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Amyloid-g (AB42) Peptide Aggregation Rate and Mechanism on
Surfaces with Widely Varied Properties: Insights from Brownian
Dynamics Simulations

Timothy Cholko, Joseph Barnum, Chia-en A. Chang
Department of Chemistry, University of California, Riverside, Riverside, California 92521, United
States;

Abstract

Amyloid- 8 (Ap) plaques, which form by aggregation of harmless AgB peptide monomers into
larger fibrils, are characteristic of neurodegenerative disorders such as Alzheimer’s disease. Efforts
to treat Alzheimer’s disease focus on stopping or reversing the aggregation process that leads to
fibril formation. However, effective treatments are elusive due to certain unknown aspects of the
process. Many hypotheses point to disruption of cell membranes by adsorbed A monomers or
oligomers, but how Ag behaves and aggregates on surfaces of widely varying properties, such as
those present in a cell, is unclear. Elucidating the effects of various surfaces on the dynamics of
Ap and the kinetics of the aggregation process from bulk solution to a surface-adsorbed multimer
can help identify what drives aggregation, leading to new methods of intervention by inhibitory
drugs or other means. In this work, we used all-atom Brownian dynamics simulations to study the
association of two distinct AB42 monomer conformations with a surface-adsorbed or free-floating
ApBA2 dimer. We calculated the association time, surface interaction energy, surface diffusion
coefficient, surface residence time, and the mechanism of association on four different surfaces
and two different bulk solution scenarios. In the presence of a surface, the majority of monomers
underwent a two-dimensional surface-mediated association that depended primarily on an AB42
electrostatic interaction with the self-assembled monolayer (SAM) surfaces. Moreover,
aggregation could be inhibited greatly by surfaces with high affinity for AB42 and heterogeneous
charge distribution. Our results can be used to identify new opportunities for disrupting or
reversing the AB42 aggregation process.
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INTRODUCTION

Amyloid-g (Ap) peptide aggregation has been implicated in the onset and progression of
many neurodegenerative disorders including Alzheimer’s disease (AD).1=3 ABis a 39- to
42-amino acid intrinsically disordered peptide consisting of a disordered hydrophilic N-
terminal tail, a mostly hydrophobic core, and a hydrophobic C-terminus. It has been shown
experimentally and computationally that structurally disordered Ag monomers tend to adopt
a more ordered conformation rich in the g-sheet structure after spontaneously associating
with another monomer or with a surface.*® These B-sheet-rich structures can then rapidly
grow into the larger pathogenic aggregates that are characteristic of AD, known as amyloid
plaques.5-11 Agis primarily found in two forms, AB40 and ApB42, depending on the number
of amino acids. The latter is the more toxic version, possibly due to its higher S-sheet
content, so here we focus solely on Ap42,12-14

Studies /n vitro and in vivo have revealed multiple possible causes of AB42 neurotoxicity,
many of which involve adsorption of Ag42 to the cellular surface.1%16 One such cause is the
ability of Ap42 aggregates to form pore-like structures on cell membranes leading to ion
permeability.1” Two other proposed mechanisms involve the association of AB42 with cell
membranes, causing thinning and subsequent leakage of small molecules.1819 All depend
highly on the interaction of AB42 with cell membranes, indicating the importance of
detailed understanding of the propensity of AB42 to adhere to and aggregate on various
surfaces as well as the driving forces behind such behavior. Moreover, elucidating the effect
of various surfaces on the kinetics and mechanism of monomer association with a preformed
fibril may inform new therapeutic methods for inhibiting this process.

Monomers most commonly associate with the fibril through a “dock-lock” mechanism, in
which monomers first associate with the fibril surface (dock), and then undergo
conformational rearrangement to more strongly associate with the fibril tip (lock).20-24
Much effort has been spent on stopping or reversing AD progression by inhibiting fibril
aggregation with various methods, such as small molecule inhibitors.2>-28 Simulation
studies have focused highly on elucidating the dock-lock aggregation mechanism or on the
change from a disordered to B-sheet conformation using both all-atom molecular dynamics
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(MD)29-32 and several coarse-grained techniques.33-35 Other work has investigated the
ability of Ap42 to adsorb to cellular membranes and other material surfaces.36-39 A 42
surface interactions can be modulated by multiple factors such as pH, ionic concentration,
surface chemistry, and surface morphology.#9-43 Multiple studies found that Ag42 primarily
adopts a B-sheet-rich conformation upon adsorption to surfaces possessing a wide range of
properties.394445 Moreover, using MD simulations, Thu et al. recently showed that the
experimentally measured aggregation rate of AB42 is highly correlated with the S-sheet
content in the monomeric state.®

