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ABSTRACT: The molecular mechanism of epitaxial fibril
formation has been investigated for GAV-9 (NH3

+-VGGAV-
VAGV-CONH2), an amyloid-like peptide extracted from a
consensus sequence of amyloidogenic proteins, which
assembles with very different morphologies, “upright” on
mica and “flat” on the highly oriented pyrolytic graphite
(HOPG). Our all-atom molecular dynamics simulations reveal
that the strong electrostatic interaction induces the “upright”
conformation on mica, whereas the hydrophobic interaction favors the “flat” conformation on HOPG. We also show that the
epitaxial pattern on mica is ensured by the lattice matching between the anisotropic binding sites of the basal substrate and the
molecular dimension of GAV-9, accompanied with a long-range order of well-defined β-strands. Furthermore, the binding free
energy surfaces indicate that the longitudinal assembly growth is predominantly driven by the hydrophobic interaction along the
longer crystallographic unit cell direction of mica. These findings provide a molecular basis for the surface-assisted molecular
assembly, which might also be useful for the design of de novo nanodevices.

■ INTRODUCTION

Amyloid fibril has long been recognized as a critical pathogen
for a number of progressive neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, and prion diseases.
Amyloidosis of peptides is considered as one of most important
driving force of these neuron diseases.1−3 In recent years, the
self-assembly properties of the highly ordered amyloid-like
peptides on substrate surface have attracted considerable
research attentions, with the aim of understanding the disease
pathology, as well as exploring potential applications in de novo
nanodevice design and fabrication.4 The buildup of the amyloid
is controlled not only by the peptide sequence but also by
environmental factors such as peptide concentration, pH, ionic
strength, temperature, solvent, and surface polarity. The
supporting substrate is often believed to be the single most
important factor that controls the morphology of the adsorbed
assembly.5,6 For example, the amyloid-β peptide7 found in
Alzheimer’s disease shows totally different morphologies on the
mica surface or the highly oriented pyrolytic graphite (HOPG)
surface, with oligomeric protofibrilar aggregates on the former
and elongated assembly along the surface epitaxial order on the
latter, respectively.8,9 On the other hand, the pathogenic
protein for Parkinson’s disease, α-synuclein (α-syn), prefers
sheet growth along the crystalline atomic structure on the mica,
but not on the hydrophobic HOPG.10

Because of these unique properties, inorganic surfaces, such
as mica, have been employed as biomimetic models of cell
membranes to study the self-assembly of these important
disease-related peptides, particularly their epitaxial growth
patterns.8−10 While the atomic structure of the substrate
surface is known to be one of the key factors for assembly,5,6

the detailed molecular mechanism remains illusive,10−12 largely
due to the current limited experimental resolutions, as well as
the inherent dynamic and complex nature of the epitaxial
growth. Here we use peptide GAV-9 (NH3

+-VGGAVVAGV-
CONH2),

13 obtained from consensus sequences of the Aβ
peptide, α-syn and prion protein (PrP),14 as an example to
study the amyloid-like peptide assembly on both mica and
HOPG surfaces with atomic level details.
Our previous in situ atomic force microscopy (AFM) showed

that the GAV-9 peptide could assemble on both mica and
HOPG surfaces, but with very different morphologies. The
heights of the peptide nanostructures differ significantly, with
3.0 ± 0.1 nm on mica and 0.9 ± 0.1 nm on HOPG,13 indicating
a potential “upright” conformation on mica and a “flat”
conformation on HOPG. In this follow-up study, we use large-
scale molecular dynamics (MD) simulations to investigate the
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assembly structure and dynamics of GAV-9 on mica and
HOPG with atomic detail. We approach this problem by
examining both external (i.e., substrate surfaces and peptide
densities) and internal (i.e., physical interactions) factors that
control the peptide assembly. We show how these factors work
together to generate the epitaxial patterns shown in AFM
experiments. Furthermore, a potential epitaxial growth
mechanism (growth direction) is presented, with the hydro-
phobic packing identified as the dominant driving force along
the longitudinal growth direction.

