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ABSTRACT: Homogeneous assemblies of the model peptides at interfaces
have been achieved and observed with scanning tunneling microscopy. The
dependence of the observed brightness in STM images is analyzed, and the
correlation with the peptide residues is proposed. We have also investigated
the conformational dynamics of the peptide assemblies adsorbed on a
graphene sheet by performing all-atom molecular dynamic simulations in
water at 300 K. The simulation results of the two peptide assemblies on
graphite surfaces show that R,G,H; and F,G,H; peptide assemblies are
mostly in f-sheet structure, and the interaction energy of the four different
residues with graphite surfaces follows the order of Phe > His > Arg > Gly,
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consistent with their brightness contrasts in STM images. The insight on the
distribution of residue moieties in the peptide assemblies could provide beneficial venues for studying peptide-based interfacial
processes such as site-specific interactions between molecular species with peptides.

B INTRODUCTION

Molecularly resolved structural insight of peptide assemblies
has been recently demonstrated with scanning tunneling
microscopy (STM) operated in both ultrahigh vacuum
(UHV) and ambient conditions.'™ This progress has
generated complementary insight into the peptide interactions
leading to various forms of peptide aggregates relevant to
neurodegenerative diseases. While STM has been demonstrated
as an effective approach to study the noncrystalline peptide
assemblies that are in general challenging for X-ray diffraction
and solid-state nuclear magnetic resonance, a number of very
interesting issues remain open such as identification of amino
acid residues and models with atomic specificity in peptide
assemblies, etc. These aspects should be keen to advance the
understanding of the fundamental aspects in peptide
interactions and assemblies relating to various degenerative
diseases.

It is worth mentioning that the submolecular structural
characteristics of the peptide assemblies could be correlated
with the adsorption conformation, electron density of states of
peptide moieties etc. High-resolution STM images have shown
the individual residues on the peptide chains, and the results
revealed the heterogeneities at the submolecule level and
dynamic changes of residue conformations.’® It can be
envisioned that such progress could enable studies on the
amino acid sequence effects on biologically relevant peptide
assemblies using STM.

The dominant interactions in peptide assemblies could be
contributed jointly from peptide backbones and residues.
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Hydrogen bonds between amine moieties of peptide chains are
known significant for peptide assemblies. In addition, rich
varieties of interactions between residue moieties could also
have significant contributions depending on the chemical
nature of the residues, that is, electrostatic, hydrogen-bonding,
hydrophobic, and steric interactions. Particularly, for surface-
bound peptides, the adsorption conformation of residues
reflects the molecule—substrate interactions.

In this study, we endeavored to analyze the characteristics of
the peptide assemblies on surfaces in ambient conditions,
particularly the correlation between the brightness contrast in
STM images and specific residue groups. We studied two
synthetic model peptides, R,G,H; and F,G,H,, containing four
kinds of residue groups (Phe-benzyl, Arg-carbamidine, Gly-
hydrogen, and His-imidazole), representing typical types of
interactions between residues. Our study illustrates that these
residues could be qualitatively differentiated according to the
observed brightness contrasts and the ordering of the
assemblies on the surface. The molecular dynamic (MD)
simulations based on STM results help reveal the molecular
mechanism of the observed assembly conformations.

B MATERIALS AND METHODS

Sample Preparation. Synthetic peptides R,G,H; and F,G,Hg
(Scheme 1) were obtained from Shanghai Bootech Bioscience Co.,
Ltd. The purity of the peptides (>98%) has been verified by high-
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Scheme 1. Abbreviation and Molecular Structures of the
Designed Peptides: R4G4H8 and F,G,H;g
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performance liquid chromatography and mass spectrum analyses. All
of the materials were purchased and used without further purification.

Lyophilized powders of peptides were respectively dissolved in
Milli-Q water into a concentration of 1 mg/mL. The peptide solutions
(15 uL) were deposited on the surface of freshly cleaved highly
oriented pyrolytic graphite (HOPG) for 1 min incubation. After that,
the excess solution was blown away from the HOPG surfaces and
blown dry by using high-purity nitrogen gas prior to STM
experiments.

STM Experiments. STM experiments were performed in constant-
current mode under ambient conditions (Nanoscope IIla SPM system,
Bruker Nano, USA). The STM tips were mechanically formed by Pt/Ir
wire (80/20). The tunneling conditions are described in the
corresponding figure captions. Experiments were repeated independ-
ently using different tips for reproducibility.