Many of the detailed computational studies of Ag have used truncated fragments of the
peptide that contain only key residues.*#6 One shortcoming of this approach is that it
excludes charged residues that reside near the N- and C-termini that affect the aggregation of
ApB42. Indeed, a nonzero net charge can cause repulsion between peptides and will affect the
interaction with ionic or polar surfaces. There is currently a lack of understanding regarding
the aggregation kinetics of AB42 peptides in solution and on a surface. Specifically, it is
unknown whether aggregation takes place primarily in solution or on surfaces /7 vivo and
whether surfaces mediate or inhibit this process. Additionally, cells present chemically
diverse structures to diffusing peptides. An understanding of how different environments
affect Ap42 may provide valuable guidance in therapeutic efforts.

Here, we used all-atom Brownian dynamics (BD) simulations to study the association of the
ApA2 monomer with a surface-adsorbed ApB42 dimer and with a dimer in bulk solvent. In
surface-adsorbed dimer scenarios, we used four different self-assembled monolayer (SAM)
surfaces of widely varying properties. These simulations replicate the initial stages of Ap42
fibril aggregation, providing valuable insight into the mechanism and kinetics of the process
as it may proceed in a cellular environment. We show that the vast majority of monomers
underwent surface-mediated, two-dimensional (2D) association on all surfaces. An
inhomogeneous surface strongly inhibited ApB42 aggregation, and the aggregation rate on all
surfaces depended highly on the surface diffusion rate. Additionally, monomers adsorbed
and associated with the dimer by a different mechanism depending on surface properties,
which may provide insight into theories of AB42 neurotoxicity and new methods for
inhibiting aggregation.

METHODS
ApByo Peptide and SAM Structure.

A PDB crystal structure 2NAO, which is a hexamer of AB42 in a B-sheet-rich conformation,
was modified to obtain an AB42 monomer (Figure 1a).4” For comparison, we also used a
random coil conformation of Ap42 (Figure 1b), which is more commonly observed during
free diffusion in solution.#8 This conformation was obtained from an MD simulation of
ApB42 monomers in solution using a specialized force field for disordered peptides.*® Both
conformations have a —3e charge. The monomer was diffused during the simulations until it
associated with the surface-adsorbed (Figures 1b and 2a) or free-floating (Figure 2b,c) Ap42
dimer, which was stationary in all cases. The dimer used in all simulations was also derived
from PDB 2NAO, so it too is a S-sheet-rich conformation. More details on the choice of
Ap42 conformation are available in the Supporting Information. The four SAM surfaces
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used were undecanethiol (hydrophobic), 11-mercapto-1-undecanol (hydrophilic), 11-
amino-1-undecanethiol (cationic), and 11-mercaptoundecanoic acid (anionic) on a gold
substrate. We refer to these as the CHz—, OH—, NH*—, or COO™-SAM, respectively. All
SAMs were constructed according to the lowest-energy conformation of alkanethiol SAMs
on Au(111) described by Schreiber.50 The chains have a hexagonal packing pattern and a
packing density in the order of 1014 cm™2, yielding an average chain separation of 4.98 A.
The ionizable SAMs (NH*-SAM and COO~-SAM) were modeled as they would appear at
pH 7. For the COO™-SAM, this means that all tail groups were in the deprotonated COO~
form, and for the NH*-SAM, randomly selected 30% of the tail groups were in the
protonated NH3™ form, whereas the rest were in the neutral NH, form.52

Simulation Protocol.

We performed all-atom BD simulations with the GeomBD3 program.>2 The SAMSs with an
adsorbed ApB42 dimer were placed at the bottom of a rectangular prism that extended 500 A
in the zdimension and 280 A in the x- and y~dimensions (Figure 2a). Hereafter, we refer to
the SAM/dimer structure as the “receptor”. Monomers began diffusion from a random
position on the x-y plane at a height of 400 A above the receptor. The side faces of the prism
used periodic boundary conditions and were placed 50 A before the edges of the SAM to
prevent monomers from hanging over the edge or going below the SAM.

