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Abstract

Self-assembly of peptides is closely related to many diseases, including Alzheimer’s, Parkinson’s,
and prion diseases. Understanding the basic mechanism of this assembly is essential for designing
ultimate cure and preventive measures. Template-assisted self-assembly (TASA) of peptides on
inorganic substrates can provide fundamental understanding of substrate-dependent peptides
assemble, including the role of hydrophobic interface on the peptide fibrillization. Here, we have

"Corresponding Authors rlal@ucsd.edu. fengzhang1978@hotmail.com. Hyunbum Jang: 0000-0001-9402-4051 Joon Lee:
0000-0003-3887-8540.

AUTHOR INFORMATION

Author ContributionsN.L., H.J., and M.Y. contributed equally.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.lang-muir.7b00414.
More real-time AFM observation of P5 self-assembly at different concentrations on HOPG, and the two different initial conformations
of monomeric P5 and their different simulation results (PDF)

Notes
The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal.

Page 2

studied the self-assembly process of a potential pentapeptide inhibitor on the surface of highly
oriented pyrolytic graphite (HOPG) using real time atomic force microscopy (RT-AFM) as well as
molecular dynamics (MD) simulation. Experimental and simulation results show nanofilament
formation consisting of S-sheet structures and epitaxial growth on HOPG. Height analysis of the
nanofilaments and MD simulation indicate that the peptides adopt a lying down configuration of
double-layered antiparallel B-sheets for its epitaxial growth, and the number of nanofilament
layers is concentration-dependent. These findings provide new perspective for the mechanism of
peptide-based fibrillization in amyloid diseases as well as for designing well-ordered
micrometrical and nanometrical structures.

Graphical Abstract

INTRODUCTION

Fibril formation by self-assembly of peptides or proteins under pathogenic conditions is
relevant to amyloidosis.? As an example, Alzheimer’s disease (AD) is linked to the
accumulation of amyloid g (AB), a 39-43 amino acids long peptide deposited in the brain
parenchyma and cerebrovasculature.23 Understanding fibrillization of such peptide in terms
of their structure and intermolecular interactions is therefore of great interest in finding cure
designing preventive measures.*%

Amyloidosis often initiates at biomembranes.’-9 For example, small aggregates of Ag
peptides disrupt cellular calcium homeostasis by forming channel-like pores in the
membrane, suggesting that Ag-lipid interaction at the cell membrane initiates the neurotoxic
cascade in AD.%10 The template-assisted self-assembly (TASA) technology originally
developed for inorganic particles!! has quickly extended to biomolecule-inorganic
interactions, especially inorganic substrates (like mica and graphite)-directed self-assembly
of proteins/peptides.12-14 Inorganic substrates are commonly used in TASA as a mimic of
biomembrane surfaces and lipoprotein particles in vivo.1>-18

A pentapeptide with the KLVFF sequence corresponding to AB(16-20) has been considered
a core sequence of AB that drives the formation of fibrils.1® Previous studies using in situ
cryo-transmission electron microscopy (TEM), small-angle Xray scattering, Fourier
transform infrared (FTIR) spectroscopy, and fiber X-ray diffraction have shown that KLVFF
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peptide itself can form B-sheet fibrils and even hydrogels in a higher concentration.:20
Because KLVFF is the core sequence that drives the Ag aggregation, ligands capable of
binding this sequence have been investigated as possible drug candidates to inhibit Ag
fibrillization.21.22

Other peptides using KLVFF sequence as a core have also been studied. For examples, a
peptide with AALKVFF sequence was reported to form distinct structures of twisted fibrils
in water or on nanotubes in methanol.23 KLVFFAE24 and AcK(Me)LV(Me)FF-NH, 25 were
also shown to form fibrils in aqueous solutions. Interestingly, a retro-inverso (RI) peptide of
KLVFF, ffvlk, has been reported to bind artificial fibrils of ABwith moderate affinity.26 The
written form “ffvlk” without using capital letters indicates D-amino acids, and the
corresponding technology in combination with reversing the primary sequence of a peptide
called retro-inversion has provided an opportunity for designing better peptide-based
therapeutics.2’ However, the binding mechanisms as well as the fibrillization properties are
not well studied.

