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myloid fibrils resulting from protein
Amisfolding are involved in multiple

neurodegenerative disorders, such
as Alzheimer's and Parkinson's disease.’
Microscopically, fibrils consist of peptide
strands connected by hydrogen bonding
into f-sheets, which associate laterally
through hydrophobic interactions between
the side chains. Numerous studies have
been performed to gain insight into the
detailed organization and formation of fi-
brillar structures, predominantly using tech-
niques such as X-ray diffraction,? cryo-EM,>*
and solid-state NMR spectroscopy.” ® These
averaging techniques yield good statistical
structural models with resolution down to
the angstrom level but provide only limited
structural insight into local heterogeneities
and the role of individual molecules in the
assembly process. In contrast, scanning
probe microscopies reveal the real-space,
atomic-scale realm of matter by imaging
individual molecules adsorbed on surfaces.
Using such methods, complementary infor-
mation may therefore be gained on amyloid
fibrillation. Larger fibril aggregates have
been investigated with atomic force micros-
copy,9’10 and in recent studies, scanning
tunneling microscopy (STM) was em-
ployed toimage aggregation of oligopeptide
lamellae at the liquid—solid interface," ~"/
however, without discriminating individual
residues on the peptide chains. At a yet
more fundamental level, the self-assembly
of biomolecular building blocks, such as
DNA bases or simple amino acids,'® %2 has
been studied on metal surfaces under ultra-
high vacuum (UHV) conditions, providing
fundamental insights into principles for
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ABSTRACT

Many severe diseases are associated with amyloid fibril deposits in the body caused by protein
misfolding. Structural information on amyloid fibrils is accumulating rapidly, but little is
known about the assembly of peptides into fibrils at the level of individual molecules. Here we
investigate self-assembly of the fibril-forming tetrapeptides KFFE and KVVE on a gold surface
under ultraclean vacuum conditions using scanning tunneling microscopy. Combined with
restrained molecular dynamics modeling, we identify peptide arrangements with interesting
similarities to fibril structures. By resolving individual peptide residues and revealing
conformational heterogeneities and dynamics, we demonstrate how conformational correla-
tions may be involved in cooperative fibril growth. Most interestingly, intermolecular
interactions prevail over intramolecular interactions, and assembly of the phenyl-rich KFFE
peptide appears not to be dominated by 7z—or interactions. This study offers interesting
perspectives for obtaining fundamental single-molecule insights into fibril formation using a
surface science approach to study idealized model systems.

KEYWORDS: scanning tunneling microscopy - Au(111) - biomolecular
adsorption - peptides - molecular self-assembly - restrained molecular dynamics
modeling -

biomolecular interaction and organization.
Such STM studies relying on thermal sub-  *Address correspondence to
limation to deposit molecules on the sur-  trolle@inano.au.dk,
. ncn@inano.au.dk.
face have for peptides so far been extended e
. . . . 23-26
to dialanine and diphenylalanine. Received for review April 18, 2012
Here we demonstrate how UHV-STM can  and accepted July 2, 2012.
be used to obtain single-molecule insights
k 9 9 Published online July 10, 2012
into assembly processes relevant for amy-  19.1021/nn301708d
loid fibrillation. We have studied the two
tetrapeptides KFFE and KVVE (Figure 1), ©2012 American Chemical Society

WWwWW.acsnano.org

6882



previously identified to be among the minimal peptide
units forming amyloid fibrils in vitro.”?® These pep-
tides are terminated by the same lysine (K) and gluta-
mate (E) residues (both having high S-sheet pair
correlation) but differ in the two central residues, which
are phenylalanine (F) and valine (V), respectively. This
structural difference allows us to address the impor-
tance of 7—z interactions for the assembly process. We
find that these tetrapeptides form highly ordered
adsorption structures on the inert Au(111) surface
under the ultraclean, solvent-free UHV conditions.
The high-resolution STM results, in particular, reveal
two distinct patterns with parallel/antiparallel arrange-
ment of the tetrapeptide chains, showing interesting
similarities to fibrillar structures. These STM structures
are modeled using a method applying restrained