Molecular Dynamics Simulations. Molecular dynamics (MD)
simulations were carried out using the GROMACS 4.5.3 package” with
GROMOS96 43al force field® The bonded and nonbonded
parameters of graphlte sheet were taken from previous studies by
Koumoutsakos et al.” and Hummer et al,'® respectively. The initial
states of F,G,Hg and R,G,H; are elght-stranded in-register parallel -
sheets. The graphite sheet is 7.6 nm X 7.6 nm in size, which provides
sufficient surface for the f-sheet to adsorb. In the initial configuration,
the minimum distance between the peptide -sheet and graphite sheet
is 1.4 nm. The F,G,Hg—graphite system and the R,G,Hg—graphite
system were solvated in a 7.6 nm X 7.6 nm X 3.8 nm and a 7.6 nm X
7.6 nm X 4.4 nm SPC (simple point charge model)'' water box,
respectively. The total number of water molecules in the two different
systems is 5939 and 6862, respectively. Two independent 100 ns MD
simulations were performed for each system at 300 K in isothermal—
isobaric (NPT) ensemble. The solute and solvent were separately
coupled to external temperature bath using velocity rescalmg method"?
and pressure bath using Parrinello—Rahman method."”® The temper-
ature and the pressure were maintained at 300 K and 1 bar using
coupling constants of 0.1 and 1.0 ps, respectively. Bond lengths within
peptides and water molecules were respectively constrained by the
LINCS'* and the SETTLE algorithms," allowing an integration time
step of 2 fs. Particle mesh Ewald method was used to calculate the
electrostatic interaction with a real space cutoff of 0.9 nm, and the van
der Waals interactions were calculated using a cutoff of 1.4 nm. All
MD simulations were performed using periodic boundary conditions.
The position of graphite sheet was fixed during all of the MD

simulations.

B RESULTS AND DISCUSSION

Typical peptide assemblies such as amyloid-$'® and amylin®*
have been studied using STM with the core f-sheet structures
and folding sites resolved. It may be recognized that peptide
lamellae with diverse brightness contrasts in STM images could
further provide a unique opportunity to analyze the adsorbed
peptide structures and binding regions of possible inhibitors at
single amino acid level. In this work, we explore the correlation
between the brightness contrast and specific residue groups on
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the basis of two model peptides R,G,Hg and F,G,H,, which
could manifest the representative interactions for amino acids.

The STM image of R,G,Hg assembly structures on graphite
surfaces is shown in Figure 1A, with bright lamellae attributed
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Figure 1. STM images of R,G,H, assembly and the statistical analysis
of the measured lengths. (A) Large-scale STM image of R,G,H;. The
length of the yellow arrow, covering 10 molecules, is 4.6 nm. The
molecular axes of peptides (a group of short white lines) are
perpendicular to the long axis of the stripe (cyan line). (B) High-
resolution STM image of R,G,Hg. R,, G, and Hg are marked by
yellow, blue, and white arrows, respectively. Tunneling conditions: (A)
I=13323pA, V =6986 mV; (B) I = 307.5 pA, V = 7732 mV. (C)
Statistical histograms of the length of R,G,Hg molecules. The most
probable values given are determined from the Gaussian function (red
lines) from the peptide length statistical results. R, = 1.2 + 0.2 nm, G,
= 1.0 =+ 0.2 nm, Hg = 2.4 + 0.2 nm, full-length is 4.9 + 0.6 nm. The
step size (0.325 nm) is the length increment of every residue in the
parallel f-sheet structures.

to assembled peptides. In the lamellae, the three bands with
different brightness contrasts are consistent in length with the
designed sequence R,G Hg. The molecular axes of peptides
R,G,H; (as highlighted by white lines) are approximately
perpendicular to the long axes of the stripes (as highlighted by a
cyan line).

The averaged separation between two neighboring peptide
strands in the STM images is 4.6 + 0.2 A”'” (indicated by
yellow arrows in Figure 1A), which is in good agreement with
the strand-to-strand distance of characteristic -sheet structures,
and indicative of the formation of f-sheet structures. The f-
sheet structures could be confirmed by Fourier transform
infrared (FTIR) spectroscopy, in which amide I frequencies of
peptides are located around 1640—1615 cm™. Furthermore,
the absence of a band at >1680 cm™' suggests the parallel
stacking of f-sheet. 1819 The strong band located at 1633 cm™
without a band above 1680 cm™ was observed in the FTIR
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spectrum of R,G,Hy assembly, confirming the parallel S-sheet
structures (Figure S1A).