Simulations included a stationary grid representation of the receptor’s volume, electric field,
and the van der Waals (vdW)-like 12—6 Lennard-Jones (LJ) potential. The grid spacing for
all of the three grids was 0.5 A. The electric field and LJ grids extended 40 A and 15 A,
respectively, beyond all edges of the receptor. Atomic charges and LJ parameters for Ap42
were derived from the AMBER ff14SB force field.>3 Atomic charges for the SAM
molecules were calculated using the AMBER antechamber program with the AM1-BCC
semi-empirical charge method,>* and LJ parameters were taken from AMBER ff14SB.
During simulation, monomers diffuse in implicit water solvent according to the overdamped
Langevin equation

D; dU

ri(t + At) = ri(t) — kB_TW +./2D;AtR Q)

where Djis the translational or rotational diffusion coefficient, Ag is Boltzmann’s constant,
T'is the temperature (298.15 K), ‘il—(r] is the potential energy gradient, Atis the time step, and

Ris a zero-mean stationary Gaussian process.®® If monomers diffused past the top of the
simulation box, they were returned to their previous position and a new diffusion step was
calculated with a different random force. Translational and rotational diffusion coefficients
were calculated from the Stokes-Einstein equation. Additional details are available in the
Supporting Information. For computational efficiency, a distance-dependent variable time
step between 0.1 and 1.0 ps was used. The time step was scaled linearly between these two
values based on the distance between the centers of the monomer and dimer, taking on larger
values with increasing distance. Below a distance of 50 A, the time step was always 0.1, and
above 500 A it was always 1.0 ps.
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Calculation of Self-Diffusion Coefficients.

Bulk and surface self-diffusion coefficients, Dand Dy, respectively, of Ap42 were
calculated by the Einstein relation (+2) = lim 2nDt, where ris the displacement in time £, D

t— o0
is the diffusion coefficient, and nis the dimensionality of the diffusion process on sections of
monomer trajectories of at least 500 ns.

ApBA2 Association Mechanism and Surface Residence Time.

Because these simulations used rigid molecules with no internal degrees of freedom, it was
necessary to define a coarse geometric “association criterion”, which, once satisfied, records
the trajectory as an association event. Our association criterion requires the distance between
the phenylalanine residues buried in the hydrophobic core region of a monomer and the
surface-adsorbed dimer to come within 40 A of each other (Figure 3). Additional details can
be found in the Supporting Information. The association mechanism was analyzed for each
monomer-dimer association event and was classified as either 2D or three-dimensional (3D)
associator. 2D associators are monomers that satisfied the association criterion while
simultaneously being adsorbed to (or just after desorption from) the surface. 3D associators
are monomers that satisfied the association criterion while diffusing in the bulk solvent,
regardless of whether they had adsorbed to the surface earlier in their trajectory. Surface
residence time is defined as the average time a monomer stayed adsorbed to a SAM before
desorbing or associating with the dimer. More details are available in the Supporting
Information.

Kinetic Theory of Molecular Association with Surface-Bound Receptors.

We compared the simulation data to the 2D and 3D association rate theory. Theoretical 3D
and 2D average association times, 73 and z,, respectively, depend highly on the radius of the
final target a (the dimer) and radius of the search space b (the simulation box or SAM) as
well as the bulk or surface diffusion rate Dor Dy

2

()1 (5)

B3=\p 3—5 )
b

. (;) o
> Daurt \1.1032

In this work, the overall theoretical average association time, 4neo, for a 3D associating
monomer is z3, gimer, Where the subscript dimer indicates the final target. For a 2D
associating monomer, kneo IS 73 sam + T2 because it must first diffuse three-dimensionally
to the SAM from its starting position then two-dimensionally to the dimer.6:57 Since there
is no derivation of a theoretical average association time that clearly corresponds to diffusion
from the starting plane to the SAM, we instead used a time derived from the simulations
having no-surface, in which the dimer was at the bottom of the box. The radius of the dimer
is more than 3 times smaller than the SAM, so the time to reach a SAM of the same distance
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from the starting plane will be significantly lower. We assume that this time z3 sam is 3 /8,
roughly half that to reach the dimer (Table 1). The increase in the association rate due to
reduction of dimensionality can be large, assuming that 4 >> gand that Dand Dy are
similar, but this is not always the case for a charged peptide on certain surfaces. Here, we
used a= 40 A for the dimer and &= 140 A for both the simulation box and the SAM. We
note that egs 2 and eqs 2 are most accurate when a/6< 0.1 (i.e., the search space is at least
10 times larger than the final target), in which case the factor 1.103 is used in eq 3.57 To
calculate #neo for the ensemble of more than 1000 associated trajectories in each scenario,
we weight the 2D and 3D theoretical average association times by the percentage of
trajectories that are associated with each mechanism

liheo = M* (T2 + 73, SAM ) + 1773, dimer @)

where mand n are the percentages of 2D and 3D associating trajectories, respectively. More
detailed calculations can be found in the Supporting Information.

