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ABSTRACT: Single-molecule measurements of complex biological
structures such as proteins are an attractive route for determining structures
of the large number of important biomolecules that have proved refractory
to analysis through standard techniques such as X-ray crystallography and B sheet —
nuclear magnetic resonance. We use a custom-built low-current scanning ;
tunneling microscope to image peptide structures at the single-molecule
scale in a model peptide that forms /3 sheets, a structural motif common in

STMimaging — |

peptide
peptide / v

protein misfolding diseases. We successfully differentiate between histidine

and alanine amino acid residues, and further differentiate side chain orientations in individual histidine residues, by correlating
features in scanning tunneling microscope images with those in energy-optimized models. Beta sheets containing histidine
residues are used as a model system due to the role histidine plays in transition metal binding associated with amyloid
oligomerization in Alzheimer’s and other diseases. Such measurements are a first step toward analyzing peptide and protein

structures at the single-molecule level.

B INTRODUCTION

The protein data bank now contains tens of thousands of
protein structures, most determined by X-ray diffraction (XRD)
but with many also resolved by nuclear magnetic resonance
(NMR) spectrosco?y and small but increasing numbers by
electron diffraction.” However, substantial challenges remain in
understanding important classes of heterogeneous biological
structure. These range in scale from transmembrane proteins,
including G-protein coupled receptors, which are the targets of
half of all commercial pharmaceuticals,® to smaller amyloid
peptides, including amyloid beta (Af), associated with
Alzheimer’s and other neurodegenerative diseases.’

Even relatively simple peptides present characterization
challenges when they adopt heterogeneous, noncrystalline
structures, a common phenomenon in protein misfolding
diseases.” For instance, amyloid peptides AB,_,o and AB,_,, are
cleaved from amyloid precursor protein (APP) and include a
section of the APP transmembrane domain that adopts a helical
conformation in the protein but instead adopts a f sheet
conformation in the amyloid plaque.* Although it has been
possible to crystallize sections of the amyloid peptide for
analysis by XRD, current understanding suggests that
pathogenicity arises from small, noncrystalline peptide
oligomers.>®
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Thus, there are substantial advantages to methods for
analyzing biological structures in real space, rather than by
diffraction, using techniques that do not require large amounts
of highly purified molecules. A rapidly growing body of
literature highlights the importance of structural and dynamical
variations extracted from individual molecules using a variety of
techniques.”"°

Scanning probe microscopies can provide detailed, label-free
structural information for individual molecules on surfaces,'>**
but certain key limitations have restricted their use in studying
biological structure. To date, most biological studies using
scanning probes have been based on atomic force microscopy
(AFM).">™"® Although AFM is capable of imaging certain types
of small molecules (e.g, pentacene) with remarkably high
resolution under special conditions,"”*° the technique typically
lacks the resolution needed to measure subnanometer lateral
structures in complex molecules under ambient conditions. For
instance, previous images of peptides (including hexaglycyla-
mide®’ and Af,_,,)"” assembled into /3 sheets on surfaces reveal
features characteristic of sheet edges but not structural details
within the sheets.
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Scanning tunneling microscopes (STMs) provide higher
spatial resolution,” but STM images are convolutions of
topographic and electronic contributions,”*~>* complicating
interpretation of complex structures such as biomolecules
comprising multiple functional groups and insulating moieties.
Thus, although proteins,>*™>" peptides,**™** and other
biomolecules* assembled on surfaces have been imaged
using the STM, distinguishing amino acid side chain
conformations in peptides adopting biologically relevant
conformations (i.e., f sheets or a helices) has proven
challenging. We leverage a custom-built low-noise STM that
enables low-current measurements (1—10 pA) under ambient
conditions** in combination with both large-scale molecular
modeling and detailed local modeling of electronic structure to
investigate peptide backbone conformations and side chain
orientations at the single-molecule level.

