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on substrate surfaces has motivated

great interest lately due to their patho-
1-3

Self—assembly of amyloid-like peptides

logical implications on amylodosis' ~> and
potential applications in de novo nanode-
vice design and fabrication.* Various factors
modulate the complexity of peptide amy-
loidogenesis on the solid surfaces, including
peptide sequence, peptide concentration,
pH value, ionic strength, temperature, sol-
vent, surface polarity, and so on. Among
these, the supporting substrate often con-
trols morphology of the adsorbed assembly
as the most significant factor. For example,
amyloid- peptide (Af), a peptide asso-
ciated with Alzheimer disease, formed olig-
omeric protofibrilar aggregates on mica,
whereas it assembled along the surface
epitaxial order on a highly oriented pyrolytic
graphite (HOPG) surface, forming elongated
structures.>® By contrast, a-synuclein (o-syn),
a pathogenic protein in Parkinson's disease,
showed sheet growth along the crystalline
atomic structure of the mica surface but
not on the hydrophobic HOPG.” While the
substrate—peptide interaction is generally
accepted as a critical factor for peptide as-
sembly,®? the molecular level understand-
ing of how the substrate structure affects
the peptide assembly structure and growth
epitaxy still remains elusive.

Recently, we reported self-assembly of an
amyloid-related peptide motif, GAV-9 (NH,-
VGGAVVAGV-CONH,),'® obtained from con-
sensus sequences from the AfS peptide,
a-syn, and prion protein (PrP)."" The in situ
atomic force microscopy (AFM) showed
epitaxial growth of GAV-9 on both polar
mica and nonpolar HOPG, however, with
different morphologies. In this study, we used
a simplified version, P4 (NH,-VGGAVVAV-
CONHy,) with the residue Glyg deletion from
GAV-9. Using in situ AFM and all-atom
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A surprising “upright” fibrilar conformation (with a height of ~2.6 nm) was observed with

Simulation

in situ atomic force microscopy (AFM) for an amyloid-like peptide (NH,-VGGAVVAV-COHN,) on
mica surface, which is very different from its “flat” conformation (with a much smaller height
of ~0.9 nm) on the HOPG surface. Our all-atom molecular dynamics (MD) simulations reveal
that it is the strong electrostatic interactions between the N-terminus of the peptide and the
mica surface that result in an upright conformation and a highly ordered 3-stranded structure
on mica, with a height of 2.5 & 0.1 nm, consistent with the AFM experiment. Similarly, our MD
simulations show that the same peptides adopt a flat conformation on HOPG surfaces due to
the favorable hydrophobic interactions with HOPG. Our simulations also indicate that epitaxial
patterns found in mica are preferentially controlled by anisotropic binding sites commensurate
with the inherent crystallographic unit cell of the basal substrate.

KEYWORDS: peptide self-assembly - muscovite mica - epitaxial growth -
amyloid peptide - molecular dynamics simulation

molecular dynamics (MD) simulations, we
examined the difference of the assembly
on mica and HOPG, the substrate effect
on the assembly, and underling driving
forces.

RESULTS AND DISCUSSION

Peptide Self-Assembly on Polar and Nonpolar
Surfaces. Figure 1 shows the self-assembly of
the P4 peptides on mica and HOPG surfaces
obtained by in situ AFM imaging. P4 pep-
tides clearly form linearly assembled nano-
structures on both surfaces. They assembled
preferentially along three orientations at
120° to each other, consistently reflecting
the hexagonal atomic lattice of the basal
substrate. This can be explained by the
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Figure 1. AFMimage of self-assembled nanofilaments of P4
peptides on mica and graphite surfaces. (a) Epitaxial assem-
bly on muscovite (001) surface and section analysis on the
line marked in black. (b) Epitaxial growth on HOPG surface
and section analysis on the line marked in black.

substrate-assisted one-dimensional epitaxial growth
process found in other examples.”'>'3

Despite apparent similarities in the epitaxial growth
on both surfaces, the heights of the peptide nano-
structures differ, with 2.6 & 0.2 nm on mica and 0.9 +
0.1 nm on HOPG. This proposes distinctive models for
peptides on two different surfaces. Interestingly, the
height on mica is comparable with the length scale of
~2.8 nm when P4 is in its fully extended state (based
on the 0.695 nm between two repeating C, carbons of
a f-sheet'®). Meanwhile, the height on HOPG matches
with the width of ~1 nm of typical S-strands.’” Indeed,
on mica, P4 peptides stand up to assemble by facilitat-
ing electrostatic interaction between the positive
N-termini of peptides and negative surface charges,
while on HOPG, the peptides lie down via hydrophobic
interactions between P4 side chains and the surface.