E 3A ocC m 3A ocC
— Q0 — 00

ON ON

L H

i

K F F K v v E
Lysine Phenylalanine Glutamate Lysine Valine  Glutamate
Figure 1. Ball and stick models of the tetrapeptides KFFE (a)
and KVVE (b). Both tetrapeptides consist of a peptide back-
bone (indicated by gray shadow) with an N-terminus (blue
shadow) and a C-terminus (red shadow). Four side groups
(green shadows) extend from the peptide backbone. The
peptide chains of KFFE and KVVE bear the same side groups
at the ends originating from lysine (Lys, K) and glutamate
(Glu,E) while they differ in the two side groups at their
centers which originate from phenylalanine (Phe, F) and
valine (Val, V), respectively.
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molecular dynamics and an empirical force field
(henceforth termed the restrained MDFF method).?
Very interestingly, the high-resolution STM images
allow individual residues on the peptide chains to be
identified and reveal heterogeneities at the single-
molecule level and dynamic changes between residue
conformations. From a thorough statistical analysis of
two distinct conformational states for the F/V side
chains, clear intermolecular correlations between the
different conformations are revealed, leading us to
propose a mechanism for cooperative fibrillar growth.

RESULTS AND DISCUSSION

KFFE Row Structure: STM Observations. Figure 2a shows
an STM image of the interior of a molecular island
observed on the Au(111) surface after deposition of
KFFE. The island has a regular structure consisting of
parallel rows oriented along the [112] substrate direc-
tion and formed from characteristic double protru-
sions. To identify individual peptide units within this
structure, we examined point defects and island peri-
meters as depicted in the STM image in Figure 2b. The
molecular rows are terminated by dumbbell-shaped
features, which are clearly isolated from the surround-
ing disordered structure in the uppermost part of the
image and which have a length of ~12 A, correspond-
ing well to the length of the extended peptide back-
bone of KFFE. We therefore assign each dumbbell-
shaped feature to an individual peptide molecule. The
high-resolution STM images show that the peptide
units are composed of two double protrusions, each
consisting of a larger protrusion overlaid by a smaller
brighter part (indicated by black circles and smaller
black ovals, respectively, in Figure 2a). We tentatively
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Figure 2. Row structure for KFFE on the Au(111) surface. (a) STM image with oblique unit cell (26 A x 8.6 A) and lattice
directions indicated. Individual peptides are marked by white oval contours. Solid/dashed lines indicate the two types of row
boundaries, differing by the relative orientation (see green ovals) of the bright protrusions attributed to Phe residues. (b) STM
image of domain boundary (row terminations are marked by circles). (c—i) MDFF structural models. (c) Top view of a
superposition of the 10 lowest energy structures with Phe side chains highlighted in yellow. (d) Same in side view with the Au
surface indicated by yellow bar. (e) Best representative model superimposed on an STM image with Phe side chains
highlighted in green. (f) Same in side view; white oval indicates putative surface binding. (g) Same in top view; yellow dashed
lines indicate possible hydrogen bonds between main chain and Glu side chain acid groups in adjacent rows. (h) Close-up of
two neighboring monomers along a row, indicating shortest distance between main chain hydrogen bond donors and
acceptors with yellow dashes. (i) KFFE monomer shown in ball and stick representation. Carbon (green), nitrogen (blue),
oxygen (red), hydrogen (white).
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assign the bright protrusions to the two electron-rich
phenylalanine (F) moieties and the less bright protru-
sions to the peptide backbones. No protrusions which
can be attributed to the lysine (K) and glutamate (E)
residues are observed. The bright protrusions are
located off-center compared to the larger less bright
protrusions, the positions of the bright protrusions are
correlated such that both protrusions on a given
molecule are located at the same side of the molecular
axis; all molecules in a given row have their protrusions
located to the same side. The rows thus alternatingly
have protrusions pointing upward or downward along
the row axis, as indicated by arrows in Figure 2a.
Neighboring molecules in adjacent rows are thus
related by a C, rotation, creating two types of inter-
row boundaries where the bright protrusions point
either toward each other (solid white lines) or in
opposite directions (dashed white lines).