In the high-resolution STM image (Figure 1B), it can be
clearly resolved that the consisting bands of the lamellae appear
with different width. On the basis of the peptide sequence, R,
may plausibly represent the narrow band with relatively high
contrast (as highlighted by yellow arrows in Figure 1B), G, may
represent the narrow band with low contrast (as highlighted by
blue arrows), and Hg may represent the relatively wide band (as
highlighted by white arrows).

The widths of the bands with different brightness are
measured, and the histograms are provided. The definition and
criteria for the width measurements have been reported in our
previous work,” which are defined as the lengths of the dotted
stripe-shaped features with three contrasts (Figure S2A and B).
The three different segments are separated by the abrupt slope
changes in the sectional profile (Figure S2C and D). Because of
the contrast variations in the peptide strands, the uncertainty of
the width measurement on different segments is inevitable,
while the fidelity is based on the identical criteria in all of the
width measurements. The width analysis (Figure 1C and Table
S1) further confirms the correlation between the brightness
contrast and the peptide sequence of R,G,Hy. The red lines in
the histogram stand for Gaussian fitting for the peptide length
distribution. The step size (0.325 nm) is the length increment
of every residue in the parallel S-sheet structures, which could
be assumed in the statistical histogram of the width distribution
of peptide lamellae. The histogram of the length distribution of
R,G,Hg molecules indicates that the most probable peptide
length is 4.9 & 0.6 nm, which is slightly shorter than the fully
extended peptide strands (5.2 nm for 16-mer peptide assuming
0.325 nm per residue). The width of the narrow bright band
corresponding to R, is 1.2 + 0.2 nm. The measured width of R,
band is about 24.5% of the full-length of R,G,Hg, which is close
to the expected value of 25% in the peptide sequence. The
width of the low contrast band corresponding to G, in the
middle of lamellae is 1.0 + 0.2 nm, taking up 20.4% of full-
width. The average width of the band with high brightness
contrast corresponding to Hy is 2.4 + 0.2 nm accounting for
49.0% of R,G,H,. The proportion of the widths of three bands
is approximately 12:1:2.4 by brightness contrast, which is
consistent qualitatively with the designed sequence ratio. On
the basis of the length distribution of the designed sequence
and the brightness contrast from STM images, we therefore
propose that peptide R,G,Hg forms parallel S-sheet-like
assembly structures. Brightness contrasts from STM images
are related to specific amino acid moieties (guanidine,
hydrogen, and imidazole) in the R,G,H; assemblies.

It is noticeable that the bright regions of R, and Hg are not in
line in Figure 1B STM image. The contribution to the observed
brightness in STM images is jointly from the residues and the
backbones, as well as the adsorbed conformation. The
alignment of the peptides in the assemblies is greatly affected
by the interpeptide interactions, which can originate from van
der Waals, hydrogen bond, and electrostatic forces. Such
multiplicity of interpeptide interactions could plausibly lead to
polymorphic assembly configurations as reflected in slight
alignment variations in the observed images. A recent report by
Linderoth et al. on the assembly of tetra-peptide reveals that the
bright region of the peptide KVVE is L-shaped, and the Lys
residues are not strictly aligned with other residues.®

In the parallel study, we examined another model peptide
F,G,Hg and also observed the similar assembly feature with
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bands of varied brightness contrast (Figure 2A and B). The
molecular axes of peptides F,G,Hg are approximately
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C2oas £ 60
§ 20 2 50
© 40
v 15 =
2 40 g 30
: £
= 9 =10
0975 1625  2.275 0.650 0.975 1.300 1.625
Step Size / nm (F,) Step Size / nm (Gg)
£50 £ 50
3 40 3 40
O 30 Q a0
% 20 E 20
310 310
1.85 2,60 3.25 3.25 3,90 4,55 5.20 5,85 6.50