In order to understand potential drawbacks for clinic use of these peptides for treatment of
AD, it is important to examine the potential of RI peptide self-assembly into fibrils as well
as the interaction mechanism at a hydrophobic interface. Here we synthesized a pentapeptide
NH,-FFVLK-CONH; (in short “P5”), in which all the amino acids are just of L-enantiomer
for convenience (p-enantiomer is most prone to digestion by natural enzymes in vivo?8). We
introduced an amine group to its C-terminal to remove the terminal charge of carboxylic
acid. The modified peptides more closely mimic the native protein, increases its ability to
enter cells and prolongs its shelf life.2% We used both real time atomic force microscopy
(RT-AFM) and MD simulation to understand the self-assembly of P5 on a highly oriented
pyrolytic graphite (HOPG). Our results reveal that P5 self-assembles on HOPG following
the atomic lattice of HOPG. MD simulation results provide more details for this epitaxial
growth in which the double-layered antiparallel B-sheets are the most stable nanostructures.

EXPERIMENTAL SECTION

Peptide Sample Preparation.

The peptide P5 (NH,-FFVLKCONH,) was custom-synthesized from Chinapeptides
Company (Shanghai, China). The final purity of the peptide is more than 97% as verified by
high-performance liquid chromatography (HPLC) and was further characterized with mass
spectrum. The lyophilized powder was stored at —22 °C. The peptide powder was dissolved
in Milli-Q water to a certain peptide concentration. Then the solutions were centrifuged at
10 000 rpm for 10 min to remove the possible aggregates and the supernatant was
immediately used or stored in aliquots to different PE tubes in the freezer (-22 °C). Other
chemicals were purchased from Sigma and used without further purification.

Thioflavin T Assay.

The fibrosis of P5 was studied by monitoring the thioflavin T (ThT) fluorescence with a
fluorescence spectrometer (Fluorolog-MAX 4, Horiba) equipped with a 1.0 cm quartz cell at
25 °C. The P5 lyophosized powder was directly dissolved in 10 4M ThT water solution to
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get a concentration of 0.8 mg/mL (1.23 mM). The mixture was agitated at 900 rpm with a
magnetic stirring bar. The fluorescence signal was recorded every 10 min within the first 200
min, and afterward the signal was recorded every 100 min.

A commercial AFM instrument (Nanoscope I11d, Bruker) equipped with either a J-scanner
(125 pm x 125 pm) or a E-scanner (12 um x 12 4m) and a liquid cell was used. All images
were captured with a scan rate at 1-2 Hz. Experiments were performed in tapping mode
under liquid phase. Silicon nitride cantilevers with a nominal spring constant of 0.35 N/m
(SNL-10, Bruker) were used. HOPG (ZYB grade, 12 mm x 12 mm x 2 mm, Bruker) were
freshly cleaved by adhesive tape before each experiment. All the real time imaging process
was conducted as the following: (1) the peptide solution was slowly added into the liquid
chamber through a connected tube; (2) the final concentration of the peptide in the liquid
chamber was calculated by considering the previous volume of the buffer solution. AFM
imaging started before adding the peptides into the liquid chamber in order to capture the
whole dynamics of the peptide assembly. AFM images were processed by using NanoScope
Analysis (version 1.40) that was supplied by the AFM manufacture.

Atomistic Molecular Dynamics Simulations.