KFFE Row Structure: Restrained MDFF Modeling. To gain
further insight from these high-resolution STM images,
we modeled the observed tetrapeptide structures. This
is challenging due to the large surface unit cell and the
complexity of the many possible molecular arrange-
ments and conformations. Motivated by modeling of
protein structures, which is commonly performed by
the restrained MDFF method using structural con-
straints derived from NMR data,>*3° we used a similar
approach to model the STM observations. The MDFF
method relies on simulated annealing which is a global
optimization technique particularly well suited for
large search spaces.®'? In the present context, the
peptide geometry search space was traveled following
Newton's laws of motion to optimize an energy func-
tion which incorporates an empirical force field to-
gether with constraints for distances and symmetries.
The empirical force field rewards favorable bond
lengths, angles, and dihedral angles and prevents
clashes between atoms by harmonic potentials. The
constraints included translational symmetry along the
rows and rotational symmetry between the rows
(imposed as described previously for a fibril structure”).
In addition, distances between identical groups re-
lated by translational and rotational symmetry were
derived from STM images and applied as distance
restraints. The present case is, to our knowledge, the
first where the MDFF method has been used with
constraints derived from STM data. The surface atoms
were not included in the simulations, but two-dimensional
confinement was modeled indirectly using a planarity
restraint requiring all atoms be within +5 A from a
fixed plane. For the row structure, the N/O atoms from
the Lys/Glu side chains and the N/C peptide chain
terminals were furthermore required to be within
+1 A from a common plane, which was allowed
to move during the annealing. This reflects the as-
sumption that the polar atoms of the side chains
and the end groups point toward the surface. In the
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modeling of the structures, we also took into account
the observation of conformational freedom for the Phe
residues, as discussed further below. We analyzed a large
ensemble of models (800 for each structure), and the
models with the lowest combined force field and re-
straint energy in combination with best visual fit to the
STM images were selected for further analysis.

Figure 2c—h summarizes the results from the MDFF
calculations of the KFFE row structure. Overlays of the
10 lowest energy structures are shown in Figure 2c (top
view) and Figure 2d (side view along direction of the
rows). The Phe groups point away from the surface,
and the molecules generally adopt a U-shaped con-
formation where the backbone is bent and the Glu and
Lys residues as well as their N-amino and C-carboxyl
groups point toward the surface. All 10 models are
consistent with respect to the position of the Phe
groups, and the Phe group positions correlate very well
with the protrusions in the STM images. In Figure 2e,
the model which correlates best with the STM results is
shown superimposed on an STM image (side view in
Figure 2f). The bent conformation (Figure 2i) makes the
KFFE molecule sufficiently compact to fit the experi-
mentally observed periodicity across the rows and may
explain why the Lys and Glu side chains are not
revealed in the STM images. This model is also in good
correspondence with previous theoretical studies®>—3°
showing a U-shaped conformation to be preferred for
isolated KFFE peptides. The two distinct row interfaces
involve Lys—Lys and Glu—Glu interaction. It is ob-
served in the models that Phe rings are in contact
across the row interfaces sterically restricting the con-
formational freedom of the Phe side chain. Possibly,
hydrogen bonds between the protonated Glu side
chain and main chain C-terminal carboxylic acid
groups of opposite rows (white circle in Figure 2f and
yellow lines in Figure 2g) stabilize the row interface.
Conversely, the peptides are less densely packed along
the rows with the Phe side chains further apart com-
pared to the inter-row interactions. Peptide neighbors
along the rows are in favorable orientation to form
hydrogen bonds, but the distance between amide
proton and carbonyl oxygen of ~6 A (see Figure 2h)
is considerably larger than the 2—3 A expected for
canonical hydrogen bonds in solvated states as ob-
served in, for example, amyloid fibrils. The observed
geometry might nevertheless represent a structural
precursor to the formation of fibrils, possibly arrested
at larger peptide chain separation by interaction with
the substrate.

