can
vary (24,25). With regard to the structural makeup and
size of toxic, oligomer A@ species, multiple pathways are
possible and the structural diversity of AB oligomers drives
the aggregation pathway (19,26,27). Multiple mechanisms
of toxicity may exist for different A oligomers and each
may be related to different conformations adopted by
the polymorphic AB (27). A structural characterization of
these various oligomer species would provide necessary in-
formation about the various toxic states of AQ; however,
the details necessary for such mechanistic insight are unat-
tainable with the resolution of current experimental tech-
niques (28).

MD simulations are an essential complement to experi-
mental studies and can provide key insights into the aggre-
gation pathways of low-molecular-weight AB oligomers
and their subsequent interactions with membranes and other
proteins. Investigators have performed simulations of
monomeric A in various solution environments (20,29—
32), as well as a few all-atom MD simulations of dimer for-
mation (33,34). Discrete MD, replica exchange MD, and
the use of implicit solvent are techniques that have been
used to characterize the structural ensembles of higher-
order A aggregates (34-37); however, different conclu-
sions regarding equilibrium ensembles have been drawn,
most likely associated with the different force fields and
sampling techniques used (16). In this study, we utilized
united-atom MD simulations of full-length A(4, on the
microsecond scale to understand and provide insight into
the tetramer formation of A4, and provide a founda-
tion for studying higher-order oligomeric AB4, aggregate
formation.

Interactions of low-molecular-weight A oligomers with
membranes are also of interest, given that membrane
perturbation by A@ is central to the pathology of AD
(16). A@ aggregation is accelerated in the presence of
membranes, with electrostatic interactions potentially
driving the peptide-membrane interactions (38,39). How-
ever, few computational studies have examined the dy-
namics of low-molecular-weight oligomers, such as an
Af4; tetramer, in the presence of a membrane. In computa-
tional studies, researchers have looked at the effect of
rafts on membrane binding and dimerization of AS
(40,41), whereas others have utilized pre-embedded oligo-
meric AB to understand transmembrane structures (42,43).
Currently, no study has utilized united-atom MD to
examine the effects of any AB4, oligomer of three or
more peptides on membranes from a starting position that
is external to the membrane. By studying the interactions
of an A4, tetramer binding to model membranes of a
composition similar to those found in eukaryotic plasma
membranes and neuronal cells (44-46), one can charac-
terize the ability of low-molecular-weight AB,, species to
perturb membranes.
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MATERIALS AND METHODS
Tetramer formation simulations

A schematic image detailing the experimental design used in this study is
presented in Fig. 1. Simulations were first performed to characterize
A4, tetramer formation. In doing so, it was important to carefully consider
the starting monomer structure that would be utilized in these simulations.
The on-pathway, monomeric species sample a diverse conformational
ensemble consisting of a mixture of random coil and (-strand structures,
as observed in both experimental and computational studies (29,30,47).
To obtain a monomer starting structure, the structure of A@4, (PDB:
1IYT) (48) was equilibrated and simulated in water and 0.150 M NaCl
for 300 ns using the protocol described below. Clustering was performed
based on the root mean-square deviation (RMSD) of backbone atoms to
obtain a representative structure over the last 100 ns of simulation time.
Four copies of the representative structure (defined as the center structure
of the most populated cluster) were then placed randomly four times in a
12.7-nm cubic box, with each monomer separated by at least 1.7 nm to
be beyond the nonbonded cutoff for van der Waals interactions. A minimum
solute-box distance of 3.0 nm was enforced. This system design resulted in
a box containing four equilibrated monomeric A@ peptides that were sepa-
rated by enough solvent and ions to negate any bias due to van der Waals
interactions. Each system was then solvated with simple point charge
(SPC) water (49) and 0.150 M NaCl was added, with counterions included
to maintain a net neutral system.

Tetramer-membrane simulations

Representative tetramer structures were identified using RMSD clustering
(as above) from each replicate in tetramer formation simulations, and
placed at a center of mass (COM) distance of 3.0 nm away from pre-equil-
ibrated palmitoyloleoylphosphatidylcholine (POPC) or raft (1:1:1 POPC/
cholesterol/palmitoylsphingomyelin (PSM)) model membranes, yielding
a minimum atom distance between the tetramer and membrane of at least
2.4 nm. These membranes were selected based on a previous finding that
the fibrillar AB tetramer has a higher affinity for zwitterionic membranes
than for negatively charged membranes (50), and the observed enrichment
of POPC and PSM in the exofacial leaflet of the synaptic plasma membrane
of neuronal cells (51). The coordinates and topologies for pure POPC were
taken from Berger lipid parameters (52,53) and agree well with experi-
mental properties (54). Model lipid raft coordinates and topologies were ob-
tained from a previous study by Niemela et al. (55). Cholesterol hydroxyl
charges from the GROMOS96 53A6 force field (56,57) were also utilized.
Raft membrane properties, including the area per lipid (APL), bilayer thick-
ness, and deuterium order parameters of the control system (raft membrane
and solvent only), were also in agreement with properties indicating a
liquid-ordered phase (55). Both membrane parameter sets have been used
in recent studies of AB-membrane interactions (40,56). The placement of
the tetramer far from the membrane was chosen to avoid biasing the initial
approach of the tetramer toward the membrane. Details regarding the
tetramer-membrane distance and membrane composition are listed in Table
S1 in the Supporting Material. Tetramer-membrane systems were solvated
with SPC water (49) and 0.150 M NaCl. Three independent simulations,
initiated from different structures generated from the three replicates of
the tetramer-formation simulations described above, were carried out
with each model membrane for 1 us each, resulting in 3 us of sampling
time for the tetramer-membrane simulations of each lipid type. Two control
simulations of the POPC and raft membranes were carried out in the
absence of A(4. These membranes were solvated with SPC water and
0.150 mM NaCl, and simulated for 1 us to assess membrane stability
over long MD simulations and to serve as a control for assessing membrane
perturbation effects caused by interactions with the ABy, tetramer. All re-
sults presented for the control membrane simulations are averages over
the last 250 ns of simulation time.
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Schematic of the experimental design used to examine interpeptide interactions and their potential rearrangements in the presence of mem-