Here, we image single-molecule structures in a model peptide
that forms f sheets, a common protein secondary structural
motif relevant to a variety of protein misfolding diseases,
including Alzheimer’s, Parkinson’s, and prion diseases.** We
have chosen a model peptide (Figure 1) comprising two blocks
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Figure 1. Block polypeptides with sequence HHHHHAAAAA form f
sheets based on hydrogen bonding between peptides. In each f strand,
amino acid side chains are exposed on alternating faces of the f sheet.
Solutions of the peptide self-assemble on highly oriented pyrolytic
graphite (HOPG) into lamellar structures composed of aligned f
sheets.

of five amino acids each. The first block (shown in blue) is
composed of histidine residues, which are believed to be
important in the context of amyloid aggregation due to
formation of complexes between the histidine imidazole side
chain and Cu®* and other transition metals.**® Alanine
residues (shown in yellow) have methyl side chains;
polyalanine expansions are associated with formation of fibrillar
peptide aggregates in oculopharyngeal muscular dystrophy.*’

B EXPERIMENTAL METHODS

Materials. HPLC-grade acetonitrile (Sigma-Aldrich, St.
Louis, MO) was used as received. Custom peptides with
sequences HHHHHAAAAA and HHHHHFFFFFHHHHH
were purchased from CS Bio (Menlo Park, CA) and prepared
as described below. Highly oriented pyrolytic graphite
(HOPG), grade ZYA (SPI Supplies, West Chester, PA), was
cut into pieces of suitable size for the sample holder in the
custom STM and then freshly cleaved prior to use. Pt/Ir wire
with a diameter of 0.25 mm (Goodfellow, Oakdale, PA) was

used to prepare STM tips. For PM-IRRAS measurements, an
HOPG monochromator, grade ZYB, 25 mm X 40 mm X 2 mm
from Momentive Performance Materials (Strongsville, OH)
was used.

Sample Preparation. Peptide assemblies were formed on
HOPG substrates (SPI Supplies, grade ZYA) with typical
dimensions of 5 mm X 5 mm, which were freshly cleaved prior
to deposition. Peptides were dissolved in a 1:1 (vol:vol)
mixture of double-distilled water (ddH,0O) and acetonitrile, to a
final peptide concentration of 0.01—0.1 mg/mL, immediately
prior to use. Peptide solution was drop cast (approximately
20 uL) on the freshly cleaved HOPG and incubated at room
temperature for 10—30 s. Excess solvent was blown oft the
surface using ultrapure nitrogen gas.

STM Measurements. All STM measurements were
performed using custom Besocke-style STMs designed to
enable low-current measurements under ambient conditions
due to the short signal path between the tunneling junction and
the current—voltage conversion in the high-sensitivity Axon
CV-4 preamplifier.*”**7° Measurements were performed
either under ambient or cryogenic (77 K) ultrahigh vacuum
(<107 Torr) conditions,®" as noted in the manuscript. Pt/Ir
STM tips were mechanically prepared.

AFM Measurements. All AFM measurements were
performed under ambient conditions using a Bruker Dimension
5000 instrument in tapping mode with Nanoprobe (Neuchatel,
Switzerland) PPP-FM tips (nominal force constant 2.8 N/m
and radius of curvature <10 nm).

Circular Dichroism Measurements. Circular dichroism
spectroscopy measurements were performed using a JASCO
(Easton, MD) J-715 Circular Dichroism Spectrophotometer.
Peptide solutions were measured as prepared for surface
adsorption measurements using a cell with a 2 mm path length.
Spectra were recorded with a step resolution of 0.5 nm, scan
speed of 20 nm/min, bandwidth of 1 nm, and sensitivity of
20 mdeg ellipticity, with four spectra collected and averaged per
sample.

Polarization Modulation Infrared Reflection Absorp-
tion Spectroscopy (PM-IRRAS) Measurements. PM-
IRRAS measurements were performed using a Nicolet Fourier
transform infrared (FTIR) spectrometer (Thermo Electron
Corp., Waltham, MA) equipped with a liquid-nitrogen-cooled
mercury—cadmium—telluride detector and a Seagull variable-
angle reflection accessory (Harrick Scientific Inc., Pleasantville,
NY). Measurements were performed in a controlled atmos-
phere chamber purged with dry N, for at least 30 min prior to
spectrum acquisition. Spectra were collected at the grazing
incidence angle (75° relative to the surface normal) and a
mirror speed of 1.27 cm/s with a resolution of 2 cm™.