Two AB monomer conformations were extracted from small AB1-40 protofibrils (PDB
codes: 2LMN and 2LMO)30 and AB1-42 fibril (PDB code: 2MXU)3! where both fibril
structures were based on the sSNMR models. In both structures, the N-terminal coordinates,
residues 1-8 for the former and 1-10 for the latter structures, are missing due to disorder. To
generate P5 peptide, the coordinates of the central region of Ag, residues 16-20, were taken
from both monomer conformations. The sequence of these Ag fragments, KLVFF, was
inverted to FFVLK, generating two P5 conformers. In conformer 1 of P5 peptide, two Phe
side chains point in the opposite direction, while they point in the same direction in
conformer 2. The monomeric P5 conformers were used to construct the 16-mer single-
layered, 32-mer double-layered, and 48-mer triple-layered B-sheet fibrils with a linear shape.
The initial P5 fibrils were minimized with a rigid body motion for the peptides, which
enhanced the formation of intermolecular backbone hydrogen bonds (H-bonds) within a p-
sheet. Using the same protocol for the HOPG simulation as in our previous work,32 three
layers of graphite in a hexagonal phase were created to mimic HOPG. The minimized P5
fibrils were deposited onto the HOPG surface. To avoid the unfavorable interaction between
the positively charged Lys residue and the hydrophobic graphite surface, we aligned the P5
fibrils with the hydrophobic residues, Phe2 and Leu3, pointing to the HOPG surface.

The CHARMM program33 with version 3634 was used to construct the set of initial
conformations and to relax the systems for the atomistic MD simulations. The same MD
simulation techniques as used in the amyloid studies 10'35-37 were applied to the P5/HOPG
simulations. In the preequilibrium stages, a series of combined minimization and dynamics
cycles with electrostatic cutoffs (12 A) were performed for the initial configurations to
gradually relax the solvents around the harmonically restrained P5 peptides in the fibrils.
The harmonic restraints were gradually diminished with the full Ewald electrostatics
calculation and constant temperature (Nosé—Hoover) thermostat/barostat at 300 K.
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Following preequilibrium, a 200 ns production run was performed with the NAMD 2.10
parallel computing code38 on a Biowulf cluster at the National Institute of Health.

RESULTS AND DISCUSSION

We used ThT molecules to check whether the synthesized P5 can form fibrils. ThT
fluorescent molecules have been widely used for the kinetic study of amyloid fibrillization
because the molecule can specifically bind to B-sheet-containing amyloid fibrils and show
an increase in fluorescence peak at around 482 nm.14 A typical ThT fluorescent emission
spectrum of P5 showed an increasing fluorescence peak at around 470 nm (Figure 1A),
indicating that P5 formed amyloid-like B-sheet structures. The blue shift of ThT emission
from 482 to 470 nm could arise from small changes in the local hydrophobicity.14 By
monitoring the fluorescence intensity (Ig) at 470 nm, the Kinetics of P5’s fibrillization was
examined in detail. As expected, the intensity of ThT fluorescence signals of P5 solutions
increased remarkably with the increasing incubation time (Figure 1B). The fluorescence
spectrum in Figure 1B can be roughly divided into two parts: (i) After about 80 min lag
phase, the fluorescence intensity (Ig) increases rapidly from 80 to 200 min, indicating a fast
elongation which is believed to be the critical stage for amyloid fibrillization; (ii) after that,
the fluorescence intensity tends to be stationary for more than 10 h, suggesting that P5 can
assemble into robust B-sheet structures.

We explored the self-assembly dynamics of P5 on HOPG using RT-AFM.3940 At the
concentration of 0.15 mg/mL, P5 adsorbed onto HOPG surface at a very high rate (Figure
2). Interestingly, most of the freshly adsorbed P5 molecules formed unregular structures on
HOPG. However, with the time going on we can see the loose unregular structures in Figure
2B became denser and denser from Figure 2 panel C to panel D, and meanwhile the
structures became more and more regular until densely aligned fibrils in Figure 2E,F. This
phenomenon indicated that the adsorbed P5 molecule can be still capable to reorganize their
self-assembly style on HOPG within about 1 h. We think this is due to the too concentrated
P5 solution made the rapid adsorption without enough time to arrange the P5 molecule into
an ordered nanostructure (nanofilaments), and also leads to a very loose aggregate style on
HOPG (Figure 2B) and later due to the stability (lowest energy) driving, these molecules
found their relatively better positions and orientations in the limited space since the rapidly
adsorbed P5 molecules took most of it.