RESULTS AND DISCUSSION

Assembly of Ag peptides into toxic fibrils may be affected by the presence of a surface and
the surface’s chemical properties. Wang et al. previously found that surfaces can accelerate
the formation of fibrils by mediating important interactions that induce a conformation
favorable to fibrillization.3° However, He et al. recently found that an inhomogeneous
graphene oxide surface severely disrupted the aggregated fibril structure.*2 To investigate
surface effects, we used BD simulations to study diffusion of an AB42 monomer to a
surface-adsorbed or free-floating AB42 dimer. Because we used rigid-body molecular
models that exclude internal degrees of freedom, we focused only on the process of
monomer diffusion to the dimer such that the binding criterion is satisfied. This process still
allows for elucidating the effects of different surfaces on initial stages of fibrillization.

The surfaces were SAMs of functionalized alkanethiols chosen to have hydrophilic,
hydrophaobic, cationic, or anionic properties. For comparison, two simulations were run with
no-surface present, in which the Ap42 dimer was located at the bottom (Figure 2b) or in the
center (Figure 2c) of the simulation box. To ensure convergence of the calculated properties,
we ran the simulations until at least 1000 trajectories achieved association. We focused on
elucidating several phenomena: Ap42 adsorption and diffusion on each surface, the
mechanism of monomer-dimer association on each surface, and the average association time
in each case. We also compared the simulation results to theoretical monomer-dimer
association times and found that our simulations generally yielded faster association, which
is discussed in the following sections. Still, the simulation results can be usefully compared
to theory to elucidate surface effects on AB42 association and assess the applicability of the
theory in various scenarios.

AB4> Surface Interactions and Association Rate.

CH3-SAM.—The undecanethiol SAM presents a hydrophobic surface to the diffusing Ap42
monomer. On this surface, we simulated B-sheet and random coil monomer conformations.
The adsorption orientation of the B-sheet (Figure 4a) and random coil maximized monomer-

J Phys Chem B. Author manuscript; available in PMC 2021 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cholko et al.

Page 7

SAM intermolecular contacts. Surface interaction energy analysis showed strong vdW
attractions as the driving force behind adsorption to the surface and very little electrostatic
attraction (Table 1). Notably, the coil experiences far weaker vdW attraction, which is likely
the reason for its much faster surface diffusion. Wang et al. showed experimentally that
ApA42 adsorbed readily to a CH3-SAM, even more than to a hydrophilic or an anionic
surface. The energy landscape as the peptide diffuses across the nonpolar surface is smooth,
yielding a relatively high diffusion rate for the B-sheet and coil, 8.76 x 1078 cm? s™1 (Table
1) and 17.5 x 1078 cm2 571, respectively. The average monomer-dimer association time, bvgs
for the B-sheet was the second fastest among all six surfaces tested, at 9.08 5. This is likely
the result of fast surface diffusion and isotropic affinity of Apg42 for this SAM. The coil
showed a #q Of 5.42 /5. The faster association of the coil is proportional to its higher
surface diffusion coefficient; both properties differ between conformations by a factor of
approximately 2. Typically, monomers must be able to rotate or partially desorb from the
SAM to meet the association criterion. Hence, a high association rate requires efficiently
diffusing to the dimer and then overcoming the energy barrier of reorientation to bind. We
found, in general, a direct relationship between the surface diffusion coefficient Dy, and
Lg (Figure 5). Our calculated 2D:3D binding ratios of 8.9 and 7.6 for the S-sheet and coil,
respectively, indicate that approximately 90% of the association on this SAM was surface-
mediated for both conformations, hence the strong dependence on Dy,s. AB42 monomers
approaching the receptor tended to adsorb steadily to the SAM, then diffuse two-
dimensionally before associating with the dimer. This resulted in the highest average surface
residence time measured, 7.88 /s (Table 1).