Molecular Modeling. Model p-strand peptides were
generated using MOLEMAN?2 software (Uppsala). Low-energy
rotamers of side chains were calculated using PyRosetta, and
MacroModel software (Schrddinger, Cambridge, MA) was used
to model the binding of a sheet comprised of a 16 X 2 array of
B strands to an atomically flat graphite surface.

Structures were minimized in MacroModel using the Polak—
Ribiere conjugate gradient (PRCG) method with a con-
vergence threshold of 0.05. The graphite surface was con-
strained during modeling, and structures were minimized in the
absence of solvents. An OPLS 2005 force field was used, and
normal cutoffs for van der Waals, electrostatic, and hydrogen-
bonding interactions were set.
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Figure 2. (a) Circular dichroism spectrum of HA peptides in solution. (b) AFM image (and Fourier transform, inset) of HA peptides on HOPG
showing lamellar widths of 3.57 nm (compared with 3.50 nm expected width for an ideal f3 sheet). (c) Polarization-modulated infrared reflection
absorption spectrum of HA assembled on HOPG with amide I peak characteristic of  sheet formation. (d) Models of possible alignments of
adjacent f# sheets highlighting N32CC32N alignment observed in (e) and (f). (e) Ambient STM image of HA on HOPG (I = 6 A, Viample =
0.5 V). (f) UHV-STM image (I = 1S PA, Viample = —1.0 V) of single peptide lamella on HOPG exhibiting streak characteristics due to weakly

bound adsorbate molecules being dragged by the STM tip.

Frontier orbitals for simplified peptide structures (paired
alanine trimers on a small graphite surface) were modeled in
Gaussian 09 using a B3LYP/6-31G basis set.

B RESULTS

The f strands assemble side by side on the highly oriented
pyrolytic graphite (HOPG) surface through hydrogen bonding
to form f sheets in which amino acid side chains are alternately
exposed on opposite sides of the sheet along the length of each
strand.>® In an idealized 8 strand, the distance between side
chains is 0.7 nm along the peptide, with a 0.45 nm interchain
spacing between peptides in the sheet, although biologically
these values can vary substantially and are dependent on side
chain conformations. The f strands may hydrogen bond in
either parallel or antiparallel conformations; although the
antiparallel conformation is more common in biological
structures resulting from intrastrand hydrogen bonding, parallel
conformations are also widely observed, particularly in amyloid
fibrils,>*** and appear to be formed by the peptides used here,
presumably because this structure allows for z-stacking and
hydrogen-bonding interactions between histidine groups on
adjacent chains.

When such peptides adsorb to the atomically flat HOPG
surface used in our measurements, the zigzag geometry of the
strand backbone produces a configuration in which one-half of
the amino acid side chains are adsorbed to the surface, leaving
the other half exposed on the upper face of the sheet. The
distance between hexagon centers in the graphite lattice is
0.246 nm, meaning alternate side chains along one face of an
ideal /3 strand can register with every third hexagon center with
a mismatch of approximately 5%. Because side chains in the
model peptides used here are methyl groups (for alanine) and

heteroaromatic rings (for histidine), a combination of van der
Waals and 7z-stacking interactions are expected with the
graphite surface.** Peaks near 195 and 220 nm in the circular
dichroism spectra (Figure 2a) indicate that the peptides adopt a
random coil conformation in solution and assemble in the
presence of the HOPG surface. Such structural transitions at
hydrophilic—hydrophobic interfaces are especially relevant to
amyloid oligomerization in which one mechanism of
cytotoxicity is believed to involve formation of # motifs that
disrupt ionic homeostasis across the cell membrane.>

We image the assembled peptides by AFM in tapping mode
under ambient conditions to observe surface topography using
a cantilever with a low force constant (nominally 2.8 N/m) and
small radius of curvature (<10 nm) to achieve high spatial
resolution in the flat layer of relatively soft peptide on HOPG.
The AFM images (Figure 2b) reveal §§ sheets aligned to form
lamellar structures with domains at approximately 120° an§les,
consistent with previous reports of such peptides'*°
assembling epitaxially with the HOPG hexagonal lattice (see
Supporting Information for AFM and STM images at HOPG
step edges). Close observation reveals small deviations from
120° at some boundaries, consistent with the fact that in some
domains, peptides tilt relative to the lamellar axis, a
phenomenon currently under investigation in the context of
its energetic consequences for hydrogen bonding between
peptides.