From the measurement of the heights of nanofilaments formed by P5 molecules, we
observed that the formed nanofilaments are mostly about 2 nm in height (Figure 3). When
the nanofilaments were densely packed, the precise height measurements were only limited
at several marginal regions where the AFM tips can touch the surface of HOPG. Most of
nanofilaments show homogeneous in height (Figure 2E,F). The calculation of the
orientations of nanofilaments show that several angles, 30°, 60°, and 90° coexist between
those connected nanofilaments (Figure 2D-F, Figure 3C,D). To slow down the growth rate
of fibrils to obtain more detailed information, one can reduce either temperature or
concentration. Because reducing temperature requires us to pay additional expensive
accessories, we prepared low concentrations of P5 solutions to observe their self-assembly
processes on HOPG.
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The first diluted concentration was 10 pg/mL, however, this concentration was still too high
to obtain more intermediate growth states of nanofilaments (Figure S1). So we again diluted
to 1 pg/mL. With the RT-AFM observation, we found that almost no unregular adsorption
happens at this concentration. P5 grew bidirectionally and formed nanofilaments with an
extending rate of ~25 ym/min. The lengths of these filaments were up to several
micrometers (Figure 4). Notably and obviously, the nanofilaments never overlapped with
each other during their growth, indicating that the growth of the nanofilaments is
anisotropic. They arranged themselves into nanofilaments with dimensional selectivity and
specificity (binding sites). The fast Fourier transform image (inset in Figure 4F) revealed
three preferred orientations with an angle of 60° to each other, similar to the hexagonal
atomic lattice of the substrate. This indicates an “epitaxial” growth or templateassisted
effect.12-14.1841 gimilar images of nanofilaments growth are included in Figure S1.

The height of the P5 filaments was monitored during the self-assembling from different
growth regions. It is ranged from 1.0 to 2.2 nm for different nanofilaments (Figure 5). The
difference in heights on a single filament was about 0.6 nm (Figure 5B). Previously, several
different self-assembling peptides showed the multilayered nanostructures by monitoring the
assembly in a concentration-dependent manner.121442 To observe more single layered
nanofilaments, we further diluted the concentration of P5 from 1 tg/mL to 1 ng/mL because
the nanofilament growth rate was still high enough. The nanofilaments covered almost 50%
of the HOPG surface within only 14 min, suggesting that the concentration can be more
diluted.

The dilution of P5 concentration resulted not only a slow self-assembly progress of P5 on
HOPG but also more and lower nanofilaments formed. We observed that all nanofilaments
grew with a hexagonal symmetry on HOPG as seen at higher concentration (Figure 6). The
growth rate of nanofilaments decreased to ~1 /m/min, but the length of nanofilaments
increased as compared with those grown under higher concentrations. This indicates that
nonisotropic 2D growth was derived from the chiral property of P5 molecule itself. Because
of the single nanofilament, the widening rate was much less than the lengthening rate, which
further indicates that the synergistic effect from both peptide-to-peptide and peptide-to-
HOPG played a dominant role in the fibrillization process. The body-to-body interactions
should be much stronger than head/ tail-to-head/tail interactions between peptides, which
had also discussed by other MD researches.*3:44 Without exception, none of the
nanofilaments appears to cross the edges of HOPG, which further show the necessity of a
precise match for the epitaxial growth. We found that one of the preferred growth directions
was parallel to the edges of HOPG, suggesting the correlation between the atomic lattice and
the easiest cleavage plane of HOPG.

The cross-section analysis showed that the initial heights of nanofilaments were less than 1
nm (Figure 7), which was comparable to P5’s theoretical diameter (0.8 nm), and much less
than its length (1.7 nm), indicating that P5 adopts a “lying down” manner on HOPG for its
fibrillization. Small variations from the height measurements were also observed. Such
variations could be attributed to different amino acid residues. For an example, the lysine
residue can be more flexible than both leucine and valine residues, because it is on the
terminus with more freedom to fluctuate than those residues located in the middle of P5.