branes. Interpreted from left to right, the far-left segment shows the initial configuration for four Ag,, peptides placed at least 3 nm apart. Tetramer formation
occurred during 1 us MD simulations. The resulting tetramer was placed 3 nm away from either a POPC or raft model membrane and another 1 us MD
simulation was conducted. ABy, is shown as a cartoon, colored by region (blue, residues 1-10; gray, residues 11-16, 22-29; feal, residues 17-21; red, res-
idues 30—42). N- and C-termini are indicated by blue and red spheres, respectively. Membranes are shown as gray sticks, with phosphorus atoms shown as tan

spheres for perspective. To see this figure in color, go online.

General MD simulation protocol

All simulations were run using the GROMACS software package, version
4.6 (58.,59), and the GROMOS96 53A6 force field (57). GROMOS is a
united-atom force field that merges nonpolar and nonaromatic hydrogens.
Systems were energy-minimized using the steepest-descent method, and
three replicates, defined as independent trajectories initiated with different
random velocities in a canonical (NVT) ensemble, were performed sepa-
rately for tetramer formation and tetramer-membrane simulations. One
simulation was performed to obtain the monomer starting structure of AgS.
NVT was applied to the system for 100 ps using the Berendsen weak
coupling method (60) to maintain the temperature at 310 K. An additional
annealing step was added after NVT equilibration for tetramer-membrane
simulations, which linearly heated the system from 100 to 310 K, at 1 bar
pressure for 1 ns using the Berendsen algorithm (60). After either NVT or
annealing, depending on the system, an isothermal-isobaric (NPT) ensemble
was performed to maintain temperature (310 K) and pressure (1 bar) using a
Nosé-Hoover thermostat (61,62) and Parrinello-Rahman barostat (63,64).
For NVT, annealing, and NPT, position restraints were imposed on all pep-
tide heavy atoms and all restraints were released at the outset of production
MD simulations. For tetramer-membrane simulations, the peptide, mem-
brane, and solvent (water and ions) were attached to separate thermostats.
All simulations were performed using three-dimensional periodic boundary
conditions. Bond lengths were constrained using Parallel Linear Constraint
Solver (P-LINCS) (65), allowing an integration time step of 2 fs to be used.
Cutoffs for all nonbonded interactions were set to 1.4 nm for monomer equil-
ibration and tetramer-formation simulations, and 1.2 nm for tetramer-mem-
brane simulations. The smooth particle mesh Ewald (PME) method (66.67)
using cubic interpolation and a Fourier grid spacing of 0.16 nm was utilized
to calculate long-range electrostatic interactions. To observe interpeptide
and peptide-membrane interactions, simulations of Ay, tetramer-formation
and tetramer-membrane simulations were carried out for 1 us, yielding a
total simulation time of 9 us. Backbone RMSD and secondary structure of
A4, were used to assess simulation convergence and peptide equilibration.
Analysis was performed over the last 250 ns for all tetramer-formation and
tetramer-membrane simulations. All averages, except for starting structure,
were calculated over three replicates for that simulation set and are presented
with the corresponding standard deviation. To obtain representative struc-
tures of each replicate, RMSD clustering was performed according to the
method of Daura et al. (68), using the peptide backbone atoms with a cutoff
of 0.3 nm for tetramer formation and 0.2 nm for selection of a monomer
structure to begin the tetramer-formation simulations. The representative
structures shown in all figures are the central structure of the largest cluster

over the last 250 ns of simulation time. GridMAT-MD was used to calculate
the APL and bilayer thickness in simulations involving membranes (69).
The bilayer thickness was based on defined reference atoms of each lipid
type and assigned a paired atom based on proximity on the x-y axis. The
z distance between atoms was then calculated for each leaflet over time.
For these calculations, the phosphorus atom in POPC and PSM was chosen,
whereas a carbon atom sitting in a position similar to that of the phosphorus
atom was chosen for cholesterol in the raft simulations.

Deuterium order parameters were calculated to assess the order of the
sn-1 POPC lipid acyl chains along the bilayer normal using the following

equation:
3cos*f — 1
_SCD = <#>7 (1)

where 6 is the angle between the C-D bond and bilayer normal, and the
angle brackets indicate the time average over all equivalent atoms during
the last 250 ns of simulation. PyMOL (70) was used to visualize snapshots
and render figures. A two-tailed 7-test was used for statistical analysis, with
statistical significance determined as p < 0.05. Central hydrophobic core
(CHC) residues were defined as residues 17-21, and C-terminal (Cterm)
residues were defined as residues 29-42.

RESULTS AND DISCUSSION

Understanding the formation of low-molecular-weight Ag
oligomers and their interactions with membranes is essential
for gaining more insight into their toxicity (71,72). Given
the variability in experimental conditions and aggregation
rates, and the limits of experimental resolution to fully char-
acterize these toxic, intermediate species of AB, MD simu-
lations have an important role in providing essential
mechanistic details regarding the formation of low-molecu-
lar-weight oligomer structures. Simulations can also suggest
possible mechanisms of the interactions of these species
with model membranes and their contributions to the aggre-
gation pathway of Ag. In this study, we utilized united-atom
MD simulations to determine the formation pathway of an
AQy4, tetramer and to subsequently place that tetramer in
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the presence of two model membranes: pure POPC and a
cholesterol-rich raft. A@ oligomers of this size have not
been studied in the presence of model membranes and can
provide essential information for understanding the type
and extent of perturbations caused by peptide binding.