KVVE Antiparallel Structure: STM Observations. While the
row structure is the only structure observed for KFFE
upon deposition at room temperature, three additional
structures were observed for the KVVE peptide. Here
we focus on one of these, shown in Figure 3a (see
Figure S3 in Supporting Information for STM images
of the other two structures). This antiparallel structure
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Figure 3. Antiparallel structure of KVVE on the Au(111) surface. (a) STM image with individual peptide units indicated by
white L-shaped outlines. Rectangular unit cell of 18.3 A x 21.4 A dimension is shown in green. (b) STM images of the
antiparallel row motif registered under three STM imaging conditions showing individual residues (see text). (c—e) Best
representative MDFF structural model shown with Val side chain carbons highlighted by green transparent spheres (see
Figure S2 for overlay of 10 lowest energy structures). (c) Top view overlaid on the STM image. White oval indicates antiparallel
organization of the Lys side chain. (d) Side view with Au surface indicated by yellow bar. (e) Close-up of neighboring
tetrapeptides, highlighting shortest distance between main chain hydrogen bond donors and acceptors with yellow dashes.
(f) Single monomer shown with ball and stick representation. Color coding as in Figure 2.

consists of rotor-shaped features each formed from
two L-shaped units (indicated by white outlines) mu-
tually rotated by 180° and stacked back-to-back in
antiparallel arrangement with their long legs close-
packed. The rotor-shaped features stack into rows as
indicated by white dashed lines. Between the rows, the
short legs of the L-shaped units come in close proxi-
mity of each other. The structure has been observed in
three different STM imaging modes, as depicted in
Figure 3b. (The imaging modes are attributed to
different STM tip states, possibly caused by attachment
of molecules or fragments at the tip apex.) In the most
frequent imaging mode (leftmost panel in Figure 3b),
we observe four distinct protrusions for each L-shaped
peptide, and we assign these protrusions to individual
residues of the tetrapeptide. For the second imaging
mode (middlemost panel of Figure 3b and the STM
image of Figure 3a), a single tetrapeptide molecule is
imaged as two bright, elongated outer protrusions
interconnected by a less bright central part. The elon-
gated bright protrusion at the short leg of the L-shaped
unit has a length of ~6.9 A, which corresponds well to
the dimension of a fully stretched lysine chain. The
protrusion terminating the long leg of the L-shaped
unit is smaller and attributed to Glu. In the third
imaging mode (right panel of Figure 3b), two distinct
bright protrusions are revealed on the central portion
of the molecular structure which we attribute to the Val
side chains, similarly to the case for the row structure.
Importantly, the unprecedented identification of all
four residues on the tetrapeptide chain from the
high-resolution STM images demonstrates that it is
indeed possible to thermally deposit these relatively
large peptide units on the 2D gold surface without loss
of residues due to fragmentation.

KVVE Antiparallel Structure: MDFF Modeling. To extract
further structural insight from the STM results for the
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KVVE antiparallel row structure, we modeled it by the
MDFF method. In contrast to the case for the row
structure, no additional restrictions were employed
for the polar groups. A superposition of the 10 lowest
energy structures provides a convincing visual similar-
ity to the rotor-shaped features observed in the STM
images (see Figure S2g). Figure 3c shows one of these
structures overlaid on an STM image. The model agrees
very well with the assignment of STM features to
individual residues as discussed above. A side view of
this model (Figure 3d) shows that, in comparison to the
case for the KFFE row structure (Figure 2f), the mol-
ecules are adsorbed in a more outstretched adsorption
conformation, probably allowing the high degree of
detail in resolving individual residues on the tetrapep-
tide chain. The peptide chain assumes an S-shape with
the side chains alternatingly pointing toward and away
from the surface, and the carboxyl groups are oriented
toward the substrate (Figure 3d). The most interesting
aspect of the MDFF structural model is the S-shaped
(B-strand-like) molecular conformation (Figure 3d) and
the antiparallel arrangement of neighboring peptide
backbones, which are features qualitatively resembling
earlier proposed fibril structures3%3” However, the
distances between the antiparallel KVVE backbones
within (5.8 A) and between (10.4 A) the rotor-shaped
units are too large to allow significant hydrogen bond-
ing as was also found for the row structures (see
Figure 3e).