Step Size / nm (Hg) Step Size / nm (Full Length)
Figure 2. STM images of F,G,H; assembly and the statistical analysis
of the measured lengths. (A) Large-scale STM image of F,G,H;. The
length of the yellow arrow, covering 10 molecules, is 4.5 nm. The
molecular axes of peptides (a group of short white lines) are
perpendicular to the long axis of the stripe (blue line). (B) High-
resolution STM image of F,G,H;. The brightest band (F,) is marked
by yellow arrows, and the rest of the bands (G, and Hy) are marked by
blue and white arrows. Tunneling conditions: (A) I = 347.3 pA, V =
—506.8 mV. (B) I = 5217 pA, V = —450.0 mV. (C) Statistical
histograms of the length of F,G,Hg molecules. The most probable
values given are determined from the Gaussian function (red lines)
from the peptide length statistical results. F, = 1.4 + 0.2 nm, G, = 1.1
+ 0.2 nm, Hg = 2.6 + 0.3 nm, full-length is 4.9 + 0.9 nm. The step size
(0.325 nm) is the length increment of every residue in the parallel -
sheet structures.

perpendicular to the long axes of the stripes, and the averaged
separation between two neighboring molecules is 4.5 A, which
could be also indicative of the -sheet structure considering the
band located at 1631 cm™ for parallel S-sheet formation
(Figure S1B). The histogram of the width distribution of
F,G H; lamellae shows that the full-length peptide is 4.9 + 0.9
nm and the brightest band is 1.4 + 0.2 nm in width. The
brightest band observed accounts for 28.6% of the peptide full-
length (Figure 2C and Table S2), which can be attributed to F,
(as marked by the yellow arrows). The width of the low
contrast band corresponding to G, (as marked by the blue
arrows) in the middle of lamellae is 1.1 + 0.2 nm, taking up
22.4% of full-length. The average width of the high contrast
band corresponding to Hg (as marked by white arrows) is 2.6 +
0.2 nm accounting for 53.0% of F,G,H,. The proportion of the
widths of three bands is approximately 1.3:1:2.4 by brightness
contrast, which is consistent qualitatively with the designed
peptide sequence ratio, related to specific amino acid moieties
(benzyl, hydrogen, and imidazole). We also measured the
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brightness intensity of each type of residue from both R,G,Hg
and F,G,Hg STM images. Because the Hg repeats in two
peptides and the brightness contrast is medium in magnitude
(higher than G, as the standard), the Hg is chosen as a
reference for normalizing the brightness intensities. In the STM
study, the absolute height magnitude is dependent on the
imaging conditions, such as tip geometry and bias conditions.
To compare the contributions from different residues, the
relative brightness for the peptide segments of R/H and F/H
has been presented in percentage after normalization (Figure 3)

Brightness Contrast
200%

150%

100%

Percentage

50%

0%

Figure 3. The brightness contrast comparison of four regions from
two peptides in STM images. We use the Nanoscope program to
measure relative heights of four regions (F,, R, G,, and Hg) and do
normalization with Hy as standard reference. The brightness sequence
is F, (158%) > H, (100%) > R, (82%) > G, (58%).

as F, (158%) > H, (100%) > R, (82%) > G, (58%), which
provides a venue to evaluate the brightness dependence on
different amino acid residues. Because the STM contrast is
sensitively dependent on the bias voltage and polarity, the STM
images and brightness contrast comparison charts, as well as the
absolute value for brightness in STM images, have been
obtained at different bias conditions and reversed polarity
(Figures S3 and S4). We did observe noticeable brightness
variations at different bias and polarity, while the contrast
difference between different bands is qualitatively reproducible
at different bias conditions. We have also noticed significant
brightness changes in terminal regions as illustrated in this
figure, which is a clear indication that the residues in the current
study may not be sufficiently rigid in adsorption conformation
under scanning conditions. It should be noted that to obtain
rigorous observation of the brightness dependence on bias
voltage and polarity, it is critical to have sufficient adsorption
stability of the molecular moieties as documented in numerous
previous STM studies on single organic molecules under ultra
high vacuum and low temperatures or molecular assemblies.
However, we believe it is plausible to make reliable
comparisons for the observed brightness for different residues
under identical imaging conditions within individual STM
image as in the current study. We wish also to note here that to
perform reliable analysis of the brightness of the residues under
different imaging conditions, serious efforts should be needed
to enhance the adsorption stability of peptides.