The approach taken in this work was driven by previous
experimental work regarding low-molecular-weight olig-
omer structures of AB4, (23,71), and discrete MD simula-
tions of an Af tetramer (35). Many questions about the
membrane-perturbing effects exhibited by low-molecular-
weight A4, oligomers remain to be resolved. By simulating
a preformed tetramer in the presence of two model mem-
branes, one can gain insight into the potential toxicity of
this oligomeric species. Although it has been suggested
that larger oligomers of AB4, exhibit the most toxicity
(73), a membrane-bound tetramer was recently found to
cause the highest toxicity with cultured neuronal cells as
compared with monomers, dimers, and trimers of AS (74).
With current computational power, simulation of Af tetra-
mers is the most practical approach to enable studies
using atomistic MD simulations of AB4, aggregation. The
GROMOS96 53A6 force field was selected in this study
because of its ability to adequately simulate monomeric
AQ relative to experimental information (75,76). In addition,
this force field selection allowed for comparison with previ-
ous studies of monomer and dimer AB-membrane interac-
tions (40,56), and the application of frequently utilized
lipid parameters to simulate physiologically relevant model
membranes (52,55,77). When random starting velocities,
three replicates for each system, and clustering methods
are used to generate representative structures from converged
simulations, it is expected that the tetramer unit will vary
slightly among the replicates, but will have a relatively
similar shape when it is in solution and bound to model mem-
branes. The representative structures of the Ay, tetramer in
solution were chosen based on the clustering method
described by Daura et al. (68), using the peptide backbone
atoms with a cutoff of 0.3 nm for tetramer formation and
0.2 nm for selection of a monomer structure to begin the
tetramer-formation simulations. These structures represent
arelatively high percentage of the structures sampled during
the last 250 ns (Fig. 2), and analysis and comparison with the
second-highest cluster were also performed. No major differ-
ence in overall tetramer shape was observed visually via
overlays, and the RMSD values calculated between the first
and second largest clusters of formed A tetramers were
very low (0.33, 0.43, and 0.24 nm for replicates 1-3, respec-
tively). Thus, utilization of the first cluster structure provided
a representative Af4, tetramer structure in solution that
could then be placed in the presence of model membranes.

Tetramer formation

An increase in the §-strand structure of AG,, as a function of
the aggregation state is indicative of on-pathway aggrega-
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tion; therefore, it is useful to study the evolution of second-
ary structure as it relates to the formation of an Af tetramer
(21,22). We first performed an analysis to quantify changes
in the secondary structure of A monomers as the tetramer
formed. In addition, we studied tertiary and quaternary
structures to better understand interpeptide interactions
and any trends related to these levels of structure that might
give insight into the order of events surrounding AQ,;
tetramer formation and structure. When the A4, structure
from PDB: 1IYT (48) was simulated in an aqueous
0.150 mM NaCl environment, it lost all «-helical structure.
The resulting A(4, monomer that was utilized in tetramer-
formation simulations consisted of 75% random coil struc-
ture and 25% (-strand structure (Table 1). An NMR study
of AB4, monomers showed that the average §-strand struc-
ture was 20% based on Ha chemical shifts (47), indicating
that the secondary-structure assignment and development
observed in these simulations agreed with previous experi-
mental and computational work (75,76).

The time at which interpeptide contact initially occurred
during the MD simulations of tetramer formation varied
among the replicates; however, a similar trend emerged in
the sequence of interpeptide contact events (Fig. S1). In
all replicates, two A4, peptides (denoted as peptides 1
and 2) interacted and formed a dimer, with peptides 3 and
4 binding to the dimer sequentially. Tetramer formation
was complete within the first 250 ns of simulation time
(Fig. S1); however, to allow observation of any potential re-
arrangement and increase in interpeptide §-strand structure,
the simulations were continued out to 1 us. The tetramer
was determined to be stable and unchanging at this time
based on RMSD time series and clustering percentage re-
sults (Fig. 2). The last 250 ns of the tetramer-formation sim-
ulations were utilized for analysis to reflect the dominant
features of the tetramers that formed during these simula-
tions. The clustering results show that a clear, dominant
morphology emerged in each replicate, with the central
structure of the first cluster representing 44.5%, 71.4%,
and 73.4% of frames over the last 250 ns for each of the
three replicates.

A statistically significant increase in average percent
B-strand structure was observed for A4, tetramers
(34% = 5%) compared with the starting, monomeric struc-
tures (25% =+ 1%; Table 1). This structural conversion was
driven by an increase in the (-strand content in the Cterm
region of each peptide (41% =+ 9% vs. 36% * 5% in
the starting monomer, respectively). Such an increase in
B-strand content in the hydrophobic Cterm region of AB4,
has been linked to Ay, fibrillation and suggests that this
hydrophobic region of AB4, has a role in on-pathway aggre-
gation, as shown by circular dichroism spectroscopy, elec-
tron microscopy, and kinetic experiments (9,23). Such an
increase in @-strand structure overall and in Cterm residues
indicates that the tetramer unit that was formed via a united-
atom MD simulation is on-pathway with known aggregation
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FIGURE 2 Dominant morphologies of tetramer formation and tetramer-membrane interactions. The images represent the central structure of the largest
cluster from the last 250 ns of each simulation, with percentages representing the cluster size (percentage of frames belonging to the cluster). The rendering of
A4, and the membranes is the same as in Fig. 1. To see this figure in color, go online.

events. To assess which regions of the Af,, tetramer were
participating in ($-strand structure, we also performed an
analysis of percent secondary structure per key residue re-
gion. The results are discussed further below, since the
most useful comparison of these structural components is
based on a comparison of the structure in solution and the
membrane-bound structure (Table S2). The AB4, tetramer
in all replicates was compact, with an average radius of gy-
ration (Ry) of 1.6 £ 0.1 nm (Table 2) and an average self-
diffusion coefficient of 2.6 + 0.8 x 107 cm? s™! (Table
S3). The initial R, values of AB4, monomers were 1.0 =+
0.1 nm, in agreement with single-molecule-level fluores-
cence values for monomeric A4, R, (0.9 £ 0.1 nm) (78).
The structural ensembles of all AG,, species were character-
ized by nonspecific interactions between the CHC and
Cterm regions (Table 3; Figs. 2 and S3).