The similar epitaxial pattern was also observed with
GAV-9 peptides on both surfaces,'® however, with a
higher critical concentration (1.6 mM on mica) than P4
(1.0 mM on mica) for the assembly initiation. The
difference in critical concentration could be related
to a decrease in the peptide mainchain's degree of
freedom due to the deletion of residue Glyg in P4. The
AFM section analysis showed a similar height trend of
~1.0 nm on HOPG and ~3.0 nm on mica,'® again
consistent with the width and length dimensions of
the peptide in the extended conformation, suggesting
similar assembly mechanism as the P4 peptide. The
slightly larger height of GAV-9 on mica is due to one
additional glycine residue on site 8.

Surface Polarity Intrinsically Controls the Assembly of the
Hydrophobic P4 Peptides. Next, we attempt to understand
possible assembly dynamics of P4 peptides on mica
and HOPG using all-atom molecular dynamics simula-
tions. The mica surface was constructed with double-
layered muscovite (001) (KAl (SizAl)O;0(OH),) with the
CLAYFF force field,'® and the HOPG was prepared with
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Figure 2. Six configurations in molecular dynamics simula-
tions. (a) P4 peptides are loaded on the mica surface
depending on surface density, supporting rows, and epi-
taxial direction, where the blue dots display position of the
N-terminal nitrogen atoms of P4 peptides. Two arrows with
letters in each setup indicate two anisotropic epitaxial
binding directions (i.e., a- and b-directions). (b) Perspective
view of starting structure of configuration V, where three
peptide rows (blue) are loaded on mica along the long-
itudinal a-direction. Dots colored with cyan in the solvent
are counterions to neutralize the system.

four layers of graphene sheets (Figure S1 in the Sup-
porting Information). On the mica surface, two dif-
ferent epitaxial directions exist depending on the
distance between the nearest epitaxial binding sites
(centers of Al/Si ditrigonal six-membered tetrahedral
rings): short (d, = 0.52 nm) and long (d, = 0.92 nm)
distanced epitaxial binding sites along with the shorter
(a-direction) and longer (b-direction) crystallographic
unit cell directions, respectively. Each direction repeats
every 120°."” Due to the lack of structural information
on the assembly on mica, various possible assembly
patterns were investigated by examining six different
configurations (conf-I-VI) starting from reasonably
small number of peptides, ranging from 12 to 72 chains
depending on packing density and assembly direction
with visual inspections on the mica surface (Figure 2a).
The peptide packing densities increase in the order of
I=1 <1l <IV=V=VI(see detailed rationales below
and in the Supporting Information).

Figure 3 shows the snapshot at the end of the MD
simulation. In the low-density conf-l and conf-ll, P4
peptides are generally stable at their initially deposited
sites on mica except one or two chains. The peptide
positioning is largely attributed to favorable electro-
static interactions between the positive N-terminal
NH>" and the negatively charged muscovite surface,
as validated in high cation exchange capacity of NH3"
on K-mica."®'? Interestingly, even in the low-concen-
tration conf-l, peptides on mica can stand up with an
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Figure 3. Representative structures from molecular dynamics simulation after ~100 ns. Even in low-density configurations
(1—111), peptides tend to stand up on mica in more or less random-coiled states with transient and local secondary structures. In
tightly packed cases (IV—VI), however, the long-range 5-strands are dominantly formed. The conf-V and VI show that P4
peptides form stable hydrogen bonding networks (see viewpoint through i) and hydrophobic interactions (see viewpoint ii) along
the a-direction and b-direction, respectively, where the hydrophobic residues are depicted with white space-filling models.
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Figure 4. Average heights and tilting angles of P4 peptides. (a) Height distribution of P4 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). The conf-VI on mica has a height of ~2.5 nm, consistent with the AFM section analysis value
(~2.6 nm). (b) Tilting angle distribution of P4 peptides, where the tilt angle is defined as the 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 peptides on mica tend to erect on mica with only ~8° tilted from the surface normal (i.e., conf-Vl), but they quickly lie

down on HOPG. The distributions are normalized with a sinusoidal distribution function.