Langmuir. Author manuscript; available in PMC 2021 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 7

To systematically compare the properties of nanofilaments at different conditions, we have
also made the statistical analysis of both the height and orientation of nanofilaments on
HOPG at different concentrations (Figure 8). As shown in Figure 8A, the height
distributions of nanofilaments changed significantly from 0.8-1.1 nm at 1 ng/mL to 1.6-2.2
nm at 1 zg/mL. At the higher concentration of 0.15 mg/mL, the heights below 1 nm were
hardly to found, and the dominant height distribution was also around 2 nm. Because the
theoretical diameter and length of P5 are about 0.8 and 1.7 nm, respectively, the similar
concentration-dependent discrete height subpopulations of nanostructures could be formed
by either “lying down” peptides on HOPG or “standing up/upright” peptides on mica.12
Moreover, the estimated heights (more than 3 nm) of double-layered nanostructures formed
by upright P5 were not found in all concentrations. Thus, our results suggest that the
observed individual height subpopulations are likely formed by P5 with a lying down
orientation rather than the standing up/ upright orientation. More detailed discussions will be
shown in MD simulation results. In addition, the orientations of nanofilaments formed on
HOPG at different concentrations (Figure 8B) also protruded the differences between lower
concentrations and higher concentrations. The histogram showed that at concentrations
lower than 1 pg/mL (even 10 wg/mL as shown in Figure S1), only 60° presented in the
images. Strictly three-folded symmetric orientations were formed, which resembled the
atomic lattice orientations of HOPG. However, at concentration of 0.15 mg/mL, three
different angles coexited in the self-assembling process. The rapid adsorption of P5
molecules experienced a rearrangement to form dense nanofilaments on HOPG (Figure 2).
We hypothesized that the angles at 30° and 90° could be the secondary favorable
orientations for P5 epitaxial growth, which could be also significantly influenced by the
steric hindrance of the crowed molecules adsorbed in vicinity and thus the limited
rearrangement space. From this histogram, we can also conclude that the strict epitxial
growth requires a slow process that has enough time to allow molecules for tuning their
orientations to fit into the right positions in the nanostructures.

In order to verify the “epitaxial growth”, we investigated the atomic lattice of HOPG using
contact mode AFM instead of STM12 to minimize the disturbance of orientations. Both
contact and tapping modes can be performed in the same set up. We first imaged the HOPG
before adding any P5 peptide in the solution. Figure 9A shows the atomic lattice of HOPG
with a regular hexagonal symmetry under contact AFM mode. Then we changed to tapping
mode and added P5 solution to image the real-time self-assembly of P5 on the same region
of HOPG. When we compared the orientations of the nanofilaments growths (Figure 9B) to
the underneath atomic lattice of HOPG (Figure 9A), we found that both orientations
perfectly matched each other. Our results indicate that the self-assembly of P5 peptides is
template-assisted/epitaxial procedure which follows the similar manner found previously for
other peptides on substrates.12-14

To understand the arrangement of P5 peptides in the nanofilaments at the atomic level, we
used MD simulations of eight P5/HOPG systems with different combinations of conformers
(Figure S2), layers, and parallel/antiparallel arrangements (Table 1). During the simulations,
we found that the double-layered antiparallel S-sheet morphology in the out-of-phase is the
most stable architecture (Figure S8). Out-of-phase stacking refers to the S-strand stacking
within an antiparallel fashion between two adjacent B-sheets, whereas in-phase stacking
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denotes the parallel g-strand stacking.23 All parallel arrangements (Figures S5, S6, S7, and
S9) including the upright orientation (Figure S7) are not stable enough to preserve the
nanostructures within the given period. The phenyl groups in Phe residues have stronffi
affinity to the graphite surface due to the rt-m interactions. In term of the B-sheet content
from the initial structure, double-layered conformation preserves the S-sheet much better
than single-layered ones (Figure S11), indicating that the intermolecular affinity of P5 plays
an important role in stabilizing the nanofilaments (Figure S12). The modeled single-layered
nanofilaments are correlated with those observed in a super diluted solution (Figures 6, 7,
and 9), whereas the nanofila-ments observed in Figures 2-5 are related to the double-layered
structures. We speculate that both the intermolecular affinity of P5 and the attraction
between P5 molecules and HOPG surface are the driving force for the current TASA system.