Finally, to characterize the shapes of the formed tetra-
mers, moments of inertia (I, I,, I3) and eccentricity (e)
were calculated from semiaxes a, b, and ¢ as follows
(79,80):

2
11 = g(b2+C2)
2
]2 = g(t‘2+a2)
L = %(a2+b2)

The shape parameters from these moments of inertia can be
defined by a prolate ellipsoid (rod) when I; = I, > I3, an
oblate ellipsoid (disc) when I; = I, < I3, and a sphere
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TABLE 1 Average Secondary-Structure Content (in %), with
Corresponding Standard Deviations, of A3, after Tetramer
Formation and after Interaction of the Tetramer with a POPC or
Raft Membrane

System Coil (_Strand a-Helix
Starting structure 75 =1 25 + 1 0+0
Tetramer formation 66 + 6 34 +5 0+x0
Tetramer + POPC 68 £ 6 32 +6 0x0
Tetramer + raft 60 + 4 40 + 4 00

Tetramer percentages represent the structural properties of ABy, tetramers
that formed in the indicated simulation, averaged over the final 250 ns of
three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations.

Starting structure percentages represent the average secondary structure of
the four AB,, peptides after energy minimization and before equilibration
and MD simulation.

when I}, = I, = I (79,80). Eccentricity (e) of the tetramer
can also indicate its shape based on a 0 — 1 scale, with
e = 0 representing a perfect sphere and e = 1 representing
a rod. Eccentricity is calculated as follows:

/ 2
e = 17;

In simulations in solution, the simulated A(4, tetramer
structures more closely resembled an oblate ellipsoid
(disc) shape with an eccentricity value of 0.79 =+ 0.03
(Table 4). This finding is in contrast to the mass spectrom-
etry (MS) results of Bernstein et al. (71), who determined
a linear structure for the A, tetramer that they described
as two dimer units that connected and were separated by
an angle of 120°, but it is in agreement with the disc-shaped
A4, pentamer structure described by Ahmed et al. (81) us-
ing transmission electron microscopy and atomic force
microscopy (AFM). Solution and experimental conditions
could greatly influence the structure of the AB,, tetramer,
leading to this difference in results. MS is an in vacuo tech-
nique, whereas the transmission electron microscopy and
AFM experiments were performed in a hydrated, salt-con-
taining environment. The influence of solution conditions
on Af,4, oligomerization has been confirmed by the forma-
tion of a disc-shaped A4, pentamer observed in conditions
similar to those utilized in these simulations (81). The for-

TABLE 2 Average Ry Values of AB,, Tetramers, with
Corresponding Standard Deviations

System R, (nm)
Tetramer formation 1.6 = 0.1
Tetramer + POPC 2.1 +02
Tetramer + raft 24 +03

The average represents the R, of Ay, tetramers in the indicated simulation,
averaged over the final 250 ns of three replicate trajectories for a cumulative
sampling time of 750 ns, with corresponding standard deviations.

The initial, monomeric peptide R, values of A4, were 1.0 = 0.1 nm,
which agrees with literature values (78).
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TABLE 3 Average Percentage of Intermolecular Side-Chain
Contacts between Key Regions of AB,,

System CHC-CHC CHC-Cterm Cterm-Cterm
Tetramer formation 27 £ 25 26 = 10 47 £ 25
Tetramer + POPC 20 = 23 20 = 24 59 + 35
Tetramer + raft 43 +£ 2 24 £ 8 33£6

The average percentage represents the intermolecular contacts of AQ4,-
specified region-region contacts formed in the indicated simulation, aver-
aged over the final 250 ns of three replicate trajectories for a cumulative
sampling time of 750 ns. The specified region-region contact percentage
was calculated from the total number of contacts representing CHC-
CHC, CHC-Cterm, and Cterm-Cterm. CHC is defined as residues 17-21,
and Cterm is defined as residues 30-42.

mation of an oblate ellipsoid (disc-shaped) tetramer is also
shown in Fig. S2 by the more compact tetramers, with all
peptides being in contact with one another, as compared
with the proposed linear tetramer structure (71). This
compact structure has the potential for additional Af,, bind-
ing, given the heterogeneous (hydrophilic and hydropho-
bic) solvent-accessible surface area (SASA) of the A4,
tetramer.

Modulation of AgG,, tetramer structure by
membranes

The representative structures from the last 250 ns of each of
the three replicates from the tetramer-formation simulations
were placed in the presence of pure POPC or raft model
membranes (Fig. 1; Table S1). Our analysis focused on
the extent to which the A4, tetramer disrupted the model
membranes and how the membranes influenced the nature
of the interpeptide interactions within the AQ,, tetramer.
In these simulations, the center of mass (COM) of the AS
tetramer was placed equidistant from both leaflets of the
bilayer. The use of periodic boundary conditions and iden-
tical lipid compositions for both leaflets avoided a bias to-
ward interacting with one leaflet or the other. In the
simulations presented here, the tetramer did not choose to
interact with any specific side of the membrane. Herein,
any analysis of individual leaflets refers to leaflets to which
the AQ@ tetramer bound and remained bound during the
simulation.

