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ABSTRACT Self-assembly of amyloid nanofiber is associated

with both functional biological and pathological processes such as

AFM tip ’

those in neurodegenerative diseases. Despite intensive studies, the silk ' Stretching

stochastic nature of the process has made it difficult to elucidate a
molecular mechanism for the key amyloid nucleation event. Here we

QQ?@

investigated nucleation of the silk-elastin-like peptide (SELP)

amyloid using time-lapse lateral force microscopy (LFM). By repeated scanning of a single line on a SELP-coated mica surface, we observed a sudden

stepwise height increase. This corresponds to nucleation of an amyloid fiber, which subsequently grew perpendicular to the scanning direction. The lateral

force profiles followed either a worm-like chain model or an exponential function, suggesting that the atomic force microscopy (AFM) tip stretches a single

or multiple SELP molecules along the scanning direction. The probability of nucleation correlated with the maximum stretching force and extension,

implying that stretching of SELP molecules is a key molecular event for amyloid nucleation. The mechanically induced nucleation allows for positional and

directional control of amyloid assembly in vitro, which we demonstrate by generating single nanofibers at predetermined nucleation sites.
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elf-assembly of relatively long peptides

is a complex process due to multiple

conformational states explored by the
molecule. While making dynamic transi-
tions among these states on a rugged en-
ergy landscape,’ the molecule can find a
conformation permissible for assembly into
the characteristic cross-f3 structure of amy-
loid where individual 5-strands are perpen-
dicular to the fibril axis.” Previous studies
suggest that the ability to form an amyloid
fiber is an intrinsic property of peptides in
nature, so that many different peptides
have been used as model systems to study
amyloid fibrillogenesis.?

A key event in this process is the nuclea-
tion step, which is known to have a high
activation energy barrier.* This causes the
initial lag phase before growth that is influ-
enced by various factors such as pH, ionic
strength, temperature, and the presence of
seeds.>® Often, amorphous aggregates or
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protofibrils undergo conformational transi-
tion to nucleate an amyloid fiber.”® Further-
more, experimental conditions can guide the
dynamic equilibrium among different confor-
mational states into nucleating species which
determine molecular ordering in the resultant
amyloid fibers, referred to as molecular
polymorphism.'® In addition to studies in bulk
solution, amyloid formation on surfaces has
been actively investigated since it may more
closely mimic physiological environments
such as cell membrane."" The surface can
accelerate assembly or it may guide the
growth direction.’*”"® Fundamental under-
standing of the effect of the substrate on the
self-assembly of amyloids may also be useful
for creating functional nanostructures based
on substrate-directed self-assembly.'*~2' To
this end, mechanistic understanding of the
key nucleation event is essential.

A model amyloid peptide that has recently
drawn much attention is silk-elastin-like
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peptide polymer (SELP). It consists of alternating do-
mains of 8 silk-like units (GAGAGS), 15 elastin-like units
(GVGVP), and 1 elastin unit modified by the substitu-
tion of valine to lysine (GKGVP).>*> The proline-rich
elastin unit provides high extensibility and unique
thermal responsive properties of spider silk,> while
the silk unit controls the stiffness of the hydrogel
formed by SELP.?> We have recently discovered that
SELP assembles on a mica surface at an ultrafast rate
with virtually no lag phase.>* We also observed that the
growth of SELP amyloid can be enhanced by nanome-
chanical force exerted during tapping mode imaging
of atomic force microscopy (AFM).?> Interestingly, the
mechanically induced amyloid tends to grow perpen-
dicular to the AFM scanning direction, implying that
the amyloid growth direction is determined during
nucleation. This novel aspect was used to simulta-
neously control the location of nucleation and the
growth direction to create a SELP nanofiber patterned
surface in 1 um length scale.?® However, the molecular
mechanism underlying mechanically induced nuclea-
tion of SELP amyloid remains to be found.