OH-SAM.—The 11-mercapto-1-undecanol surface is hydrophilic, but the dynamics of
Ap42 on the surface was in many ways very similar to the CH3-SAM. Dy s Was 7.36 x 1078
cm?2 s~1 (Table 1), which is only marginally slower than on the hydrophobic surface. Again,
the driving force of adsorption was vdW attraction (Table 1), with the monomers lying in the
same flat orientation (Figure 4b). However, in contrast to the hydrophobic SAM, a
significant amount of 3D association occurred on this surface, for a 2D:3D ratio of just 2.7
(Table 1). Of note, this SAM was the only one showing a repulsive term in the energy
analysis, for a mean Eec of 0.311 kcal mol=1 The lack of long-range attractive electrostatic
forces to the SAM gives monomers a greater chance to remain in solution and associate
three-dimensionally. This observation exemplifies a general trend in our findings that points
to electrostatic attractions as the primary determinant of the association mechanism, with
less attraction leading to greater amount of 3D association. Monomers that adsorbed resided
on the surface for 6.82 45 on an average before associating or desorbing, indicating that
adsorption was maintained once the highly attractive vdW forces were formed. Here, 4
was 10.31 s (Table 1), slightly slower than on the CH3-SAM, in keeping with the positive
trend between 1/z,,q and Dyys.

NH*-SAM.—As on the CH3-SAM, we simulated S-sheet and coiled AB42 conformations
for comparison on this surface. The plot of electrostatic and vdW interaction energy on the
NH*-SAM unsurprisingly shows a highly attractive electrostatic potential between both
monomer conformations and the SAM, due to the =3¢ net charge on the monomer and +1e
net charge on the NH3* tail groups. This surface was modeled with a randomly selected 30%
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of the SAM tail groups in the protonated NH3* form to mimic the surface at a pH of 7,
whereas the rest of the tail groups were NH». As a result, the inhomogeneous distribution of
positive charge tended to constrain the monomers to certain positions on the SAM where the
charge density was highest (Figure 4c). This phenomenon, which was observed for both -
sheet and coil conformations, was so strong that it held the AB42 monomers practically
immobile, rendering measurement of an accurate diffusion coefficient impossible in the time
scales accessible by the simulation. Attraction to the surface was so great that only a small
handful of monomer trajectories ever associated with the dimer after several thousand CPU-
hours of simulation. Monomers were incapable of diffusing toward the dimer and reorienting
to satisfy the association criterion. This result again agrees with our observed relationship
between Dqyrf and Lyg. In this case, it represents an extreme example in which these
properties were too slow to be measured computationally. He et al. observed a similar
behavior of Agin their MD simulations of Agon an inhomogeneous graphene oxide
surface, during which Ag monomers preferentially remained disassociated from each other
and adsorbed strongly to highly polarized portions of the graphene oxide surface.#2 Our NH-
SAM results demonstrate that a highly inhomogeneous charge distribution can severely
disrupt AB42 aggregation on a surface regardless of the conformation by sequestering AB42
to areas of the surface with high affinity. To represent conditions that may be more similar to
those that may be encountered /7 vivo or in vitro, we repeated these simulations on an NH*-
SAM with adsorbed CI~ counterions, which we refer to as the NH*-SAM(i). These results
are discussed in a section later (Table 2).

COO™-SAM.—AB42 dynamics on this surface was driven by electrostatic attractions of the
cationic amino acid residues with the anionic COO™ tail groups. We observed a unique
adsorption orientation in which monomers orient the positively charged residues to the
surface (Figure 4d). Despite the =3¢ overall charge per monomer, the monomers achieved a
net electrostatic attraction in this orientation (Table 1). The total £+ was higher than with
the other SAMs, primarily because of less intermolecular contacts yielding far less vdw
attraction. This finding could explain the #qs on this SAM, 6.35 x5, which was the lowest
calculated. ApB42 tended to experience brief desorption quickly followed by re-adsorption.
Still, the 2D association mechanism was by far the dominant one, indicating that the
monomers tended to be corralled in by the surface and remained in the vicinity rather than
diffusing back into the bulk solvent where they have a chance to associate three-
dimensionally. Despite high electrostatic attractions, D, was 7.50 x 1078 cm? s~ (Table
1), nearly matching that on a nonpolar SAM, because the distribution of negative charge is
isotropic. This yielded a 44 of 10.01 /5. The main difference between this surface and the
OH-SAM was the electrostatic repulsion of monomers from the latter, resulting in a
significantly higher fraction of 3D association in that case. Here 2D:3D was 13.5, the
highest measured (Table 1). The agreement with the theoretical association time here was
similar to that on the other surfaces, for 4neo/fyg = 2.38 (Table 3).