Phe/Val Residue Conformations in the KFFE/KVVE Row Struc-
tures. A major aspect of the local probe STM investiga-
tion of fibril-like molecular assemblies is the ability to
address local structural heterogeneities and propaga-
tion of structural order. Close inspection of STM images
for the KFFE row structure (Figure 2a) reveals that
the protrusions attributed to the Phe moieties appear
with different brightness. From a detailed quantitative
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Figure 4. Analysis of conformations for Phe/Val side chains in KFFE/KVVE row structures. (a) STM height profiles of KFFE row
structure acquired along the row direction as indicated, showing distinct high/low states for the bright protrusions attributed
to Pheresidues (STM image rotated to make the peptide rows horizontal). (b) STM close-ups and schematic models of the four
possible combinations of high/low states on a KFFE unit. Double protrusions are referred to as 1 and 2 depending on their
position when the peptide units are oriented horizontally with the bright off-axis protrusions pointing downward (note that
peptide orientation changes between adjacent rows). (c) STM images of the same region of the KFFE row structure acquired
with a time separation of 8 s and at a surface temperature of 140 K. Groups that change conformation are indicated by green/
red circles. At the bottom is shown a color addition overlay of the two images in green and red color scale, respectively, such
that stationary protrusions appear approximately yellow and initial/final positions appear in green/red. (d,e) Details of MDFF
models for the KFFE row structure. A single monomer is shown looking down the Phe, Ca—Cf3 bond with N of Phe, pointing
toward the top of the page (Phe; unit highlighted with sticks; color coding as in Figure 2). The y; dihedral angle for Phe; is
indicated with yellow dashes, showing gauche— (d) and trans (e) conformations, respectively (y; defined by Newman
projections). (f) Statistics for the y; dihedral angle obtained from analysis of the 10 lowest energy structures of the parallel row
structures of KVVE/KFFE. Histograms show the fraction of observations of the three different possible values for y; for R,
(left column) and Rs (right column), where R indicates Phe or Val as appropriate (right: definition/color-coding of
the conformational categories based on the dihedral angle).

analysis of STM height profiles through the peptide
rows (see Figure 4a), we conclude that the protrusions
can be assigned to two distinct classes, which we
denote as either “high” (+) or “low” (—) with a differ-
ence in apparent height of 0.8 & 0.3 A (note that the
apparent height in STM scans is not a measure of true
physical height but also carries contributions from
electronic density of states and tunneling conductivity).
The observation of two distinct states for each Phe
residue leads to four combinatorial possibilities for
each peptide unit, all of which are observed as illu-
strated in Figure 4b. The high/low protrusions differ
slightly in their position with respect to the larger
underlying subprotrusions as indicated by the posi-
tions of the smaller ovals compared to the larger circles
in the schematic of Figure 4b. Analysis of the similar
KVVE row structure also shows that the protrusions
attributed to the Val residues can be observed in two
distinct states.