Because F,G4H; contains two kinds of simple aromatic ring
(benzyl, imidazole) in the residue groups at each side of
molecular chain, it is interesting to explore the difference in the
adsorption conformations between the two specific residues (F,
and Hy) in peptide assemblies on graphite surfaces. To examine
the atomic details of the R,G,Hy and the F,G,H; assemblies at
graphite surfaces, we carried out two independent 100 ns MD
simulations for each system at 300 K. As our STM data reveal a
P-sheet structure for the two peptides, to examine the structural
stability of -sheet, the initial state is a preformed monolayer -

2184

sheet placed parallel to the graphite surface (see the snapshot at
t = 0 ns in Figures 4 and S). To allow the peptide side chains to
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Figure 4. All-atom MD simulation results of R,G,H; assembly on
graphite surface. (A) Snapshots at t = 0—100 ns, with R,G,H; in
cartoon representation. (B) Top view and side view of R,G,H;
assembly on graphite surface at t = 100 ns. The backbones and the
side chains of R,G,H; are in cartoon and line representations,
respectively. The side chains of residues R and H are highlighted by
blue lines.

adjust their conformations prior to adsorption on the graphite
surface, the minimum distance between the f-sheet and the
graphite surface is 1.4 nm, that is, without any atomic contacts
between peptide and surface. The simulation results for
R,G4Hg and F,G,Hg systems are given in Figures 4 and §,
respectively. We first analyze the data for R,G,Hg system. In
the initial state, the imidazole rings of His residues are
perpendicular to the graphite surface. With the increase of
simulation time, the R,G,Hg f-sheet began to move to the
graphite surface (Figure 4A). At t = 10 ns, the G,H; region
adsorbed on the graphite surface, while the backbone of R,
region bent upward with the long alkaline chain of residue Arg
lying on the graphite surface. The Hg segment remained in -
sheet structure, while the R,G, region unfolded partially. This
was followed by the unfolding of two strands at one edge of the
P-sheet due to finite size effect. At t = 30 ns, these two strands
almost completely unfolded, while the other six chains kept
mostly f-sheet structure. In the left period of MD simulation,
the R,G,Hj assembly fluctuated around this conformation with
the imidazole rings of His residues keeping parallel to the
graphite surface (see Figure 4B). The simulation result (Figure
4B) also shows features similar to those of STM images (Figure
1B) that R, and Hg bands are not in line in the assembly.
Similar analysis was made for the F,G,H; system (see Figure
S). At t = 0 ns, the F,G,Hg fB-sheet was placed parallel to the
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Figure S. All-atom MD simulation results of F,G,Hg assembly on
graphite surface. (A) Snapshots at t = 0—100 ns, with F,G,H; in
cartoon representation. (B) Top view and side view of F,G,Hj
assembly on graphite surface at t = 100 ns. The backbones and the
side chains of F,G,Hg are, respectively, in cartoon and line
representations. The side chains of residues F and H are highlighted
by blue lines.

graphite surface with a minimum peptide—graphite distance of
14 nm, and the aromatic rings of Phe residues were
perpendicular to the graphite surface. After the MD run
initiated, the F,G,Hg p-sheet moved toward the graphite
surface (Figure SA). At t = 10 ns, F, preferentially adsorbed on
the surface, while the Hy still stayed in the aqueous solution.
After that, F, gradually reorientated their side chains, and the

Hg gradually adsorbed on the surface. Finally, the aromatic
rings of F, became parallel to the graphite surface (see the
snapshot at ¢ = 100 ns, Figure SB). During the whole process of
simulation, the G, region was prone to unfold, while the F, and
Hg both remained in the f-sheet structure.

The length distributions of peptides in R,G,Hg and F,G,H,
assemblies were also calculated. The peptide length is estimated
by the end-to-end distance (the distance between the Car atom
of the first residue and that of the last residue). The probability
density functions of the R,G,Hg and F,G,Hj lengths were
presented in Figure SS. Two probability peaks are seen for each
peptide, with a dominant peak centered at 4.40 nm for R,G,Hg
and at 4.86 nm for F,G,H,. This indicates that on the graphite
surface, F,G,H; peptide is more extended than R,G,Hg. The
chain length distributions for R,G,Hg and F,G,H;g are 3.7—4.9
and 3.25—5.25 nm, respectively, in good agreement with the
length distribution features derived from STM images.