The time required for the A4, tetramer to bind to the
POPC membrane varied across the replicates (Fig. S4),
ranging from 32 to 245 ns. The A4, tetramer interacted
with the raft membrane quickly, with the longest replicate
taking only 56 ns to bind to the membrane (Fig. S4). In
all POPC and raft simulations, once the A4, tetramer
bound to the model membrane, it did not release from the
membrane. The secondary-structure evolution of A(4, was
of primary interest when we first studied the effects of a
membrane on A(4, tetramer arrangements. The (-strand
content of the AQ tetramer was maintained in the presence
of the POPC membrane (34% =+ 5% vs. 32 = 6% in water
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TABLE 4 Average Moments of Inertia (I4, I, I3) and Eccentricity Values (e) for Ag3,, Tetramers

System I, (10* amu x nm?) L (10* amu x nm?) Iz (10* amu x nm?) e

Tetramer formation 23 + 0.1 32 +03 3.8 +03 0.79 = 0.03
Tetramer + POPC 28 +03 7.0 £1.0 8.0 = 1.0 091 = 0.01
Tetramer + raft 6.0 + 2.0 55.0 = 43.0 58.0 £ 44.0 0.97 = 0.02

The average represents moment-of-inertia and eccentricity values for ABy, tetramers averaged over the final 250 ns of three replicate trajectories for a cu-
mulative sampling time of 750 ns for the indicated system, with corresponding standard deviations.

and bound to the membrane, respectively; Table 1). A slight
increase in B-strand structure content was observed in the
presence of a raft membrane (34% =+ 5% vs. 40% =
6%). To try to understand the increase in $-strand structure
in the presence of the raft membrane, we considered other
structural features of the tetramer. From examination of
the structures, it appeared that the tetramer became more
elongated in the presence of the raft membrane than in the
presence of the POPC membrane. This change was borne
out by the R, values of the A, tetramer, which increased
to a statistically significant degree in the presence of
POPC and raft membranes as compared with the structure
in the absence of membranes (Table 2). An R, of 1.6 *
0.1 nm was observed for the AB,, tetramer in solution,
whereas A@ tetramer R, values of 2.1 = 0.2 nm and
2.4 * 0.3 nm were observed after binding to the POPC
membrane and raft membrane, respectively (Table 2). The
SASA was also calculated for the AB4, tetramer in solution
(100 £ 2 nmz) and bound to the membrane. A slight in-
crease in the SASA was observed for the A tetramer in
the presence of POPC (105 *= 5 nm?) and raft membranes
(108 = 2 nm?; Table S6). The more extended Ay, tetramer
structure in the presence of the raft membrane could allow
for an extension of inter- and intra-B-strand structure and
the rearrangement observed during the simulations (Table 3).
The percent §-strand structure in key regions of Af,, (the
N-terminal (Nterm; residues 1-10), CHC, and Cterm re-
gions) was also analyzed. There was no change in percent
B-strand structure in these regions of the Af,, tetramer in
solution or bound to POPC; however, an increase in percent
B-strand structure was observed in these regions, most
notably the CHC, when it was bound to raft membranes
(Table S2). The increased 3-strand structure in the CHC re-
gion agrees with studies showing that the CHC region is the
shortest fragment of AG to form (-strand structure and is
essential for full-length A@ oligomer formation (82). We
conclude that the raft environment propagates (-strand
structure in the CHC region, whereas this propagation is
not observed in the presence of POPC. These findings
further highlight the role of raft membranes in influencing
the structure and potential aggregation ability of an ABy4,
tetramer.

Finally, the elongation and loss of the spherical structure
of the tetramer in the presence of POPC and raft membranes
were observed visually (Figs. 2 and S2) and calculated
using moment-of-inertia and eccentricity values. After bind-

ing to the POPC membrane, the A8, tetramer became elon-
gated and converted to a more rod-like ellipsoid structure,
as demonstrated by an increase in eccentricity values
(0.91 £ 0.01) as compared with the A, tetramer in solu-
tion (0.79 = 0.03; Table 4). A considerable variation in
moment-of-inertia values was observed when the Af4
tetramer bound to a raft membrane, showing further elonga-
tion into a prolate ellipsoid shape, with an eccentricity value
of 0.97 = 0.02 (Table 4). In the presence of both the POPC
and raft membranes, the AB,, tetramer adopted two larger
moments and one smaller moment, indicating a progression
toward a more prolate ellipsoid (rod-shape) as compared
with the A4, tetramer in solution. In the AB4, tetramer
and raft simulations, there was a greater degree of difference
between the two larger moments and the smaller moment,
influenced by the increased elongation and (3-strand content
of the AB,, tetramer when bound to the raft membrane as
compared with the POPC membrane. In addition, the extent
of the difference between the I,/15 and I, values is consistent
with the degree of change in the R, values of the Af4,
tetramer in the presence of a raft membrane. The degree
of difference between the I;/I, and I5 values is consistent
with other reported moment-of-inertia values for ellipsoid
shapes (80). Irrespective of membrane type, the AB4,
tetramer became more elongated and rod-like, which has
been experimentally determined to be a property of on-
pathway protofibrils of AG (83). This leads us to conclude
that membranes serve to modulate the shape of the Af4,
tetramer and cause a rearrangement into on-pathway, rod-
shaped aggregate structures from an oblate ellipsoid AB4,
tetramer in solution.

Given that membranes reduce the dimensionality of diffu-
sion of molecules in solution from three dimensions to two,
the self-diffusion coefficients of the AG,4, tetramer bound to
POPC and raft membranes were calculated. Significant
decreases in self-diffusion coefficients were observed for
the AQ tetramer bound to POPC and raft membranes as
compared with the in-solution structure in tetramer-forma-
tion simulations. The average self-diffusion coefficient
calculated in the x-y plane for the AB,, tetramer bound to
POPC was reduced by approximately half relative to its
value in solution, and was further reduced by half when
the AB4, tetramer bound to the cholesterol-rich raft (Table
S3). The reduced diffusion at the membrane interface sug-
gests strong peptide-lipid interactions and a potential for
nucleation due to decreased mobility. It is hypothesized
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that self-diffusion is decreased in rafts, given the elongation
and rearrangement of the A tetramer in the presence of this
model membrane. Although there are fewer specific and
deep interactions of amino acid side chains with the raft
membrane as compared with POPC (see Fig. 4), there are
measurably more interactions and hydrogen bonds between
the AB and the raft membrane as compared with POPC
(Table S4). This finding also supports the carpeting-effect
model of A(4-membrane interactions (50), in that the
tetramer bound to both POPC and raft membranes elongated
and coated the membrane surface to varying degrees as
compared with structures in solution. Both membranes
induced a conversion to more rod-like, on-pathway struc-
tures, and this effect was greatest in the cholesterol-rich
rafts. This finding indicates that these specialized lipid mi-
crodomains that contain cholesterol are influential in the
pathological aggregation pathway of A@, and agree with
current literature linking lipid rafts to AG aggregation (84).