In this work, we applied time lapse lateral force
microscopy (LFM) to study the nucleation mechanisms
of SELP on a mica surface in the contact mode AFM. For
higher temporal resolution, the slow scan axis was
disabled and a single line was continuously scanned
to observe the nucleation event in real time. As the tip
of the AFM scans the surface, it occasionally picks up
strands of SELP and stretches them until losing contact.
The stretching of SELP is followed by nucleation of a
fiber growing perpendicular to the stretching direc-
tion, where the probability of nucleation is correlated
strongly with the stretching force profiles. It thus
appears that, mechanical stretching of a SELP provides
a template on which the amyloid cross-/3 structure can
grow. Supporting this idea, the measured dimensions
of the fiber agreed well with those of our molecular
model of SELP amyloid. Utilizing the mechanical in-
duction, we were able to nucleate a single nanofiber at
a prescribed location and growth direction. In addition
to practical potential for positional and directional con-
trol in nanopatterning amyloid fibers, the present results
may help to understand how mechanical forces alter the
energy landscape and guide the conformational transi-
tion from disordered and loosely bound peptide aggre-
gates to the paracrystalline amyloid fiber.

RESULTS AND DISCUSSION

Direct Observation of Morphological Evolution of Nuclei in
Situ. A 40 ul aliquot of the SELP solution (5 ug/mL in
distilled water) was deposited on a freshly cleaved
mica disk and incubated for 30 min at room tempera-
ture. During incubation, SELP adsorbs on the mica
surface, forming a SELP-coated layer (see Supporting
Information, Figure 1). After incubation, the sample
was washed with water three times and immediately
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used for AFM experiments in water. Thus, nucleation
and growth of SELP fibrils is due to the assembly of
surface-adsorbed molecules. While it is possible that a
small fraction of the surface-adsorbed SELP molecules
can redissolve into water, it is unlikely they will play any
major role in nucleation since soluble SELP will not
generate measured force profiles described in the
following sections. The SELP was also attached to the
AFM tip by physisorption in the lateral scanning mode.
During time-lapse LFM scan, the normal force was
maintained at ~140 pN while the lateral deflection
was used to measure lateral force along the scan
direction (Figure 1 inset). We also measured height
profiles during LFM scan to simultaneously observe the
morphological evolution of nuclei and the lateral force
as a function of time.

At the beginning of the scan, there were heigh-
tened features due to the presence of amyloids
that were preformed during the incubation stage
(Figure 1a, arrows). Later on, multiple heightened sites
appeared at different time points (Figure 1a, asterisks).
A zoomed-out image of the scanned line (dotted line in
Figure 1b) indicated that amyloid nanofibers grew
from these locations, suggesting that increases in
height during line scans correspond to nucleation
events. Many previous studies show a distribution of
morphologies and sizes of prefibrillar intermediates
leading to amyloid fibrils, including spheroidal or
toroidal high-molecular weight oligomers and low-
molecular weight oligomers (dimers, trimers, etc.).>”
In our case, it is difficult to identify such prefibrillar
intermediates since SELP nanofiber grows rapidly after
initiation. This reflects that a mechanical force effec-
tively accelerates conformational transition from inter-
mediates to -sheet fibrils. We hence call the mechanic-
ally induced increase in height followed by growth of
amyloid as a “nucleation event”, and the first occurrence
of the increase in height as a “nucleus”. As discussed
below, nucleation of a nanofiber occurs in stretching
events with quantitatively different force profiles, which
further support heterogeneity and multiple pathways in
nucleation events.