Lamellar widths are commensurate with calculated values for
peptides adopting f sheet conformations (Figure 2b and
Supporting Information), 3.6 nm for sheets formed from 10-
amino-acid peptides (vs 3.5 nm expected for an ideal  sheet)
and 5.0 nm for sheets formed from 15-amino-acid peptides (vs
5.25 nm for an ideal § sheet). Atomic step edges in the graphite
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Figure 3. Structural analysis of HA lamellar features. (a) Inset from UHV-STM image in Figure 2f showing 6.6-nm double-lamellar width. (b)
Lateral line scan showing lamellar profile. (c) Inset from ambient STM image in Figure 2e showing symmetry with UHV image and contrast
difference in feature near center. (d) Energy-minimized model of HA peptides on graphite showing alignment of peptide termini and block
boundaries with images above. (e) Analysis of peptide interchain spacing based on features in inset from (a), including line scans and comparison
with appropriate region of model in (d). (f) Modeling of frontier orbitals in paired alanine oligomers on HOPG showing the LUMO extends most
prominently from the surface just above the carbonyl to the left (highlighted with the blue boxes and arrow, left, and arrow, right), consistent with

the high-intensity feature in the image.

surface (0.34 nm) are also apparent and are large relative to the
local height variations within individual lamellae (see
Supporting Information). At higher concentrations of HA,
irregular 1-5 nm peptide aggregates also appear at domain
boundaries (Figure 2b). Polarization-modulated infrared
reflection absorption (PM-IRRAS) measurements reveal a
peak at 1696 cm™ characteristic of / sheet formation (Figure
2¢).

Imaging peptides with the STM provides higher spatial
resolution because of both the sharpness of the STM probe tip
and the exponential decay of the tunneling current with
increasing tip—sample distance. In large-scale ambient STM
measurements of the same peptide (Figure 2e), epitaxially
aligned domains are also visible, similar in overall structure to
those in AFM images (Figure 2b). Peptides are imaged using an
ultrastable STM under ultrahigh vacaum (UHV) conditions
(107" Torr) and at low temperature (77 K) in order to
measure lamellar dimensions accurately (Figure 2f). Under
these conditions, the measured double lamellar width is 6.6 nm,
in agreement with the width of the structure in the energy-
optimized model. Interchain distances are measured based on
the repeat distances of features along the central axis, with
measured values of 0.5 nm, again in agreement with the
distribution of interchain distances observed in minimized
models, near the value of 0.45 nm in an ideal f sheet. Line
scans across the lamella show an apparent height of 0.3 nm, less
than the modeled geometric structure height of 0.9 nm; this
result is expected, since STM images typically underestimate
heights for insulating species due to relatively weak mixing of
the molecular HOMO and LUMO levels and substrate orbitals
near the Fermi level.5*7 Streaking is evident throughout the
image, characteristic of weak molecule—substrate interactions
such as those between peptides and HOPG. Single-point
energy calculations based on OPLS-2005 force fields yield
molecule—substrate adsorption energies of approximately

120 kJ/mol, smaller than calculated interaction energies for
peptides within the f sheet (~420 kJ/mol). Contrast variations
are evident within the lamellar structure, corresponding to
topographic and electronic features along the length of the pairs
of peptides.’****® Four textural domains are visible across the
width of the lamellae (Figure 2e, labeled A—D), as well as a
high-intensity feature that is visible near the center of each
lamella and a varying high-intensity feature to the right. Note
that, although higher resolution is typically achieved in STM
images recorded in UHYV, the lamellar structure is not stabilized
by interactions with adjacent lamellae here, somewhat reducing
the apparent resolution of the structure found in Figure 2f in
comparison with the ambient STM image in Figure 2e. The
STM scans mechanically and slowly compared to molecular
motions. If molecules or parts of molecules in the tunneling
junction move on the time scale of imaging, either thermally or
through interactions with the probe tip, their positions are
averaged and effectively blurred.*%!