Inclusion of Explicit lons on Formally Charged SAMs.

We performed identical simulations for the formally charged SAMs with and without
explicit monovalent counterions adsorbed to the surface. We indicate the SAMSs with explicit
counterions by an (i) next to the name. The conformation of ions adsorbed to the SAMs was
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determined from MD simulations of each SAM in explicit water and 0.1 M NaCl. From
these simulations, we calculated the position and surface density of adsorbed counterions
and built model SAMs for BD simulation with the same properties. On the NH*-SAM(i),
adsorbed CI™ ions altered the monomer-SAM interactions sufficiently so that Ap42 diffused
two-dimensionally. Under these conditions, the diffusion coefficient was 6.18 x 1078 cm? s
1 (Table 2), a marked increase from the practical immobility of monomers when
counterions were absent. However, the areas of highest positive charge density still tended to
immobilize some of the diffusing monomers, similar to the case on this surface without ions.
When monomers diffused to these spots, they tended to remain there for the duration of the
simulation. As a result, we were unable to sample a sufficient number of associating
trajectories to calculate accurate values of 4es and 4yg, and the calculated Dgy should be
thought of as an upper limit of the value.

On the COO~-SAM(i) with explicit surface-adsorbed Na* ions, the average association time
decreased to 8.01 /s as compared with the 10.0 /s without counterions (Table 2). The ions
lowered the affinity of Ag42 to the SAM and more than doubled D to 15.6 x 1078 cm? s
~1 (Table 2). This was easily the highest diffusion rate on any SAM and yielded the fastest
Lavg for any surface. Average surface residence time was reduced substantially to 3.62 /s
after the addition of the ions. However, this was in part due to the faster surface diffusion
and thus faster association and not only due to monomers desorbing more quickly from the
SAM. Additionally, 2D:3D was lowered from 13.5 to 4.68 (Tables 1 and 2), thereby
indicating a shift of the association mechanism toward a greater fraction of 3D association.
We found the closest agreement with theoretical association time on this surface since the
high Dy yielded a lower theoretical time more in line with the simulation (Table 3).
Results from both explicit counterion simulations illustrate the importance of ionic
concentration and ion adsorption to charged surfaces when interpreting or predicting the AS
behavior at a surface or other interface. The most strongly impacted parameter was Dy,
owing to the tendency of counterions to mitigate charge anisotropy on a surface, which was
the foremost impediment to rapid diffusion. Moreover, as compared with the other properties
measured, Dy, Was correlated most highly with %yq (Figure 5), which further highlights the
key role of ions at charged interfaces.

Apyo Association in Bulk Solution.

The affinity of Ap42 for the SAMs greatly hindered its ability to search two-dimensionally
for the dimer but simultaneously reduced the space that must be searched by anchoring the
monomers to the lower-dimensional structure (SAM) containing the final target (dimer). The
monomer diffusion coefficient in bulk water, D, was very close to that on most SAMs, at
7.95 x 1078 cm? s71 (Table 2). When the dimer was placed at the bottom of the box in the
absence of a surface, %g was 6.09 /s (Table 2). In this case, the dimer is only accessible
from one side; however, there is no SAM present to interact with AB42 and subsequently, no
anchoring of AB42 to a 2D structure. This setup allows us to study the effects of reduction of
dimensionality and intermolecular forces on association kinetics. However, the no-surface
scenarios diffuse the monomer using the relative diffusion coefficient in eq 1, that is, the
diffusion coefficient of the monomer plus that of the dimer, to emulate a real bulk solution
environment in which both bodies would be diffusing. This increases the monomer diffusion
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rate by a factor of ~1.78 relative to the surface-containing simulations, which employ the
self-diffusion coefficient of the monomer. To make a useful comparison of surface and no-
surface association times, we can compensate for the difference in the monomer diffusion
rate to isolate the effects of the system geometry and monomer-SAM intermolecular forces.
We would expect to see an association time ~6.09 x 1.78 = 10.8 /s for the no-surface
(bottom) scenario if the self-diffusion coefficient was used, that is, if monomers diffused at
the same rate as the surface-containing simulations. This indicates a 5-35% decrease in
association time due to the presence of a surface (Tables 1 and 2), which is in good
agreement with existing work that suggests that the fibrillization phenomenon may be
expedited by surfaces of a wide range of properties.®8:>° For this scenario, #neo = 73 = 8.26
15 (Table 3), predicting an approximately 36% higher association time than the simulations.