From the well-conserved nanostructures on HOPG (Figure 9A), the growth axis of
nanofilaments well matches the atomic lattice of HOPG (Figures 9, 10), which is also
consistent with experimental results (Figure 9). It is interesting to note that only one of the
phenyl ring from the Phe residue of each P5 molecule interacts with the HOPG surface,
while the other one at the N-terminal Phe residue is oriented opposite to the HOPG surface
due to the steric hindrance between two phenyl rings and the HOPG surface. To stabilize 5-
sheet, the P5 peptide is arranged as a B-strand adjacent to other strands forming an extensive
intermolecular backbone H-bond network. As a result, the phenyl ring at the second Phe
residue and the Leu side chain are directed in the same direction toward the HOPG surface,
satisfying the B-sheet secondary structure. Because of the steric hindrance and the
electrostatic interaction, the Lys side chain is pointing toward solution instead of the HOPG
surface (Figure 10B,E). In the P5 nanofilament with the double-layered antiparallel S-sheet
arrangement, the second S-sheet layer is stabilized through the hydrophobic interactions
with the aliphatic side chains in the first layer. The Phe and Val side chains in the first layer
interact with the Leu and Phe side chains in the second S-sheet layer, respectively. No -1t
interaction between phenyl rings can be observed because the r-stacking requires an
orientation of the backbone of Phe residue, which can disrupt the B-sheet network. Our
results suggest that the dominated hydrophobic interaction between the S-sheet layers can
serve as a driving force for the epitaxial growth. This explains why P5 can form free-
standing S-sheets even in solutions at a relative higher concentration (Figure 1).

The calculated average heights of both modeled singlelayered and double-layered -sheet
structures are 0.8 and 1.7 nm, respectively. Considering the flexibility and side chain’s
length variation of different amino acid residues, the actual measured heights can be varied
within a certain range. Because the AFM imaging could exert a certain pressure on the
layered structures even though the force is minimized during the imaging, the measured
heights can be underestimated. In fact, the measured heights of S-sheet structures show
various values in the ranges of 0.65—0.98 nm at a lower concentrated solution and 1.05—
2.23 nm at a higher concentrated P5 solution, respectively. The large value of the height
corresponds to that of triple-layered g-sheet structures on HOPG. From the simulations,
such triple-layered B-sheet structures can be formed, although they finally started to
dissociate at the first and third layers (Table 1). However, compared with the conservation
rate of single-layered S-sheet structures, the triplelayered score is much higher, suggesting
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that the highest measured heights of nanofilaments corresponds to the triplelayered S-sheet
structure (Figure S10).

CONCLUSION

We studied the graphite-assisted self-assembly of a de novo pentapeptide P5 using both
experimental and computational methods. Experimentally, the concentration-dependent
epitaxial growth of P5 peptides on HOPG was observed in real time. At different
concentrations, P5 adopted a lying down manner to grow into nanofilaments with different
heights and growth rates. The MD simulation results showed that P5 molecules follow the
epitaxial principle by registering themselves exactly along with the atomic lattice of HOPG
and forming nanofilaments. Double-layered antiparallel g-sheets were the most stable
conformation in the nanofilaments. Both experimental and simulation results agree well with
each other. In combination with the biocompatibility of graphite and the special designing of
P5 molecules, these results might provide useful information in understanding the
aggregation of amyloid peptides in diseases and the fast-developing researches on the
bionano interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(Left panel) The ThT fluorescence spectrum of P5. ThT fluorescence shows a maximum
emission peak at about 470 nm when mixed in P5 solutions. The fluorescence signal was
measured after 5 h incubation at room temperature. (Right panel) Fibrillization of P5
monitored by ThT fluorescence. ThT fluorescence was monitored at 470 nm every 10 min
within the first 200 min, and afterward the signal was recorded every 100 min. The
excitation wavelength was 440 nm.
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11 min