Lastly, a reorganization of interpeptide contacts was
observed in the presence of the raft membrane. Nonspecific
interactions between the CHC-CHC, CHC-Cterm, and
Cterm-Cterm domains were observed in solution when the
A4, tetramer bound to the POPC membrane. However, af-
ter it bound to the raft membrane, CHC-CHC contacts
increased measurably and consistently across the three rep-
licates, and Cterm-Cterm interactions decreased in a corre-
sponding manner (Table 3). This intriguing rearrangement
of the ABy4, tetramer in the presence of the raft membrane
was due to the formation of two major hydrophobic nuclei
(Fig. S3). In addition, the degree of elongation was more
noticeable in the presence of the raft membrane, due to
the rearrangement of interpeptide interactions. These simu-
lations show that rafts cause more substantial elongation and
rearrangement of the tetramer than pure POPC membranes,
implicating the raft microdomains in the modulation of AS
tetramer structure to contribute to on-pathway A fibril
formation.

Perturbation of POPC and raft membranes by the
AB4o tetramer

Membrane perturbation induced by the AB4, tetramer was
quantified in terms of deuterium order parameters (Scp),
area per lipid (APL), bilayer thickness, and density profiles.
An increase in Scp and bilayer thickness, coupled with a
decrease in APL, indicates tighter lipid packing and subse-
quent elongation of lipid tails. Density profiles of the mem-
brane were also calculated to determine whether Af4,
tetramer binding caused an increased penetration of water
into the glycerol region of the membrane or affected lipid
headgroup and lipid tail properties. Control membrane sys-
tems (without any peptide) were simulated for 1 us to serve
as a control for assessing the effect of the AB,4, tetramer on
membrane perturbation. In the control simulations, the APL
and bilayer thickness averaged over the last 250 ns were
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62 + 1 A% and 3.9 + 0.1 nm, respectively, for POPC,
and 41.2 + 0.1 A%and 4.3 = 0.2 nm for the raft membrane
(Table 5). These metrics compare well with literature values
(55,85), indicating that 1 us is adequate to achieve suffi-
cient sampling, and that the force-field model used in this
work adequately represents lipid dynamic and structural
properties.

A4, tetramer binding and insertion into the POPC mem-
brane caused an average 42% decrease in APL, coupled
with a 10% increase in bilayer thickness (Table 5). Deute-
rium order parameters were also substantially increased
compared with the control POPC membrane Scp value,
whereas no significant change in Scp values was observed
when the control raft parameters were compared with those
obtained when the AB,, tetramer was bound (Fig. 3). The
density profiles also show that upon AfB,, tetramer binding,
the lipids packed in a way that caused the lipid tails to inter-
digitate at the bilayer interface (Figs. S5 and S6). In
addition, the density of the interacting leaflet headgroup
decreased as compared with the control and noninteracting
leaflet headgroups, indicating the compactness of the lipid
headgroups as a result of A, tetramer binding. Raft mem-
branes resisted major perturbation by the Af,, tetramer, re-
sulting in only a 15% decrease in APL and no change in
overall bilayer thickness (Table 5). The density profiles
showed no interdigitation between leaflets, and little to no
change in the density of the interacting leaflet headgroup
was observed as compared with the control and noninter-
acting leaflets (Fig. S5). These results show that the pres-
ence of cholesterol in a raft membrane attenuates major
perturbations such as that observed in the pure POPC mem-
brane upon binding of tetrameric AB4,. The neuroprotective
role of cholesterol upon AB4, binding has also been shown
experimentally by AFM (86).

In addition to studying the degree of perturbation of
POPC and raft membranes caused by AS tetramer binding,
we were interested in determining whether any residues of
the peptide had an increased probability of participating
in peptide-membrane interactions. Distance plots, which
represent the position of the center of mass (COM) of
each residue in the A tetramer relative to the COM of
the bilayer, were generated to determine whether a certain

TABLE 5 Membrane Properties after Tetramer Interaction

APL (10\2) Bilayer Thickness (nm)
Tetramer + POPC 36 = 5 (—42%) 4.3 = 0.1 (+ 10%)
Tetramer + raft 35 £ 3(—15%) 43 = 0.1 (= 0%)

Averages, with corresponding standard deviations and % difference from
controls, are shown for APL and bilayer-thickness analysis metrics. The
average represents the APL and thickness for the indicated simulation, aver-
aged over the final 250 ns of three replicate trajectories for a cumulative
sampling time of 750 ns. Control APL (AZ) values, averaged over the last
250 ns of simulation time of a membrane-only simulation, were 62 * 1
(POPC) and 41.2 £ 0.1 (raft). Control bilayer-thickness values, averaged
over the last 250 ns of simulation time of a membrane-only simulation,
were 3.9 £ 0.1 (POPC) and 4.3 £ 0.2 (raft).
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FIGURE 3 Average leaflet deuterium order parameters (Scp) of the palmitoyl (sn-1) chain of POPC lipids in model membrane simulations. For clarity,
only the sn-1 chain of POPC is shown; however, parameters were also analyzed for the sn-2 chain and showed similar trends. Control (no peptide present)
parameters for each carbon in the lipid chain are shown in black, with the average parameter over three replicates during the last 250 ns of simulation time
shown for ABy, tetramer (red) simulations. Standard errors of the mean values that are plotted were very small and are not included since they are not readily

visible in the graphs. To see this figure in color, go online.