■ RESULTS AND DISCUSSION

We carried out MD simulations on the substrate surfaces of
both mica and HOPG. The mica surface was constructed with
double layered muscovite (001) (KAl2(Si3Al)O10(OH)2) using
the CLAYFF force field.15 On the mica surface, there are two
crystallographic axes (i.e., a and b) depending on the distance
between the nearest periodic units (centers of Al/Si di-trigonal
six-membered tetrahedral rings). Along the crystallographic
unit cell, the a- and b-directions are shorter and longer, with da
= 0.52 nm and db = 0.92 nm, respectively. Each of these
directions repeats in every 120°.16 Since there is no structural
information available for the assembly on mica, we configured
various possible assembly patterns for our investigation. Figure

1a shows the six different configurations (conf-I−VI) that were
examined. These systems were set up with the peptide packing
density increases in the order of I = II < III < IV = V = VI,
using 12−72 peptides. In our search, two crystallographic
directions of the mica surface have been incorporated for their
effect on the epitaxial assembly of the peptides (i.e., conf-V vs
VI). As for comparison, we also set up two systems for HOPG
configured with different peptide densities (IHOPG and IIHOPG)
as shown in Figure 3 (see detailed rationales below and in the
Supporting Information).

Surface Polarity Determines Global Structure of
Peptide Self-Assembly. Figures 1b and S1 (Supporting
Information) show representative structures at the end of the
MD simulations on mica. The GAV-9 peptides remain
generally stable at their initially deposited sites on the mica
surface despite the low peptide packing density such as in conf-
I. Interestingly, even in such low concentration as in conf-I, the
GAV-9 peptides, with their hydrophobic tails moving freely in
the water in a random-coiled state, can still maintain a
somewhat “standing-up” conformation with an average peptide
height of 1.7 ± 0.4 nm and tilt angle of 32 ± 20° from the
surface normal (Figure 2). As a control run, we also
constructed a system with the same density as conf-I, but
with peptides initially “lying-down” on mica. These “lying-

Figure 1. GAV-9 configurations on mica. (a) The GAV-9 peptides are loaded on mica surface depending on surface density, supporting rows and
epitaxial direction, where the blue dots display positions of the N-terminal nitrogen atoms of the GAV-9 peptides. The arrows with letters in each
configuration indicates the two anisotropic epitaxial binding directions (i.e., a- and b-directions). (b) Representative structures for the tightly packed
conf-V and VI at the end of the simulations. GAV-9 peptides form stable hydrogen-bonding networks (see viewpoint i) and hydrophobic
interactions (see viewpoint ii) along the a- and b-directions, respectively, where the hydrophobic residues are depicted with white space-filling
models.
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down” peptides quickly evolve to partially “standing-up”
conformations (in ∼25 ns), converging to similar peptide
heights and tilt angles as those found in conf-I (Figure S2).
This is in distinct contrast with the case of HOPG (IHOPG) with
a similar peptide packing density as in conf-I, where almost all

the GAV-9 peptides end up complete “lying-down” on the
surface within 50 ns of simulations, resulting in an average
height of <1.0 nm and a tilt angle of ∼90° from the surface
normal (Figures 2 and 3). The same is also observed in IIHOPG,
where the peptides are more tightly packed with similar density

Figure 2. Structural analyses of GAV-9 on mica and HOPG. (a) Height distribution of GAV-9 peptides, where the height is defined as a peptide
length projected onto the axis of the surface normal, and time profiles of peptide heights averaged over all chains in each time frame (inset). (b)
Tilting angle distribution of GAV-9 peptides, where the tilt angle is defined as angle difference between the principal axis of a peptide and the surface
normal, and time profiles on peptide tilting angles averaged over all chains (inset). The distributions are normalized with a sinusoidal distribution
function. (c) Ramachandran plots. As the surface density increases, the β-structures becomes significantly dominant (i.e., see population on upper-
left corner), where colors spans from white to red to indicate low and high probabilities, respectively. (d) Inter-peptide hydrogen-bonding network.
As the surface density increases, the backbone hydrogen bonds between residues of side chains become more probable, resulting in highly ordered β-
stranded structures, where color spans from white to black to indicate low and high probabilities, respectively.

Figure 3. GAV-9 configurations on HOPG. (a) Initial structures of GAV-9 on HOPG. Two surface densities IHOPG and IIHOPG respectively with 12
and 24 peptides were configured from the “upright” conformation on HOPG surfaces. (b) Representative structures of GAV-9 at the end of the
simulations. GAV-9 lied down on HOPG with favorable hydrophobic interaction between the surface and the peptide side chains.
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as in conf-IV, although it takes a bit longer before all the
peptides start to collapse to the HOPG surface. The low
density results are qualitatively consistent with the experimental
observation of “upright” conformation on mica and “flat”
conformation on HOPG, implying that the surface polarity is
indeed one of the intrinsic factors controlling the peptide
assembly.
This different peptide conformation can be explained by the

fact that GAV-9 contains only hydrophobic side chains except
for the charged N-terminus; thus, it would be energetically
favorable to lie down on the hydrophobic HOPG surface to
maximize the hydrophobic packing. In contrast, for the mica
surface, the favorable electrostatic interactions between the
positive N-terminal NH3+ and the negatively charged
muscovite mica surface play an important role in pinning the
positions of GAV-9 even in a sparse packing density, which is
consistent with previous experiments that ammonium ion
NH4