average peptide height of 1.6 + 0.3 nm and tilt angle of
30 + 21° from the surface normal (Figure 4), while the
hydrophobic tails move freely in water in a random
coiled state. This is distinctly contrasted with the result
of similar density on HOPG (lyopg), Where almost all
P4 peptides completely lie down on the surface from
the upright position within 50 ns, resulting in an
average height <1.0 nm and a tilt angle of ~90° from
the surface normal (Figures 4 and S2). The same also
happens to the tightly packed peptides on HOPG
(llhopg) but with a slight delay on the collapse. The
low-density results are qualitatively consistent with the
experimental observation of “standing-up” on mica
and “lying-down” on HOPG, implying that the surface
polarity is one of the intrinsic factors controlling the
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peptide assembly. Indeed, considering that the P4 only
has hydrophobic side chains, it would be energetically
favorable to lie down on the hydrophobic HOPG to
maximize the hydrophobic interactions, whereas the
negative charges on mica and its hydrophilic water layers
would avoid the adsorption of the hydrophobic side
chains to it. Water molecules are also shown to form a
highly ordered two-dimensional ice-like structure in both
experiments®>?! and theory, which is confirmed in our
current simulations (results shown in Figure S3). These
findings suggest a molecular mechanism of greater
enthalpy loss than entropy gain when hydrophobic
molecules absorb onto and desolvate the mica surface.

P4 Assembly on Mica Is Controlled by Surface Density and
Growth Direction. Despite the qualitative agreement, the
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low-density result is not sufficient to explain the quan-
titative behavior found in the AFM on mica (i.e., 2.6 nm
in height). In our next sets of simulations, we added
supporting rows (conf-l) as well as slightly increased
peptide density (conf-lll). However, this was not fully
satisfactory as both assisted only slightly for the pep-
tides to stand up with a height and tilt angle of
~1.9 nm, ~25° and ~2.0 nm, ~17° as seen in conf-Il
and conf-lll, respectively (Figure 4). However, one thing
interesting to notice is that they start to make second-
ary structures, albeit existing only transiently and
locally. This inspires us to construct even tighter
packed structures (i.e., conf-1V, conf-V, and conf-VI).

In conf-IV, peptides were placed on every pos-
sible (i.e., nearest neighbor) epitaxial site along the
a-direction, which initially we chose to omit due to the
extremely tight dimension match between the peptide
width (~1 nm) and the binding site separation (d, ~
0.5 nm), but it turned out that the peptides can be
accommodated by stretching out their bulky hydro-
phobic side chains toward the less crowed side line (i.e.,
b-direction), thus leaving only backbone atoms along
the longitudinal axis of the assembly line (i.e., a-direction).
This resulted in a ~2.1 nm height and ~13° tilt angle,
even with no supporting rows (Figure 3IV). However, this
arrangement may cause energetically unfavorable pro-
cesses, such as sequestration of the hydrophilic back-
bone atoms from water and exposure of the hydrophobic
side chains to water. The former could be compen-
sated by the intermolecular hydrogen bond as shown
in the global enhancement of the secondary structures
(Figure 31V), and the latter could be resolved by addi-
tional rows (detailed discussion below).

On the basis of this finding, we examine the effects
of the two additional factors: (1) supporting multirows
(V) along the growth direction (instead of monorow
in IV), and (2) growing along the other perpendicular
direction (b-direction; VI). The configuration V has two
nearest neighboring parallel supporting rows away
from the central monorow (by the unit distance d, =
0.92 nm). Our simulation shows a dramatic enhance-
ment in their structural integrity, where almost all
peptides are involved in the long-range S-stranded
structure from the very early stage of simulations even
though it started with arbitrary elongated conforma-
tion (Figure 3V), resulting in a tilt angle of ~8° and a
height of ~2.4 nm. With regard to the assembly growth
direction, we also examined the growth along the
b-direction (conf-VI) with the same density as conf-V.
The result was remarkably consistent with the experi-
ment, with an average height of 2.5 £+ 0.1 nm. Even
with a similar tilt angle (~8°) as in conf-V, the peptides
in the conf-VI tend to stand up straighter (as shown in
Rg of Figure 4S) with much narrower and regular
height distribution (Figure 4).