The dynamic evolution of the KFFE row structure
was followed by acquiring consecutive time-lapsed
STM images of the same region of the surface. As
illustrated in Figure 4c, the individual bright protru-
sions can change between the high/low states, and we
thus attribute the two brightness levels to different
conformational states of the Phe moieties and the
observed changes to thermally induced conforma-
tional dynamics. This hypothesis is supported by our
structural models: Following the conventional group-
ing of the torsion angle y; (see Figure 4d,e) for the
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Phe/Val side chains into three rotameric forms (see
definition of intervals in Figure 4f),*® analysis of the 10
lowest energy structures reveals that y, preferentially
adopts two of these (see Figure 4f). It was not possible
to directly assign the high/low states observed in the
STMimages to the proposed molecular conformations,
but the analysis suggests that the high state does not
necessarily result from the same residue conformation
for the two Phe residues of a KFFE unit. Similarly, the
molecular basis for the high/low states may be differ-
ent for the Phe and Val residues.

Correlation Analysis for Residue Conformations. To obtain
quantitative information on the occurrence of the
high/low conformational states and possible intra-
and intermolecular correlations between them, we
carefully analyzed STM images for the KFFE and KVVE
row structures. Results for a total of ~888 peptide units
are summarized in Table 1 and Figure 5 (further details
are presented in Table S1). For the individual Phe
residues of KFFE, there is a significant preference for
one of the states to occur, with 1+ and 2— having the
highest frequencies of observation (Table 1). The pre-
ference is the same for KVVE, but for KFFE, the bias in
this conformational equilibrium is more pronounced.
This suggests that the interaction of the bulkier Phe
side chain with the rest of the molecule leads to larger
differences in energy between the two conformational
states compared to Val. To address interactions be-
tween the residues, we determined from the STM
images the frequencies (Table S1) for observing the
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TABLE 1. Statistical Occurrence of High/Low Conforma-
tional States in Individual Phe or Val Peptide Residues As
Obtained from Analysis of STM Images (See Figure 4b for
Definition of the Conformations)

KFFE KVVE

single observed single conformation observed single conformation

conformations frequencies (%) frequencies (%)

2— 84.6 60.8
2+ 154 39.2
1— 215 48.0
1+ 725 520
intra-row

i &
1-1- 1+1+II 2:2- 2+2+Il

11+ 22+

inter-row

(b 5 14+ 20+
intra-peptide g 2 - 5
0.5 g ° -05 2-2-

a5
o
2-1+ ) g
2+1+ 25

05 ®E -15
of
KFFEE KVVEE | | 25

-1.0 o -20

Figure 5. Correlations in the conformation assumed by
Phe/Val residues in the KFFE/KVVE row structures. (a) STM
image with overlaid contours to identify intramolecular
(black), inter-row intermolecular (green), and intra-row
intermolecular (purple) motifs analyzed for correlations.
The single-residue conformations 1—, 1+, 2—, and 2+ are
defined in Figure 4b. The correlation is defined as p = In(fag/
Pag), where fpg is the observed frequency of two combined
conformations (e.g., AB=2—1—) and P,g is the uncorrelated
probability for this event (Png = fafg) calculated from the
observed frequencies in Table 1 of conformations for the
individual residues (see also Table S1). This measure is
chosen since it provides symmetry between positively and
negatively correlated situations. (b) Intramolecular correla-
tions. (c) Intra-row correlations. (d) Inter-row correlations.

different possible combinations of conformations for
neighboring residues, both intramolecularly and inter-
molecularly along and between the rows as defined in
Figure 5a. These frequencies were compared to the
uncorrelated probabilities for these events, calculated
from the observed frequencies of conformations for
the individual residues. Combinations with observed
frequencies higher or lower than expected from the
uncorrelated probabilities are referred to as positively
and negatively correlated, respectively. From this de-
tailed analysis (Figure 5), it is striking that the Phe
and Val residues always show the same overall trend in
the correlation. Importantly, this suggests that 7—x

KALASHNYK ET AL.