When the dimer was positioned in the middle of the simulation box (Figure 2c), the
association was considerably faster, about double of that in the bottom position. In the
middle of the box, the dimer was accessible from both sides, which approximately doubles
its effective capture radius of incoming monomers. Once again, &neg = 8.26 (5 for this case
because changing the dimer position does not affect the theoretical rate. However, our
simulation results gave &g = 3.34 /5 (Table 2). Possible reasons for disagreement between
the simulated and theoretical rate are discussed in the following section.

Comparison of Simulation Results and Theoretical Association Times.

Comparing our simulated association time £, with theoretical values 4neo provides ideas to
further develop theories describing molecular association in a cell-like environment, where
binding usually occurs in a crowded environment with nonspecific attractions.0 In this
study, the major reason for the discrepancy was that the theoretical rates were most accurate

when &b < 0.10, where aand b are two spheres or circles.%” In our simulations,

a_ 40
b~ 140

better when the dimer was in the bottom position, likely because it was simply further from
the starting plane than when positioned in the center. Theoretical times are derived as
averages over all possible starting positions, so starting all trajectories from a single plane
complicates comparisons. Another possible reason for the discrepancy between simulation
and theory is the exclusion of influence due to intermolecular potential in the theoretical
rates.

= ~0.29, which can lead to overestimation of association times. The agreement was

To test the effect of intermolecular potentials on %4, We repeated simulations of the no-
surface scenario, in which the dimer was at the center of the simulation box with the
electrostatic and LJ potential grids turned off (i.e., no interaction at all between the monomer
and dimer). In this scenario, %g4 increased from 3.34 to 3.54 5. This slight increase
indicates weak attractive potential between the monomer and dimer that sped up the
association. The reason that association time appears to be only slightly reduced by this
intermolecular attraction is likely due to the monomer and dimer both having a net negative
charge. As a result, long-range electrostatic steering to accelerate molecular association is
unlikely. However, because of large separation of the positively and negatively charged
residues on the peptides, attractive forces can be achieved when the two molecules encounter
each other, thereby resulting in a slightly faster association. The use of a stationary dimer in
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the surface-adsorbed dimer scenarios could have slowed association. However, we are
implying here a situation where there is a preformed fibril on a surface that is either
stationary or diffuses slowly compared to the monomer, so its diffusion should have a
negligible effect on the overall association rate. Even though we used a surface-adsorbed
dimer, we can generalize our results to larger fibrils, which would diffuse even more slowly
relative to the monomer. In the no-surface scenarios, our simulations used the monomer-
dimer relative diffusion coefficient to calculate monomer trajectories, which accounts for the
fact that the dimer, too, would be diffusing in a real situation.

In general, because the ratio a/bwas relatively large as compared with the assumptions of
the theory, simulation matched theory more closely when the dimer was at the bottom of the
simulation box—whether it was surface-adsorbed or not—than when it was in the middle.
Two factors may contribute to this result. One is that the dimer is simply further away from
the starting plane, so there is less overestimation of association times by the theory, and the
second is that the surfaces yield a very high proportion of 2D association, for which the
theoretical rate depends much less on a/6.58 The overall association time was dominated by
the 2D search, as evidenced by ., the average time monomers resided on the surface before
associating or desorbing, being only slightly lower than #,,q in most cases. For example, on
the OH-SAM, fes = 7.88 15 and &g = 9.08 15 (Table 1), meaning the entire lifetime of the
average trajectory was only about 1 zs longer than the time it spent on the SAM. Moreover,
monomer-SAM intermolecular potential (as opposed to the weak monomer-dimer attraction)
is probably dominant and is, to a large extent, accounted for in the surface diffusion
coefficient Dg,s. Thus, the comparison of these results to theory, which ignores
intermolecular potential, may not produce large errors.