In the tightly packed systems V and VI, the P4
peptides are able to construct an efficient hydrogen
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bond network along the a-direction through polar
backbone atoms (Figure 5a), as shown in conf-IV. At
the same time, the bulky hydrophobic side chains
make a favorable knob-and-hole type of van der Waals
interactions through the b-direction as to bury each
other from the solvent (Figure 5b), which makes more
stable S-structures than the monorowed conf-IV. The
following analyses (Figure 5¢,d) on backbone dihedral
angles and hydrogen bonds summarize the interplay
between peptide density and their structural integrity.
That is, peptides are more ordered with increasing
stable f5-strands in the tightly packed configurations
(i.e., IV=VI), while in the loosely packed configurations,
they are more likely to be in random coils (i.e., I—Ill). This
finding indicates how the substrate structure affects the
peptide self-assembly, intertwined with intrinsic inter-
peptide interactions.® It is noteworthy that the ordered
self-assembly on mica is largely attributed to lattice
matching between the two-dimensional anisotropies
of the mica surface and the -stranded peptide net-
work, where the interpeptide hydrogen bond distance
(~0.48 nm) and the face-to-face distance (~1 nm)
of peptide S-structure fit almost perfectly with the
mica anisotropic binding sites along the a-direction
(~0.5 nm) and b-direction (~0.9 nm), respectively.**
This explains how the mica surface helps to register pep-
tides in epitaxial adsorption and acts as a catalyst in the
highly ordered structural formation as proposed in other
examples with the surface-assisted epitaxial growth.” 91213

Our result also implies that the b-directional growth
shown in the conf-VI seems more plausible. Although
peptides in the core of the conf-V and conf-VI may have
similar interactions with neighboring chains and the
mica surface, the peptides in the outside edge are in a
slightly different environment, which in turn will be
critical in determining the assembly growth direction.
Indeed, in the edge of conf-V, the hydrophobic side
chains are exposed to water, whereas, in conf-Vl, it is
the polar backbone atoms that are exposed to water.
This provides an important clue to unmask the assem-
bly growth mechanism. The exposed hydrophobic
edge would be more reactive with the incoming pep-
tides, similar to hydrophobic collapses in the protein
folding.5%> 27 By contrast, peptides approaching the
open hydrophilic edge would be less favorable due to
relatively high desolvation energies for removing hy-
dration shells formed near the hydrophilic backbone.**
Overall, these facts will help favor the longitudinal
growth along the epitaxial b-direction of the mica
surface rather than the a-direction, which is in good
agreement with the AFM observation.

To conclude, we observed a linear assembled pat-
tern of an amyloid-related eight-residue P4 peptide on
the polar mica and nonpolar HOPG surfaces. While they
made similar epitaxial patterns, the AFM section anal-
ysis implied very different assembly structures and
dynamics on the two surfaces. From our molecular
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Figure 5. Substrate incorporation for formation of a highly ordered epitaxial assembly of P4 peptides on mica. (a) Hydrogen
bonding network following the short-distanced epitaxial a-direction of mica surface. (b) Knob-and-hole type hydrophobic
interaction along the long-distanced epitaxial b-direction of mica, where the hydrophobic side chains are depicted with white
sticks. (c) Ramachandran plots. As surface density increases, the f-structures become significantly dominant (i.e., see
population on top-left corner), where color spans from white to red to indicate low and high probabilities, respectively. (d)
Interpeptide hydrogen bonding network. As surface density increases, the backbone hydrogen bonds between residues of
side chains become more probable, resulting in highly ordered -stranded structures, where color spans from white to black

to indicate low and high probabilities, respectively.

dynamics simulations, we revealed that the surface
polarity can be a more crucial factor in determining
the peptide assembly process than the properties of
the adsorbent peptide. In the detailed study on mica,
we further revealed key factors affecting the assembly,
including surface anisotropy, peptide density, and in-
terpeptide interactions. In one configuration (conf-Vl),
we obtained remarkable consistence with the AFM-
measured height of 2.6 £ 0.2 nm. Our simulations
demonstrate how the muscovite (001) mica could
serve as a catalytic template for the highly ordered
peptide self-assembly formation. The anisotropy of the
mica surface (i.e., two epitaxial binding sites along
shorter (a-direction) and longer (b-direction) unit cell

MATERIALS AND METHODS

P4 Peptide and AFM. The peptide, NH,-VGGAVVAV-CONH,,
was synthesized by using the Boc solid-phase method on an
ABI 433 A peptide synthesizer (Applied Biosystems) and then
purified with a TSK-40 (S) column (2.0 cm x 98 cm, Tosoh).