+ can replace K+ on mica surface with high capacity.17,18 In
addition, both experiments19,20 and theory21 have previously
shown that the charged mica surface creates a highly ordered
interfacial water structure, as we have also seen in our
hydrophobicity analysis near the surface (see details below
and Figure 5). Stabilizing one end of GAV-9 on mica may even
increase conformational fluctuations in the rest of the peptide
chain. This would make it thermodynamically unfavorable for
the hydrophobic chain to adsorb onto the polar mica surface,
not to mention that it also needs to overcome the desolvation
penalty from the surface hydration shell in doing so.
Consequently, the peptide prefers to stay upright, pivoting at
the charged N-terminus on the surface.

Surface Lattice Structure Controls Epitaxial Assembly
of GAV-9. To gain a deeper insight at the molecular level into
the quantitative behavior found in the AFM experiments on
mica (i.e., ∼3.0 nm height),13 we have performed MD
simulations with additional supporting rows of peptides
(conf-II) as well as slightly increased peptide density (conf-
III). However, these configurations only result in a slight
improvement where the peptides stand up with a height and tilt
angle of (∼2.0 nm, ∼23°), and (∼2.3 nm, ∼14°), as seen in
conf-II and conf-III, respectively (Figure 2). On the other
hand, we start to observe the formation of secondary structures
during the process, even though it happens only transiently and
locally (Figure S1). This motivates us to investigate additional
systems with higher peptide density thus tighter packed
structures (i.e., conf-IV, V, and VI).
In conf-IV, the peptides were placed on every possible (i.e.,

nearest neighbor) epitaxial site along the a-direction in a single
row. Initially this configuration was infeasible due to the
extremely tight dimension match between the peptide width
(∼1 nm) and the binding site separation (da ≈ 0.5 nm). This
problem was later solved by stretching out the bulky
hydrophobic side chains of the peptides toward the less
crowded side line (i.e., b-direction), thus leaving only backbone
atoms in the longitudinal axis of the assembly line (i.e., a-
direction) in order to accommodate the peptides. For this
system, the peptides result in a better upright position of ∼2.2
nm height and ∼17° tilt angle, even without any supporting
rows (Figure S1). However, this arrangement has a slight
drawback from energetic point of view, including (i)
sequestration of the hydrophilic backbone atoms from water,
and also (ii) exposure of the hydrophobic side chains to water.

Figure 4. Inter-peptide interactions in epitaxy. (a) Initial configuration of the assembly growth dynamics. The growth dynamics of GAV-9 peptides
were examined on a 7×7 peptide island on mica. The hydrophobic and hydrophilic edges are indicated as H1 and H2, and P1 and P2, respectively.
(b) The GAV-9 peptides assemble to form highly ordered β-stranded structures. The long-range order is stabilized by bidirectional intermolecular
interactions, backbone hydrogen bonds, and side-chain hydrophobic interactions commensurate with anisotropic lattice directions of the basal mica
surface.
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To overcome these two shortcomings, the former could be
compensated by the intermolecular hydrogen bond as shown in
the global enhancement of the secondary structures (Figure
S1d), and the later could be resolved by additional rows
(detailed discussion below).
In conf-V, two adjacent parallel supporting rows were added

to the central single row (by the unit distance of db = 0.92 nm).
For this system, our simulations show that almost all the
peptides are involved in the long-range β-stranded structure
from the very beginning of the simulations, albeit started with
arbitrary elongated conformation (Figure 1b). The resulting
position of the peptides is improved dramatically to a height of
2.7(±0.2) nm and a tilt angle of 6(±5°), in excellent agreement
with the AFM experiments. Finally, in conf-VI, we populated
the peptides with the same density as in conf-V but grew them
along the b-direction. Our simulations show a height of
2.6(±0.2) nm and a tilt angle of 7(±5)° (Figure 1b), which is
also remarkably consistent with the AFM experiments. In
addition, the radius of gyration (Rg) also revealed similar results
(Figure S3). With the increase of the peptide density on mica
(i.e., conf-V and VI), the average Rg increases and its
distribution width narrows. In other words, it is more likely
for the peptides to have elongated conformations as their
packing density increases. This is attributed to the favorable

desolvation incorporated with the highly organized β-sheet
formation via stable interchain hydrogen bond and hydro-
phobic interaction along with the crystallographic a- and b-
directions, respectively (more details below).
Similar to conf-IV, the GAV-9 peptides in both conf-V and