Representative profiles of the height evolution
during nucleation are shown in Figure 2a (see Support-
ing Information Figure 2). The increase in height
occurred in a stepwise manner. The smallest step size
was 1.2 £ 0.2 nm (n = 7) which matches the dimension
of a one fB-sheet bilayer (Figure 2a).'” There were also
caseswith2.1+0.1nm(n=7)and 3.5+ 0.2 nm (n=32)
steps, which are approximately integer multiples of
1.1 nm and suggest that multiple 8-sheet bilayers can
form simultaneously within the 2-Hz time resolution
of our scans (Figure 2b). The fully grown height of
nuclei coincides with the height of preformed amy-
loid, 3.7 & 0.2 nm (n = 7). This indicates that SELP
amyloids assembled by mechanical stimuli have
similar dimensions as those preformed without force.
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Figure 1. Time-lapse lateral force microscopy (LFM) reveals
the evolution of amyloid nucleation events. (a) Height
image of time-lapse LFM. An AFM tip scanned on a SELP
adsorbed mica surface along a fixed scan line as a function
of time. The heightened areas at t = 0 (arrows) are due to
amyloids preformed during the incubation stage. Later,
multiple heightened sites formed (asterisks). (b) Zoomed-
out AFM image after the time-lapse LFM experiment.
Dotted line is where the single line was repeatedly scanned.
Multiple nanofibers grew approximately perpendicular to
the scan line, confirming that the newly formed heightened
sites were indeed the nuclei for new amyloid nanofibers.
(Inset) Scheme for the LFM experiment. Torsion of the canti-
lever occurs in response to lateral forces while normal bending
of the cantilever occurs in response to normal forces.

Vertical stacking of multiple 8 sheet layers in nano-
filaments has been reported for a short peptide with
up-right conformations.?®3° In the case of SELP, a
monomer is much larger and the resulting nanofiber
has disordered elastin domains protruding on the side
of the cross-3 core (cf., Figure 6). The SELP filament thus
likely grows with its 3-sheet parallel to the mica sur-
face, which is supported by the measured step sizes in
height. The fiber also grew stepwise in width (Figure 2c).
The smallest width of nuclei without correcting for the
tip radius is 19 £+ 2.4 nm (n = 6) (Figure 2c). The major
population of nuclei shows the width of 41 + 16 nm
(n = 38), which is twice the smallest width. Sometimes, a
secondary nucleation occurred right next to a primary
nucleus (Figure 2c(iii)). When a sharpened tip with 2-nm
radius was used to minimize the effect of the finite tip
radius, the width of mature fibers was measured to be
13 & 4 nm (n = 14) which is comparable to that of the
42-residue Alzheimer's S-amyloid (A31-42)."” This sug-
gests that the silk unit (GAGAGS)g of SELP which is similar
in size to AB1-40 or A31-42, likely forms an amyloid core
composed of a hairpin-like bilayer by folding in half.>' 3
The thickness of the SELP amyloid measured in our
experiments is ~1.2 nm, which is slightly thinner. This
may be because the hairpin-like folding will put one face
of the 3-sheet covered with glycines that do not have a
protrusive side chain. 8 turn formation nucleates the
intramolecular folding of the A monomer from which
subsequent assembly proceeds>* In our case, mature
fibers contained about three 5-sheet bilayers (Figure 2a),
so that one or two bilayers may comprise a nucleus.
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Figure 2. Stepwise increase in (a,b) height and (c) width of
amyloids. (a) Height increase of amyloid nuclei as a function
of time. A sudden stepwise increase in height occurred
during time-lapse LFM. While individual assembly events
take different step sizes, they approach the height of
preformed fibers at later time points. (b) Histogram of
height increases. The smallest step size is ~1.2 nm. (c)
Quantized growth in the width of nuclei. (i) The smallest
width of amyloid nucleus (19 & 2.4 nm (n = 6)). (ii) The most
abundant width of amyloid nucleus, which is twice the
smallest width, (41 £ 16 nm (n = 38)). (iii) Secondary
nucleation next to the primary nucleation site.