Regions near the center of the lamellae (Figure 2e, regions B
and C), on both sides of the high-intensity stripe, have regular
structures, whereas both edges of the lamellae (Figure 2e,
regions A and D) have less regular textures, quantified using
entropy metrics in MATLAB. When entropy in gray scale
values is measured for regions 9 pixels across, centered at each
pixel, mean entropy values are 18% higher for regions at the
lamellar edge than for the central region (see Supporting
Information). Each peptide is composed of a diblock structure
comprising one histidine block and one alanine block; thus, the
four textural blocks observed across the lamellar width can be
understood to represent differences in side chain structure and
orientation along two peptide chains. The alanine methyl side
chain has fewer possible conformations than the imidazole side
chain of the histidine. This suggests that the two exterior zones
(Figure 2e, regions A and D) are the histidine blocks and that
variations in side chain orientation lead to the variable block
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Figure 4. Correlating features in an STM image of self-assembled HA peptides with structure in an energy-optimized model of the HA peptides on
HOPG suggesting that under these conditions, structural features in the STM image arise from the structure on the top face of the peptide sheet. (a)
Side view of model HA peptide sheet on HOPG highlighting rows of histidine residues at the block boundaries. (b) Model of peptide sheet binding
to HOPG surface, resulting in differences between top and bottom faces, distinguishable in models and STM images. (c) STM image and models of
top and bottom peptide sheet surfaces highlighting modeled and observed surface features at block boundaries. (d) Histograms and images showing
automatically detected lateral peak positions for highlighted rows in top and bottom faces of model and STM image (see Supporting Information for

full image regions sampled).

texture, in agreement with molecular surfaces generated from
energy-optimized models of §§ sheets of the peptide (Figure
3d).

To facilitate comparison of structures visible in Figure 2e and
f, representative blocks (highlighted with dashed white lines)
are enlarged (Figure 3a and c) and aligned with a molecular
model (Figure 3d). Note that the region from Figure 2e
(enlarged in Figure 3c) has been rotated ~150° clockwise to
match the textural regions in Figure 2f (enlarged in Figure 3a).
The molecular model in Figure 3d is a top-down view showing
six pairs of peptides, and is a subset of a larger model used for
energy minimization, containing 32 peptides.

Assigning the blocks as shown in Figure 3¢ would mean that
the paired peptides align head-to-head with their alanine
regions at the center of the lamellae. If high percentages of the
carboxyl termini are in their neutral form, likely under the
solution conditions (1:1 mixture of ddH,O and acetonitrile,
which increases the pK, of acidic protons®), pairs of hydrogen
bonds can form between the carboxyl groups, stabilizing this
configuration by ~20 kJ/mol on the basis of the energy-
minimized model above.

The position of the high-intensity feature near the center of
the peptide sheet corresponds to the paired carboxyl termini of
the peptide sheets (red feature in center of molecular model,
Figure 3d). Interestingly, previous STM images of monolayers
of carboxy-terminated alkanethiols on HOPG have not
exhibited high-intensity features corresponding to the carbox-
ylic acid group.’® However, in those monolayers, both
experimental evidence and modeling pointed to carboxyl
groups oriented parallel to the HOPG surface.’**® Here,
modeling predicts that the carbonyl groups will be oriented
nearly normal to the graphite (Figure 3d), altering the
orientations of orbitals in the carbonyls. Note that in Figure
3a, the contrast of the central feature is reversed, consistent
with assignment as an electronic rather than a topographic
feature. Such contrast reversals are often observed in STM

images and are typically associated with small differences in the
electronic structure of the STM tip that modulate tunneling
behavior and, thus, are not necessarily correlated with structural
changes in the molecule.*®

However, the position of these features can be used to
deduce information about the molecular structure and
orientation. The locations of the high-intensity features slightly
off-axis suggest that they are each aligned with just one of the
terminal carbonyl groups rather than both. On the basis of the
modeled structural alignment with the STM image, the feature
is correlated with the carbonyl group to the right, in which the
carbon atom is proximal to the STM tip. Electronic structure
modeling in Gaussian® using a simplified peptide dimer
oriented on an HOPG surface supports this assignment because
the first two unoccupied orbitals with density on the molecule
lie primarily on this carbonyl group (Figure 3f).