As shown in Figures 4 and S, the two peptides both adopt -
sheet conformations on graphite surface. Considering the
definition of f-sheet structures,?® it is natural to consider that
the peptides are adsorbed on the graphite surface with the side
groups in alternating configuration, and with one-half of the
residues exposed to the substrate*' "> while the others point to
solvent. Such side-chain orientations allow the adjacent residues
in the sequence to have different interaction strength with
graphite surface. Residues whose side chain points to graphite
would have much stronger interactions than the residues whose
side chain points to solvent, thus leading to the interaction
energies of the individual residue with graphite to vary
alternatively. It is expected that the residues with side chains
pointing to graphite surface would make a dominant
contribution to the average residue—graphite interaction
energy. As there are even number of residues for each species
of amino acid residues in both R,G H, and F,G,Hg, the average
residue—graphite interaction energy can reasonably reveal the
relative interaction strength of different amino acid residues
with graphite. The residues at terminal positions indeed appear
to have different interactions with the graphite surface. This
should be understandable considering the possible difference in
adsorption conformations for residues at terminal positions. On
the other hand, the averaged height in STM image should be
mainly contributed from the residues pointing away from
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Figure 6. The interaction energy of each individual residue with graphene in F,G,H; (left panel) and R,G,H; (right panel) assemblies. The data are
averaged over the last S0 ns of two independent 100 ns MD runs for each system.

2185 dx.doi.org/10.1021/ja307198u | J. Am. Chem. Soc. 2013, 135, 2181-2187



Journal of the American Chemical Society

graphite surface or to solvent. The magnitude of such average
height should reflect the joint effect of the topographic feature
and electronic structures of the residues as discussed above.

To explore the interaction strength of the two peptides with
graphite surfaces, we plotted in Figure 6 the interaction energy
as a function of amino acid residues. At first sight, the
interaction energy of amino acid residue depends on the
position of the residue in the amino acid sequence, and the
same residue displayed different interaction energy with
graphite surfaces. However, for each species of amino acid,
when the interaction energy is averaged over the total number
of amino acid residues, the residue—graphite interaction
strength follows the trends: Phe > His > Arg > Gly. This is
consistent with the brightness contrast of STM images shown
in Figure 3, indicating that the brightness of the four different
amino acid residues is correlated with their interaction energies
with graphite surfaces. The contributing factors to the
brightness of different amino acid residues can be considered
as follows: the adsorption conformation of residues on graphite
surfaces (that is, the physical locations of the amino acid
residue groups and the peptide backbones) and the LDOS of
the different residues. Because contribution from the peptide
backbone is nearly the same both in chemical components and
in extended zigzag configuration with f-sheet structures, the
contribution to apparent brightness from the side groups would
be dominant. Because of the higher LDOS for F and H residues
with aromatic rings than R and G residues, the corresponding
higher brightness contrast favors the preferential contribution
from LDOS in comparison with the topographic effect. The
topographic effect G, segments on image contrast should be
dominant. In addition, one should note that the topographic
effect (or adsorption conformation) is also directly related to
the physical contact between the peptide segments and the
graphite substrate. Such effect can be reflected in the
interaction energy, which includes the contribution from both
LDOS and adsorption conformation. The qualitative agreement
between the interaction energy and the observed brightness
contrast provides supportive evidence of the rationality of the
above correlations.

The above effort suggests that identification of the specific
residues in pristine peptide assemblies is promising and worthy
of more rigorous investigations. In the present work, the short
peptides with regular sequences are studied as model peptides
for understanding the sequence effect on the peptide assembly
structures. In principle, it should be applicable for peptides with
longer and random residue sequences, especially the sequences
in practical biological systems. However, because the brightness
contrast is associated with the adsorption conformation of the
peptides, and the local electronic structures of the residues, the
expectation on rigorous structural resolution of less repetitive
peptide sequence could be a nontrivial exploration.

B CONCLUSIONS

In summary, the observed brightness contrast in STM images
could help distinguish the residue groups in R,G,Hg and
F,G,H;. Consistent with STM results, MD simulations show
that the interaction energy of the four different residues with
graphite surfaces follows the same order, that is, Phe > His >
Arg > Gly, indicating that the brightness contrast of STM image
is correlated with the interaction energies of the different
residues with graphite surfaces. The measured neighboring-
chain distance and the length distributions of the two peptides
suggest that R,G,Hg and F,G,Hg both adopt parallel S-sheet
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structure on HOPG surfaces. This result is further supported by
the structural stability of R,G,Hg and F,G,Hg f-sheets on
graphite surfaces observed in two independent MD simulations.
The correlation between the brightness contrasts with the
peptide sequence and the related interaction energy may shed
light on the sequence and conformation effects on the peptide
assemblies. The insight on the distribution of residue moieties
in the peptide assemblies could also provide beneficial venues
for studying site-specific interactions between molecular species
with peptides.

B ASSOCIATED CONTENT
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Additional spectral data and peptide statistical length
distributions. This material is available free of charge via the
Internet at http://pubs.acs.org.
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