interactions do not dominate the ordering in these
structures. Surprisingly, we observe that the intrapep-
tide correlations (Figure 5b) are weaker than the inter-
peptide correlations (Figure 5¢,d). The conformations
of the two Phe/Val residues within a peptide unit are
thus not correlated, which could indicate that they
point away from each other. Conversely, between the
rows (Figure 5d), we observe that homo configura-
tions are negatively correlated (e.g., a 1— conformation
avoids being combined with a neighboring 1—), sug-
gesting a possible steric clash for certain homo con-
figurations. These two findings are supported by the
MDFF models in which Phe side chains of the same
peptide have little interaction, whereas the side chain
between different rows is in much closer contact.
Along the rows (Figure 5¢) all homo configurations
show positive correlations. This suggests a mechanism
for fibril growth along the fibril axis by which new
monomers are added and matches the conformation
of the preceding unit to form a favorable interaction in
a cooperative manner. On the basis of these STM
results for the dynamics and correlations of the Phe
residues, we propose that a thermodynamic equilibrium
is established for the conformations during the gradual
cool down to form the ordered peptide islands, and that
the positive/negative correlations for homo conforma-
tions along/between the rows balance out, preventing
complete conversion into a homogeneous structure.

CONCLUSION

We have investigated the surface self-assembly of
two fibril-forming tetrapeptides under UHV conditions.
Obviously, many factors relevant to fibril formation
under actual hydrous conditions are not included
when working in a UHV environment, such as interac-
tion with solvent molecules and ions, pH, and hydro-
phobic interactions. As demonstrated here, however,
we find the UHV-STM experiments useful to obtain
insights into interactions and assembly processes
relevant for amyloid fibril formation at the single-
molecule level with submolecular resolution and with
the possibility to reduce temperature to freeze out
thermal motion of residues. In the present case of the
tetrapeptides KFFE and KVVE, we find highly ordered
self-assembled structures on an inert Au(111) surface
with distinct parallel/antiparallel arrangements. Anal-
ysis of the STM data using MDFF methods, as com-
monly used for NMR structure determination, provides
a basis for determining the structures of the individual
molecules and analyzing determinants for their assem-
bly into ordered structures. The U- and S-shaped
structures of KFFE and KVVE as well as their parallel/
antiparallel arrangement resemble earlier proposed
fibril structures.3%3” Statistical analysis of the STM data
reveals different combinations of conformations for the
Phe/Val residues and their dynamical transitions. Inte-
restingly, interpeptide correlations for the residue
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conformations are stronger than intrapeptide correla-
tions, and these do not appear to be dominated by
s— interactions. These single-molecule, local-probe
observations suggest a mechanism for fibril growth in
which new monomers are added and match the con-
formation of the preceding unit to form a favorable
interaction in a cooperative manner. In a broader

EXPERIMENTAL SECTION

Preparation of Peptides. The peptides were synthesized on a
Liberty microwave-assisted peptide synthesizer (CEM Corporation)
on a 0.25 mmol scale utilizing the Fmoc/t-Bu strategy and
purified by means of RP-HPLC. See Supporting Information for
further details.

STM Measurements. The experiments were performed in an
ultrahigh vacuum chamber (base pressure in the low 107'°
mbar region) equipped with standard facilities for sample
preparation as well as a variable-temperature Aarhus-STM. An
atomically clean Au(111) single-crystal surface was prepared by
repeated cycles of Ar+ sputtering at 1.5 keV for 20 min followed
by sample annealing at 850 K for 10 min, resulting in a well-
ordered (22 x v/3) herringbone reconstruction. The tetrapep-
tides were sublimated from glass crucibles resistively heated to
a temperature of 426 K (KFFE) and 470 K (KVVE). Both molecular
powders were thoroughly degassed prior to evaporation. After
deposition of submonolayer quantities of tetrapeptides onto
the Au(111) surface held at room temperature, the molecular
adsorption structures were studied with STM in the tempera-
ture range of 125—180 K. The imaging was performed in con-
stant current mode (/; = 0.4 nA) at a bias voltage of V, ~ —1.25V
with respect to the sample.

MDFF Calculations. Models of the row and antiparallel struc-
ture were calculated with the Xplor-NIH package?® using stan-
dard procedures for restrained simulated annealing. Further
details are provided in the main text and in the Supporting
Information.
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