The zigzag peptide backbone structure in the f sheet results
in two chemically distinct faces on each sheet: one exposes two
histidine (His) side chains and three alanine (Ala) side chains,
with the fourth histidine residue His4 at the block boundary;
the other exposes three histidines and two alanines, with His5
at the block boundary. Thus, if the textural differences are due
to physical differences in the amino acid side chains, the
differences can in principle be used to determine the relative
orientations of the two sheets. Closer examination reveals that
the histidine region on the left edge of the lamellae (Figure 2d,
region A) is wider than the region at the right edge (region D)
by a ratio of approximately 3:2 (highlighted by a pair of lines
above the region labels). This ratio is consistent with the paired
sheet conformation shown in Figure 3d, in which three
histidine side chains in the left sheet and two in the right sheet
are visible. Re-examining Figure 2e in light of this assignment
shows the adjacent lamellae adopt the same conformation,
supporting the hypothesis that the structure is energetically
stable.
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Figure S. (a) Differences in peak position corresponding to differences in amino acid side chain rotational angles y, and y,. (b) Best-fit lines that are
calculated for the correlation between y; and peak position x, which allows rotational angle to be calculated for peaks in the image. (c) Schematic
showing rotational angles y, and y, for histidine. (d) Distribution of x values from STM image (green) relative to distributions of x values for model
top (yellow) and bottom (blue). (e) Correlation of peak position in STM image to the two y, rotamer orientations. Vertical white lines at the

expected peak positions are overlaid as a guide to the eye.

Textural differences establish the sheet orientations relative
to each other but do not necessarily reveal their orientation
relative to the surface because STM contrast arises from
tunneling through molecular orbitals and into surface orbitals
modulated by the molecule binding to the surface.”>***>% In
this case, both upper and lower faces of the two-sheet structure
contain one HisS and one His4 boundary (Figure 4a).

However, optimized models of the peptide sheets binding to
the HOPG surface elucidate small but distinctive differences in
side chain orientations at the upper and lower interfaces that
may be used to distinguish which interface produces contrast in
the STM image (Figure 4b). To correlate features in STM
images with physical structures in the model, we generate a
molecular surface based on the model and then use simple
thresholding to identify peaks automatically in both the upper
and lower faces of the peptide sheets as well as in the STM
images (Figure 4d). Thresholding in STM images enables
analysis of peak positions at both high- and low-intensity
boundary regions based on apparent height differences with
surrounding pixels.

Examining the interior edges of the histidine blocks on the
upper and lower faces of the model shows characteristic
differences in the peak position distributions at the four
boundaries (Figure 4d, histograms). On the bottom face, a
single peak position dominates at the His4 boundary (right),
whereas two peak positions are found at the HisS boundary
(left). Note that in Figure 4c, the bottom surface model has
been reoriented relative to the models in Figure 4a and 4b, in
order to align the HisS and His4 boundaries with those in the
image. On the top face, at both His4 and HisS boundaries,
similar preferred peak positions are evident, although there is a
greater distribution in the peaks. Such a distribution is expected
because side chains on the top face have increased steric
freedom relative to those on the bottom face, which are
constrained by the proximity of the HOPG surface.

Comparing the peak position histograms for the His4 and
HisS boundary regions in the STM image with those in the

18533

model helps establish which face of the peptide sheet provides
the principal contrast in the image. Note that the small amount
of noise in the STM image necessitates more stringent
thresholding in peak selection, and as a result, a slightly longer
area is sampled to acquire the same number of peaks for the
histograms. Figure 4d shows a subset of the length cropped to
match the model in scale; for the full image sampled, see
Supporting Information.