amino acid type or position was more likely to be found at
the membrane interface, and to determine the depth of inser-
tion. Due to the large volume of data and the presence of
four peptides, individual distance plots are provided for
clarity, with a composite showing trends among the repli-
cates. The positively charged residues Arg-5, Lys-16, and
Lys-28, and the highly polar Nterm region of A4
frequently sampled regions close to or below the phosphate
region of the POPC membrane across all replicates to a
greater degree than any other observed amino acid type
(Figs. 4 and S7). Lipid packing and a rigid membrane-water
interface have not been observed for a pure POPC mem-
brane (87), which helps to explain the ability of these posi-
tively charged residues to insert into the lipid headgroup
region of POPC and significantly disrupt the membrane
integrity and interdigitation of the leaflets. There was a
significant increase in lipid order, as shown by the APL of
the interacting leaflet after A@ tetramer binding, which
increased the order and length of the carbon tail of the lipids
(Fig. 3), pushing the ends into the lipid tails of the other
leaflet. This mixing of lipid tails was not observed in the
control POPC membrane. A tetramer binding disrupted
and caused the lipids to order to such an extent around the
A tetramer that the lipid tails had to occupy some of the
free space between the leaflets (Figs. S5 and S6) and disrupt
the other leaflet, as reflected in the overall bilayer thickness
(Table 5).

Residue penetration into the raft membrane was not as
deep as compared with the POPC membrane (Fig. 4), which
may be a result of the raft membrane being less fluid than
the POPC membrane (88). This observation is tied to the
small APL of the raft membrane, indicating tight packing

of phospholipid (POPC and PSM) headgroups to shield
cholesterol from the water interface, thereby preventing
the insertion of positively charged residues into the phos-
phate region of the lipid headgroups. This lack of insertion
by positively charged residues into the lipid headgroup re-
gion of the raft membrane could result in a rearrangement
of the AB,, tetramer to adjust to the presence of this more
rigid membrane headgroup region as compared with
POPC (Figs. 4 and S7). The influence of the headgroup ri-
gidity of a raft on Af,, tetramer binding is also shown by
the peripheral association of the Af,, tetramer with the
raft membrane (Fig. 4). The lack of insertion into the phos-
phate region of the membrane in raft simulations of these
positively charged residues could relate to the decreased
perturbation of the raft membrane by the AQ,, tetramer
(Table 4; Fig. 3), and could be explained by the elongation
and rearrangement of the Af,, tetramer as influenced by the
presence of cholesterol and the rigidity of a raft membrane.

The work presented here highlights the influence of the
oligomer structure and shape on peptide-membrane interac-
tions. We hypothesize that when ordered, fibrillar Ag inter-
acts with a membrane, some disruption of the fibril is
necessary to allow residue insertion into the bilayer. With
a more amorphous A tetramer, as used in this study, deeper
interactions occur with POPC and raft membranes, given the
ability of the less-ordered AQ structure to rearrange. Tofo-
leanu et al. (89) simulated fibrillar AB in the presence of
POPC and POPE lipids. Although POPC and POPE lipids
are electrostatically neutral, they have different morphol-
ogies because of the more voluminous headgroup of
POPC compared with POPE. The voluminous headgroup
of POPC restricts the interactions between AB and the
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phosphate and carbonyl moieties, leading to weaker electro-
static interactions between fibrillar AG and POPC as
compared with POPE (89). In this work, we observed strong
electrostatic interactions with positively charged residues
inserting into the phosphate headgroup region of POPC
(Fig. 4). We hypothesize that the different types of structures
used (fibrillar versus aggregate) in our study and that of
Tofoleanu et al. (89) account for the differences observed.

CONCLUSIONS

Understanding the formation of low-molecular-weight AG4,
oligomers and oligomer-membrane interactions is essential
for elucidating the mechanistic details of AD toxicity
caused by Af4,. In this work, we sought to understand the
aggregation mechanism of AB4, monomers as it relates to
the formation of a tetramer and subsequent AS,, tetramer-
membrane interactions. The A, tetramer formed in a step-
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wise manner, with each peptide binding individually until a
relatively compact, oblate ellipsoid tetramer was formed.
The AQ4, tetramer elongated in the presence of both
POPC and raft model membranes, showing the influence
of membranes on tetramer structure. Rearrangement of in-
terpeptide contacts was observed in the presence of the
raft membrane, in addition to a decrease in the insertion
depth of positively charged residues into the phosphate re-
gion of the membrane as compared with POPC. AQ,,
tetramer binding significantly perturbed POPC membranes,
whereas the raft membrane remained relatively unperturbed
by AQ4, tetramer binding. This observation further shows
the influence of cholesterol on maintaining membrane
integrity in the presence of Af4, binding. These peptide-
membrane interactions support the carpeting-effect model
proposed for A4, toxicity on membranes (50) and reveal
the role of membrane environments in modulating A@ fibril
formation, ultimately yielding insight into the mechanism of



AQ4, toxicity and the potential for aggregation events to
proceed in the presence of a membrane environment.

SUPPORTING MATERIAL

Seven figures and six tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)30657-9.
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Table S1. Details of Systems and Initial Tetramer Membrane Distances.

Membrane Membrane System Dimensions Number Minimum
Composition (x, y, z, in nm) after of lons Distance between
energy minimization Tetramer and

Membrane (nm)

Control POPC 128 POPC 6.34x6.31x5.8 n/a n/a
Control Raft 129 POPC 8.75x8.75x 11.8 n/a n/a
119 PSM
121 Cholesterol
Tetramer + POPC 128 POPC 6.34x6.31x18 Na': 77 Rep 1:2.5
CI : 65 Rep 2:2.5
Rep 3:2.6
Tetramer + Raft 129 POPC 8.75x8.75x 18 Na': 136 Rep 1:3.4
119 PSM Cl' : 124 Rep 2: 3.
121 Cholesterol Rep 3:3.5

Table S2. Average percent secondary structure content (shown in %) of key regions of AB,.