Figure2.
Time-lapse monitoring of P5 fibrillization on HOPG at 0.15 mg/mL in Milli-Q water. (A-F)

Tapping-mode RT-AFM images of P5 self-assembling at room temperature for different time
periods as denoted in each image. The scale bars in (A) apply to all images.
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Figure 3.
Height measurements of P5 nanofilaments on HOPG. (A-D) Representation of the cross-

section analysis of the nanofilament structures (insets) from Figure 2F. Different colors
indicated the cutting lines and the corresponding vertical distances (heights) nearby two
arrows with same color. The axis units are all nanometers.
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6 min

Figure 4.
Time lapse monitoring of P5 fibrillization on HOPG at 1 tg/mL in Milli-Q water. (A-F)

Tapping-mode RT-AFM images of P5 self-assembling at room temperature for different time
periods as denoted in each image. The scale bars in (A) apply to all images. The inset in (F)
shows the periodic spatial distribution in (F) formed by using the two-dimensional Fourier
transfer function. The wave-like signal in (B,C) was resonance noise during liquid phase
AFM imaging.
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Figureb.
Height measurements of P5 nanofilaments on HOPG. (A-D) Represention of the cross-

section analysis of the nanofilament structures (insets) from Figure 4F. Different colors
indicated the cutting lines and the corresponding vertical distances (heights) nearby two
arrows with same color. The axis units are all nanometers.
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Figure6.
A dynamic epitaxial growth procedure of P5 on HOPG at 1 ng/mL in Milli-Q water. (A-F) A

series of top-view tapping-mode AFM images at room temperature for different time periods
as denoted in each image. The scale bars in (A) applied to all images.

Langmuir. Author manuscript; available in PMC 2021 February 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.
nm nm
2{A 2|B
0 A\MM,/ e \ /”/ \\}k"\"\\“/\\ 0 \J\\/&\J\meﬁww}'\’m\m
B :

0 025 050 075 100 1.25
um

0 025 050 075 100 125
pum

OH"\JM\/\/A/\J]\MU\NW 0 W\WM}\\JV\U\U%/

0 025 050 075 1.00 1.25
um

Figure7.

0 025 050 075 100 125
um

Page 19

Height measurements of P5 nanofilaments on HOPG at a concentration of 1 ng/mL. (A-D)
Representation of the cross-section analysis of Figure 6B,D-F. The black lines in the inset
AFM images indicated the section cutting lines. The measured heights indicated by two red
arrows were 0.65, 0.71, 0.95, and 0.98 nm, respectively.
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I 1ng/mL
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I 0.15mg/mL

Statistical data for the heights (A) and orientations (B) of P5 nanofilaments on HOPG at
different concentrations. For the angle measurements, only the acute angles were recorded.

There were at least 40 measurements for each condition.
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Figure.
Comparison between the atomic lattice of underneath HOPG and the growth orientations of

the P5 nanofilaments. (A) The height image of the HOPG’s atomic lattice obtained prior to
P5 self-assembly using friction channel of contact mode AFM. (B) The height image of P5
nanofilaments grown on the surface of HOPG from (A). The yellow arrows and lines denote
the consistence of their orientations.
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Figure 10.
Representative nanostructures from MD simulations. (A-C) The top view, angle, and side

views for single- layered antiparallel p-sheet formed by conformer 1, respectively. (D-F) The
top view, angle, and side views for double-layered antiparallel B-sheets formed by
conformer 1, respectively. Both panels A and D showed that the epitaxial growth directions
were consistent with the atomic lattice of HOPG, and the antiparallel S-strands were
indicated by arrows (the tail of arrows denote the N terminal of P5). Both panels B and E
showed the close look at the interaction between amino acid residues and HOPG surface.
Both panels C and F showed the height estimates of antiparallel 5-sheets.
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