VI are able to construct an efficient hydrogen-bonding network
along the a-direction through the polar backbone atoms (i.e.,
Figure 4b). At the same time, the bulky hydrophobic side
chains make a favorable knob-and-hole type of van der Waals
interactions along the b-direction (i.e., Figure 4b). This serves
to bury the hydrophobic side chains from the solvent and form
more stable β-stranded structures than the single-row conf-IV.
Figure 2c,d shows the analyses on the backbone dihedral angles
and the hydrogen bonds, which summarize the interplay
between the density of the peptides and their structural
integrity. From these analyses it is clear that peptides are more
ordered with increasing stable β-strands in the tightly packed
configurations (i.e., conf-IV, V, and VI), whereas in the loosely
packed configurations they are more likely to be in random
coils (i.e., conf-I, II, and III) even when they are bound to the
substrate surface. These findings indicate the substrate
structure, intertwined with intrinsic physical inter-peptide
interactions,22 could effectively control the peptide self-
assembly.

Figure 5. Growth dynamics of GAV-9 assembly. (a) Representative snapshot at the end of GAV-9 binding simulations. The snapshot shows that
GAV-9 preferentially bind to the hydrophobic H1 and H2 edges. (b) Binding free energy surface around the 7×7 GAV-9 island. The potential of
mean force analysis reveals that both hydrophobic H1 and H2 edges are more favorable to interact with GAV-9 monomers, implying the b-direction
prevails over the a-direction for the longitudinal direction of the epitaxial pattern. (c,d) Hydrophobicity analysis over the four edges. The inverse
normalized density fluctuation reveals that both H1 are H2 interfaces are highly fluctuating, which ensures that the assembly growth is dominantly
driven by hydrophobic interaction, and shows that the growth is bidirectional. The yellow colors above the mica surface indicate an enhancement of
ordered water structures due to the surface polarity. The contour lines indicate the number densities of solute and surface atoms in the interaction
region.
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Our study reveals that the lattice matching between the two-
dimensional (2D) anisotropies of the mica surface and the β-
stranded peptide network plays a crucial role in controlling the
ordered self-assembly on mica. Quantitative measurements
indicate that the anisotropic binding sites along the a- and b-
directions are separated by ∼0.5 and ∼0.9 nm, respectively,
which matches almost perfectly to the inter-peptide hydrogen
bond distance (∼0.48 nm along the a-direction) and the face-
to-face distance (∼1 nm along the b-direction) between the
neighboring peptides with a β-structure.23 It is this near perfect
match in mica lattice size that greatly facilitated both the
peptide epitaxial adsorption and the highly ordered structural
formation, in addition to the surface chemistry (strong
electrostatic interactions between the peptide N-terminus and
mica surface negative cavity).
Hydrophobic Packings Drive Epitaxial Growth Direc-

tion. Despite both satisfactory results from conf-V and VI as
compared to AFM experiment, it is still not clear whether the
peptide assembly prefers to grow in the a- or the b-direction.
To further investigate this growth mechanism, we devised a
system consisting of an island of 7×7 GAV-9 peptides pre-
adsorbed on the mica surface, plus 10 individual peptides
randomly distributed in solvent (Figure 4a), which will be
monitored for their interactions (adsorptions) with the GAV-9
island especially at its four exposed edges. This in turn will help
determine the epitaxial growth direction on mica. Figure 5a,b
shows one representative snapshot and a potential of mean
force (PMF) surface for the individual peptide interaction with
the pre-adsorbed island, respectively. The PMF was calculated
by the histogramming analysis,24,25 using the equation w(x,y) =
−RT ln p(x,y), where p(x,y) is the probability for peptides to be
found in a position (x,y) on the mica surface (measured with
their center-of-mass positions), with five independent runs,
each with at least 200 ns-long trajectory. The PMF reveals that
the GAV-9 peptides are more likely to interact with the peptide
island in the H1 and H2 edges (hydrophobic edges), rather
than P1 and P2 ones (hydrophilic edges) (see Figure 5). This
reveals that (i) the b-direction is the energetically more
favorable growth direction than the a-direction, and (ii) the
assembly growth is bi-directional along the b-direction (i.e.,
growing at both H1 and H2 fronts symmetrically), which
supports our early observations in the AFM experiment.13 On
the other hand, the P1 and P2 fronts are asymmetric along the
a-direction, with P1 side more favorable in term of binding
affinity (Figure 5b), largely due to its dangling backbone H-
bonds to the incoming peptides (more discussions below). In
addition to the 2D PMF, the 1D PFM along the normal
direction from each front gives a consistent result that the
hydrophobic fronts have more favorable interaction with the
incoming peptides than the hydrophilic fronts do (Figure S4).
Interestingly, the optimal distances found at the energy minima
in 1D PMF match very well with the epitaxial binding distances
to the corresponding directions.
In the following analysis, the hydrophobicity of each edge has