CONCLUSIONS

Association of an AB42 monomer to an ApB42 dimer was significantly altered by the
presence of a surface and the surface’s properties. All four SAM surfaces we tested induced
the majority of association to occur two-dimensionally, through a surface-mediated
mechanism, which tended to expedite association by roughly 5-35% as compared to
simulations with the dimer in bulk solution. The exact ratio of 2D to 3D association
depended primarily on the electrostatic interactions between the monomer and SAM, with
the OH-SAM yielding the lowest ratio, 2.7, and the COO™-SAM the highest, 13.5.
Knowledge of the association pathway is valuable for both understanding and combating AS
peptide aggregation, as surfaces have a strong influence on the Ag conformation, and
therefore may also affect the effectiveness of potential aggregation-inhibiting drug
compounds. Overall, the association time had a more direct relationship with the surface
diffusion coefficient than any other single parameter. We also showed that the overall
association time was slowed significantly by surfaces with high affinity for Ag42 and by
inhomogeneous surfaces, which present a highly anisotropic 2D diffusion landscape. The
monomer conformation primarily influences the surface diffusion rate, which is very
strongly correlated with the association time. Although water molecules may affect
conformations of disordered proteins,31-61.62 jnteractions with the surface are likely more
influential on conformation than water. However, the monomer conformation did not affect
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the association mechanism significantly and did not alter the observed behavior of adsorbed
monomers on a hydrophilic or cationic surface.

Notably, the dynamics on ionized surfaces were greatly affected by the inclusion of explicit
surface-adsorbed counterions. Cl~ ions on the cationic NH*-SAM yielded a monomer
surface diffusion rate in the same ballpark as the hydrophilic and hydrophobic SAMs,
whereas monomers were practically immobile without counterions. Na* ions greatly
increased diffusion speed on the COO™-SAM and altered the dominant association pathway.
This finding highlights the importance of considering the role of ions /in vitro and, perhaps
more importantly, /n vivo, where the species and concentration of ions may vary
considerably throughout the cell. Moreover, the SAMs we tested presented a very wide
range of surface properties, mimicking the diversity of structures present in cellular
environments. The comparisons between simulated and theoretical association time also
provide ideas for developing theoretical equations for approximating molecular association
in a crowded cell-like environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of the Ap42 conformations simulated. (a) S-sheet AB42 peptide shown in an all-

atom representation overlaid with a cartoon representation of the secondary structure (pink
and dark pink) to show regions of S-sheet content (dark pink arrows). (b) Random coil AB42
conformation shown in the same representation (blue is a small region of a-helix). (c) Ap42
dimer adsorbed in the middle of the OH-SAM. The adsorbed conformation and position
were identical on all other SAMs.
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Figure 2.
Depictions of the GeomBD3 simulation space for (a) one of the surface-adsorbed dimer

scenarios, (b) no-surface scenario with the dimer positioned at the bottom of the box, and (c)
no-surface scenario with the dimer in the center of the box. The dashed red line indicates the
starting plane for all Ap42 monomers and was the same in all simulations.
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Figure 3.
Example of two-dimensional and three-dimensional association. The association criterion

requires residue PHE19 (black circles) of a monomer to be within 40 A of PHE19 in the
dimer (40 A range approximated by a white dashed line). Here, a surface-adsorbed monomer
(blue carbons) approaches the dimer (yellow carbons) and will be considered a two-
dimensional associator if the association criterion is satisfied while it is surface-adsorbed.

Another monomer (pink carbons) approaches while diffusing in the implicit water solvent
and will be a three-dimensional associator if it satisfies the association criterion while freely
diffusing three-dimensionally.
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Figure 4.
Adsorption orientations of Ag42 monomers on the (a) CH3-SAM, (b) OH-SAM, (c) NH*-

SAM, (d) COO™-SAM, (e) NH*-SAM(i) (CI~ ions as green spheres), and (f) COO™-SAM(i)
(Na* ions as blue spheres). On both NH* surfaces, the NH3*-containing chains are colored
blue to show the inhomogeneous charge distribution, which affects dynamics on the NH*-
SAM more than on the NH*-SAM(i).
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Plot of inverse average association time versus the surface diffusion coefficient showing the
positive trend between the two. These two parameters had the closest direct relationship
among the measured pairs. However, the relationship is not perfect since 2D associating
monomers must often rotate or reorient to satisfy the association criterion, which can be
hindered by inhomogeneous surface affinity of monomers. Additionally, some surface
adsorption orientations facilitate association more than others.
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