KANG ET AL.

vectors) facilitates interpeptide backbone hydrogen
bonds along the short-distanced epitaxial a-direction
as well as side chain hydrophobic interactions along
the long-distanced (longitudinal) b-direction, giving
rise to a stable long-range f3-stranded peptide network.
This further proposes a potential mechanism about the
epitaxial growth on mica, a growth along the b-direction
via a more reactive hydrophobic edge. Our results
provide detailed insight into the surface-assisted self-
assembly on the molecular level, especially the under-
ling factors for the epitaxial growth on mica. It would
be an important guide for de novo two-dimensional
nanopatterning as well as pathogenic amyloid-like
peptide aggregation.

Before its usage, the peptide powder was dissolved in PBS
buffer (10 mmol/L phosphate, 10 mmol/L NaCl, pH 7.0). Muscovite
mica (Sichuan Meifeng Co., China) and highly ordered pyrolytic
graphite (HOPG, grade ZYB, MikroMasch Co., Russia) were
used as the substrates for peptide assembly, which were freshly
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cleaved by adhesive tape prior to each experiment. Pep-
tide filaments were formed by placing a drop of an aqueous
solution of the peptide on the substrates as previously re-
ported.'®® The peptide concentrations were set at 1.0 mM
and 20 uM for assembly on mica and HOPG, respectively. In situ
imaging of the assembling peptide filaments on substrates was
performed on a commercial atomic force microscope (AFM,
Nanoscope llla, Veeco/Digital Instruments, USA) equipped with
a J-scanner. All AFM measurements were carried out with
tapping mode in liquid. Silicon nitride cantilevers with a nominal
spring constant of 0.22 N/m (NPS, Veeco/Digital Instruments)
were used.

Molecular Dynamics Simulations. The mica surface was constructed
with double-layered muscovite (001) (KAly(SizAl)O14(OH),) with
the CLAYFF force field'® based on the monoclinic C2/c2M, crystal
structure'” according to the Loewenstein Al avoidance rule.?*3°
The HOPG was prepared with four layers of graphene sheets
using the CHARMM22 force field.3' As mentioned in the main
text, we configured six different systems (conf-I—VI) on the mica
surface depending on surface density, supporting rows and
growth direction (Figure 2a). Both conf-l and conf-Il have the
same linear densities, but conf-Il has two supporting rows with
12 peptides aligned in each row along the a-direction in every
alternative epitaxial binding site. The linear packing density is
increased in conf-lll by arranging the same number of peptides
as conf-ll (i.e., 36 chains) along the x-axis (i.e., b-direction) of the
same size of mica surface instead of the diagonal direction with
loosely packed supporting rows. From conf-IV, the peptides are
more tightly packed along the a-direction by placing 24 pep-
tides in every possible epitaxial binding site, resulting in density
doubling that of conf-Il. The conf-V (72 peptides) and conf-VI
(48 peptides) have the same surface densities as conf-IV but are
in different growth directions. A 107.6 x 63.8 A2 muscovite for
conf-I-V and a 71.8 x 127.7 A? surface for conf-VI are used to
ensure linear assembly over the periodic boundary condition.
As controls, two cases of low (lyops; 12 peptides) and high
(Ilhopg; 24 peptides) densities were prepared ona 109.5 x 65.5 A2
HOPG surface (Figure S1). Then, the system was solvated with
~12000 TIP3P*? water molecules. All molecular dynamics
simulations were done with the NAMD software®® specially
parallelized on the IBM Bluegene computer.3* The long-range
electrostatic interactions were enumerated with the particle
mesh Ewald method.?® The nonbonding dispersion energies
were considered for atoms within 12.0 A. Each system was first
optimized in 20 000 steps and equilibrated in 0.5 ns with a 0.5 fs
time step in the NPT ensemble at 1 atm and 310 K. Production
runs were performed with a 2 fs time step for at least 100 ns
duration on mica and 200 ns on HOPG.
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