Both top and bottom model His4 boundaries have single
peak distributions that are strongly skewed to the right,
matched by the histogram for the image His4 boundary.
However, at the HisS boundary, the image’s HisS peaks more
closely match the characteristics of the model top HisS
boundary, with a single distribution of peaks across the lane
width. The model bottom HisS boundary, in contrast, has two
clusters of peaks on opposite sides of the lane. This result
suggests that under these conditions, STM image contrast
arises primarily from the top face of the peptide. Such an
assignment is additionally supported by the variable contrast in
the histidine regions away from the boundary rows, consistent
with the more highly varied top surface of the molecular model.
We note that this top-surface sensitivity of topographic STM
images is also found for self-assembled monolayers of
alkanethiols.®”” With other STM modalities, such as local barrier
height imaging, it is possible to achieve contrast of buried layers
and interfaces.

Variations in molecular surface topography at the His4 and
His$S boundaries are due to differences in rotational orientation
of the imidazole side chains (Figure Sa). Rotation in amino acid
side chains is quantified in terms of y; and y, values (Figure
Sc), with y; describing the rotation of the carbon—carbon single
bond branching from the peptide backbone and y, describing
the rotation of the bond to the remainder of the side chain (in
histidine, the imidazole ring). In the optimized peptide models
here, two populations of histidine rotamers with mean y, values
of 202° and 294° are found (Figure Sb, top), in agreement with
two common rotamers for histidine observed in f sheets.®®
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Note that although y values are typically reported with values in
the range (—180°, 180°), here we offset the negative interval
(—180°, 0°) by 360°, instead reporting equivalent values in the
range 0° to 360°. This facilitates analysis of the rotamer
population around y; = 202°, which otherwise appears as two
groups near —180° and 180°.

At the His4 boundary, the y; = 294° rotamer is strongly
favored, but at the HisS boundary where both rotamers are
found, the peak position «x correlates with y, (Figure Sb, middle
right). This correlation can be used to differentiate between y;
=202° and y,; = 294° rotamers in the STM image (Figure Se).
Within each rotamer population, there is a distribution of peak
positions and intensities; this result is expected based on
differences in the y, rotation angle on the top face of the sheet,
which can change both the position and the topographic height
of the imidazole ring. Note that on the bottom face of the sheet,
modeled y, values have a different mean and a reduced
standard deviation as the imidazole rings twist to optimize
m-stacking with the surface, resulting in values of 265 + 27° in
contrast to values of 196 + 58° for equivalent rows on the top
face (see Supporting Information). In the STM image, it is
possible that differences in intensity may also be influenced by
changes in the epitaxy between the peptide and the graphite
surface along the length of the sheet, although this would
typically be visible as a periodic Moiré pattern,”® whereas the
variations in these regions appear less regular.

Even on the more variable top face, values of y; are
correlated in adjacent chains, with median differences of 14.9°
and 9.8° for His4 and HisS boundaries, respectively, suggesting
short-range steric or electronic interactions between imidazole
groups. The ability to observe such correlations may be
biologically useful since 7-stacking is one of the key interactions
believed to drive the formation of amyloid peptides.*

B CONCLUSIONS AND PROSPECTS

Differentiating between amino acid residues and between
individual amino acid side chain orientations in a disease-
relevant peptide structural motif is a first step toward
determining heterogeneous peptide and protein structures at
the single-molecule level without requiring crystallization. In
particular, the ability to observe side chain orientations in
histidine imidazole rings would be important in characterizing
transition metal binding associated with amyloid oligomeriza-
tion and cytotoxicity in a variety of neurodegenerative diseases.
A generalized interpretation of biological structure (including
both structural elements such as a helices and more complex
structural elements such as amyloid cross-f motifs) based on
STM imaging will require more extensive chemical imaging
capabilities, as well as the ability to address both exposed and
buried interfaces in molecules, and ultimately the capability to
image structures in solution. Ongoing experiments seek to
address these concerns in the context of self-assembling
biomolecular structures, using a new suite of custom instru-
ments designed to extract additional image data channels from
molecules assembled on surfaces.’*® Use of other 2D layered
materials such as MoS, as substrates will allow substrate lattices
to be varied, modulating contact with the biomolecular
assembly. The method can also be applied to other conductive
surfaces (e.g., metals) that form covalent bonds to biomolecules
to facilitate stable sample alignment.

B ASSOCIATED CONTENT

© Supporting Information

Atomic force microscopy measurements of lamellar width,
MATLAB textural analysis, histograms of y; and y, values. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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