been estimated by calculating the inverse normalized density
fluctuations (⟨N⟩2/σN

2 )26,27 over all heavy atoms within a
methane-sized cavity of radius of 0.33 nm in every 0.1 nm grid,
over the two orthogonal cross sections passing through the
island along a- and b-directions, respectively (see dashed boxes
in Figure 5a). The ⟨N⟩ and σN

2 denote the ensemble average of
the number of heavy atoms, and the number fluctuation (⟨N2⟩
− ⟨N⟩2) in the cavity, respectively. The hydrophobicity has
previously been shown to correlate with the local compressi-

bility of a molecular-sized volume near the hydration shell
based on density fluctuation (σN

2 /⟨N⟩2).26,27 The inverse
density fluctuation is approximately proportional to the excess
free energy (μex ≈ (kT/2)(⟨N⟩2/σN

2 )) for generating a
methane-sized cavity,28,29 where k is Boltzmann’s constant
and T is temperature. As such, compared to the bulk water, the
quantity ⟨N⟩2/σN

2 at a given interface indicates the necessary
work to create a methane-sized cavity at the interface, with (i) a
low value (i.e., more compressible) near the hydrophobic
surface, and (ii) a high value (i.e., less compressible) near the
hydrophilic surface.
Figure 5c shows that both b-directional edges H1 and H2 are

highly hydrophobic. This presents a rationale on the
aforementioned PMF result that the high contact probability
on H1 and H2 are predominantly driven by the hydrophobic
interactions (hydrophobic packing). On the other hand, P1 and
P2 are characterized to be relatively more hydrophilic (Figure
5d), and they are asymmetric where P1 side is more favorable
in term of PMF affinity, as mentioned above, due to backbone
H-bonds with incoming peptides. The slightly more hydro-
phobic character of P2 is related to the frequent exposure of
hydrophobic side chains and its effect on surface curvature.
Based on the PMF and density fluctuation results, we can
propose a mechanism for the epitaxial growth on mica. The
GAV-9 peptides assemble bi-directionally (i.e., both H1 and H2
fronts) along the b-direction through strong hydrophobic
packings, similar to the hydrophobic collapses in protein
folding,9,30−32 where many recent studies have shown that
maintaining a dry hydrophobic core is crucial for protein
stability. The nanoscale drying (or dewetting) within the
hydrophobic core or patch provides a significant driving force
for the folding and collapse of both physical and biological
systems.33−39 Thus, our current findings clearly indicate that
the b-direction is the preferred longitudinal growth direction for
the assembly, making conf-VI a more representative structure.
Meanwhile, the contact on more hydrophilic P1 and P2 edges
may contribute to the transversal (width) growth along the a-
direction, albeit less favorable due to the relatively high
desolvation penalty when removing the hydration shell around
the polar backbones.22 Indeed, the in situ AFM images showed
that the average width of the GAV-9 fibrils on mica is ∼12 nm
after deconvolution13 which means there exist about 24 layers
of GAV-9 along the transversal direction, considering the
epitaxial binding distance of ∼0.5 nm along this crystallographic
a-direction.

■ CONCLUSIONS
To conclude, we investigated the molecular mechanism of the
self-assembly of an amyloid-like nine-residue GAV-9 peptide
which has shown linear epitaxial patterns on the polar mica and
nonpoloar HOPG surfaces. Using atomistic molecular dynam-
ics simulations, we found that the surface polarity determines
the global morphologies of GAV-9, “upright” on mica and “flat”
on HOPG, even with relatively low surface peptide density.
The lattice structure (i.e., a- and b-directions) of the mica
surface are commensurate with the molecular dimension of the
peptides, which induces a highly ordered β-stranded structure
with synergies from both the backbone hydrogen bondings and
the side-chain hydrophobic packings along the surface
crystallographic a- and b-directions, respectively. On the
assembly growth mechanism, the binding interaction between
the 7×7 peptide island and the GAV-9 monomers ascertained
the dominant role of the hydrophobic packings, thus suggesting
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the b-directional growth to be the longitudinal axis of the GAV-
9 epitaxy on mica.
Our simulations reveal both static structures and dynamic

processes on the peptide self-assembly on a highly ordered
surface such as mica with atomic details. We believe that our
findings would serve as a theoretical background for better
understanding of the surface-assisted molecular assembly and
future design of highly ordered de novo nanodevices.