System Nterm CHC Cterm
Coil | pB-strand | Coil | B-strand] Coil | B-strand

Tetramer Formation | 70 +20 30+10 147+21 53+£21 | 57+9 43+10
Tetramer + POPC | 71+20 29421 146+23 54+23 |56+11 42410

Tetramer + Raft 6615 34+15137+14 63+14 |51+11 49+11

“ Percentages represent structural properties of APa, tetramers regions, indicating the likelihood
of that secondary structure being present in that region, averaged over the final 250 ns of three
replicate trajectories for a cumulative sampling time of 750 ns, with corresponding standard
deviations. Nterm is defined as residues 1-10; CHC is defined as residues 17-21; Cterm is
defined as residues 30-42.



Table S3. Average diffusion coefficients of Af4, tetramers, with corresponding standard
deviation. “

System D (crn2 s'l)
Tetramer Formation 2.6+08x10°
Tetramer + POPC 1.4+03x 10°
Tetramer + Raft 0.6+02x10°

“ Average represents diffusion coefficient of A4, tetramers in the indicated simulation, averaged
over the final 250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations.

Table S4. Overview of Af4, tetramer-membrane hydrogen bonds and total interactions, with
corresponding standard deviations. “

System Number of Total Number of Total Number of
Hydrogen Bonds Interactions Electrostatic
Interactions
Tetramer + POPC 22+9 4609 + 1373 1780 + 837
Tetramer + Raft 27+4 4985 + 640 1997 + 146

“ Averages represents average number of hydrogen bonds and average number of total
interactions (instance when two atoms were within < 0.6 nm) between the A4, tetramer and
model membrane in the indicated simulation, averaged over the final 250 ns of three replicate
trajectories for a cumulative sampling time of 750 ns, with corresponding standard deviations.
Interactions were calculated by using index groups to select the side chain atoms of every residue
and electrostatic residues were designated as having a net positive (+1) or negative (-1) charged
side chain at pH 7.4. Residues included in electrostatic residues were Asp, Glu, Lys, and Arg.

Table S5. Average solvent accessible surface area (SASA) of AP4 tetramers, with
corresponding standard deviations. “>*

System Hydrophobic (nm®) | Hydrophilic (nm®) | Total SASA (nm”)
Starting Structure 70+ 1 58 +1 128 + 1
Tetramer Formation 54 +£1 46 £ 1 100 £2
Tetramer + POPC 56 +4 49 + 3 105+5
Tetramer + Raft 57+1 51+1 108 £2

“ Average represents SASA of AB4, tetramers in the indicated simulation, averaged over the final
250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations. ” Starting structure average was calculated at the onset of MD
simulations for the first 20 ns of simulation time. © An atom is determined to be hydrophilic if |q]
>0.2



Table S6. Average SASA of POPC and raft membranes, with corresponding standard deviation.

a, b,c

System Hydrophobic (nm®) | Hydrophilic (nm®) | Total SASA (nm")
Control POPC 115 +1 214 £ 1 329+9
Control Raft 208 £ 1 401 +2 609 + 2
Tetramer + POPC 112+2 202+ 3 314+5
Tetramer + Raft 200+ 3 400 + 4 600 + 7

“ Average represents SASA of model membranes with A4, tetramers bound, averaged over the
final 250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations. ” The control membrane averages presented represent the
average over the last 250 ns of one simulation of the membrane only. © An atom is determined to
be hydrophilic if |q| > 0.2
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Figure S1. Minimum distance between peptides (denoted as peptides 1, 2, 3, and 4) during

tetramer formation. The minimum distance plots show the time and order of events for inter-
peptide interaction.
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Figure S2. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting multimeric state. Representative images from the central structure of the first cluster
(for clustering size, see Figure 2), with the peptides shown as spheres and colored orange, green,
blue, or red for respective peptide number (1-4). Membranes are shown as grey sticks, with the
phosphorus atoms shown as tan spheres for perspective.
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Figure S3. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting hydrophobic regions. Representative images from the central structure of the first
cluster (for clustering size, see Figure 2), with the peptides shown as cartoon and surface, orange
for hydrophobic residues and grey for hydrophilic. Membranes are shown as grey sticks, with the
phosphorus atoms shown as tan spheres for perspective.
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Figure S4. Minimum distance between tetramer and POPC or raft membrane. The minimum
distance plots show the time of interaction between the tetramer unit and membrane. For

replicate 1 Tetramer + raft simulations, the time of contact is similar to replicate two, and the two
lines partially overlay.
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Figure S5. Membrane (PC lipids), water, and protein density profiles for tetramer + POPC and
raft membrane simulations. Note the flattening of the density at the core of the Tetramer + POPC
profile indicates interdigitation of the PC lipid tails that is not observed in the control POPC
membrane. Please note the difference in x-axis plotting is due to the tetramer + membrane
simulations utilizing a larger z-axis in their simulation box given the need to place the tetramer
~3 nm away from the membranes as compared to the control.



$oo - : & :: o Lok bo _©
.8.:%-"’3. 3}}- ‘:8 o o f?fi’ifg::f e

Figure S6. Visual representation of interdigitation at bilayer interface for POPC membrane (A)
POPC control and (B) POPC + Tetramer. Lipids are shown as sticks, with the terminal carbon of
each chain shown as spheres, colored by leaflet (blue and red). The tetramer is shown for
perspective and is rendered as in Figure. 1.
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Figure S7. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting hydrophobic regions. Representative images from the central structure of the first
cluster (for clustering size, see Figure 2), with the peptides shown as cartoon and surface, orange
for hydrophobic residues, blue sticks for Arg-5, Lys-16, and Lys-28, and grey for all other
hydrophilic residues. Membranes are shown as grey sticks, with the phosphorus atoms shown as
tan spheres for perspective.
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