■ SYSTEMS AND METHODS
In our MD simulations, the two substrates, mica and HOPG, were
prepared as following. For mica, we applied the Al-avoidance or
Loewenstein’s rule40,41 and based on the monoclinic C2/c 2M1 crystal
structure16 to construct the mica surface using double layered
muscovite (001) (KAl2(Si3Al)O10(OH)2) with the CLAYFF force
field.15 As for HOPG, we used multiple layers of graphene sheets with
the CHARMM22 force field.42

To facilitate our investigation of the control mechanism of the mica
surface on the peptide assembly, we configured six different systems
(conf-I−VI) depending on the surface density, supporting rows and
growth direction (Figure 1a). For conf-I and II, they both have the
same linear densities where the peptides are placed in every alternative
epitaxial binding site. The only difference is that conf-II has two
supporting rows with 12 peptides aligned in each row along the a-
direction. In conf-III, the linear packing density is increased by
arranging the same number of peptides as in conf-II (i.e., 36 chains)
along the x-axis (i.e., b-direction) with loosely packed supporting rows.
For conf-VI, the packing density is doubled to that of conf-i, as there
are 24 peptides tightly packed along the a-direction and placed in
every possible epitaxial binding site. For conf-V (72 peptides) and VI
(48 peptides), they both have the same surface densities as in conf-IV;
however, these two last systems have different growth directions. The
CHARMM22 (c32b1 parameter set) force field42 was used for the
description of the GAV-9 peptides. The compatibility of the CLAYFF
and CHARMM force fields has been studied extensively, and
reasonable agreements with experiment have been found previ-
ously.43−47 All six systems were solvated in the water boxes with 12
000−17 000 TIP3P48 water molecules. To ensure the linear assembly
over the periodic boundary condition, the surface area of conf-I−V is
set to 107.6 × 63.8 Å2, whereas for conf-VI, it is set to 71.8 × 127.7 Å2.
As for comparisons, we also set up two HOPG systems with different
densities, one low (IHOPG; 12 peptides) and one high (IIHOPG; 24
peptides), on a 109.5 × 65.5 Å2 HOPG surface (Figure 3). These two
systems were solvated in the water boxes with ∼12, 000 TIP3P water
molecules.
To study the assembly growth mechanism, we also prepared a

system containing an assembly seed which is a 7×7 island of GAV-9
peptides tightly packed as in conf-V or VI and loaded on a 89.7 ×
106.4 Å2 mica surface. In addition, 10 individual GAV-9 peptides were
placed in random positions around the seed island without any contact
to each other and the island seed. The entire system was solvated in a
water box with ∼18 000 TIP3P water molecules (Figure 4a). Five
independent simulations were carried out, each with the 10 individual
GAV-9 peptides in different random initial configurations.
For all of our MD simulations, we used the NAMD2 package49

compiled on the IBM Bluegene computer.50 MD simulations have
been widely used to complement experiments,51−62 which can provide
atomic details that are often inaccessible in experiments due to
resolution limits, even with the currently available sophisticated
experimental techniques. The Particle Mesh Eward method63 was
applied to treat the long-range electrostatic interactions and a 12.0 Å
cutoff was used to handle the nonbonding dispersion energies. Before
the production run, each system was first minimized for 20 000 steps
to remove the bad contacts. The minimized system was then
equilibrated for 0.5 ns with a 0.5 fs time step in the NPT ensemble
at 1 atm and 310 K. All production runs were performed with 2 fs time
step in the same pressure and temperature used in the equilibration.
For the systems conf-I−VI, the simulation lasted from 50 to 100 ns,
whereas for HOPG, each run was at least 100 ns long. No special

constraints were utilized for holding the peptide fixed, and they were
allowed to move freely on each surface with only nonbonded
interactions. As for the assembly growth simulations, each trajectory
runs for at least 200 ns in order to construct the binding free energy
surface.
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