Promotion of Nucleation by Increased Lateral Force. To
elucidate the role of force on nucleation, we compared
height profiles with the corresponding lateral force
profiles. The lateral force is recorded positive during trace
and negative during retrace for a scan, creating a hys-
teretic loop. In the example shown in Figure 3, the trace
and retrace of height profile shows a nucleation event at
36.5 s (Figure 3a,b) which is accompanied by the increase
in lateral force during retrace (dark horizontal line in
Figure 3d). After nucleation, the lateral force is slightly
changed as the tip contacts the nucleus in the following
traces and retraces. Figure 3e shows five consecutive
scans around the time of nucleation. At 35.75 and 36.00 s,
there are no significant variations in both height and
lateral force profiles. At 36.25 s, the lateral force signifi-
cantly increases to 800 pN, and suddenly drops while the
height profile still remains flat. Subsequently at 36.50 s, a
sudden increase in height appears (asterisk in Figure 3e),
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Figure 3. Increase in lateral force prior to amyloid nuclea-
tion. Trace and retrace of height (a, b) and lateral force
profiles (c, d) for a single nucleation event. (e) Height and
lateral force profiles at five successive time points (height
profiles in black and lateral force profiles in gray). The
dotted gray line shows zero lateral force and zero height.
A sudden increase in the lateral force at t; (asterisk) is
followed by a height increase in the next scan, indicating
that a new nucleus (asterisk) is formed.

indicating that a nucleus is formed. The increased height
is maintained in the following retrace scan (t5 = 36.75 s)
and thereafter. Thus, an increase in force profile precedes
nucleation, which likely corresponds to the stretch of
a SELP molecule. After nucleation, the lateral force
returns to near-base level except for a mild increase at
the nucleation site due to the heightened feature
(Figure 3c,d). Not all increases in lateral force resulted in
nucleation. However, all new nucleation events were
preceded by increases in lateral force, which indicates
that the latter is a necessary condition for nucleation.
We analyzed ~100 frictional force profiles that
led to nucleation, and classified them into three
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categories: worm-like chain (WLC; Figure 4a), sawtooth
(Figure 4b), and exponential (Figure 4c) profiles. We fit
the WLC profile by the relation®?

Fx) = —| |————
Ly x>
“(1 *E)

where F is lateral force along the stretching direction, ki,
is Boltzmann constant, T is absolute temperature, L is
the contour length, and L, is the persistence length.
Estimated values of the persistence and contour lengths
arel,=025+02nmand[.=332+£ 161 nm(n=15).
The persistence length is close to the value of 0.4 nm
from single-elastin stretching experiments.3® We carried
out single SELP stretching experiments where the mo-
lecule is pulled normal to the mica surface, which also
yielded L, =0.28 £ 0.1 nmand L. =284 & 13 nm (n =64)
(Supporting Information Figure 3). Furthermore, the con-
tour length is comparable to the length of a fully extended
SELP molecule, 295 nm (=818 residues x 0.36 nm). These
suggest that in cases with WLC profiles, a single SELP
molecule is stretched by the AFM's tip. The maximum
stretching force level of WLC profiles was 318 £ 128 pN
(n = 15). The value of L. is slightly greater than that of
a SELP molecule likely because other SELP molecules
(adsorbed either to mica or to AFM tip) that hold the
one being stretched may also contribute to extension.

In cases with sawtooth profiles (Figure 4b), the
initial rise in force was well-fit with the WLC model,
which gave L, =0.21 & 0.2 nm, and L. = 314 £ 95 nm
(n = 55). Unlike a single WLC behavior, however, a
plateau follows after the initial rise in the sawtooth
profile. The average peak force in the sawtooth pattern
was 218 & 158 pN (n = 55), ranging from 133 pN to 691
pPN. The average peak-to-peak distance was 33 £ 9 nm
(n = 75), with the number of peaks in one pattern
varying from 2 to 14. The stretching length, defined as
the distance from the start of the initial WLC to where
the sawtooth finishes, was 341 4+ 201 nm, which is
close to the contour length of SELP, again suggesting
that a single SELP molecule is stretched in the saw-
tooth cases. The narrow distribution of peak-to-peak
distance is likely due to successive unraveling of well-
defined structures. Sequential detachments of multi-
ple molecules can produce a similar profile with de-
creasing peak forces,®” but in our case the maximum
stretching force typically occurs at the last peak of a
sawtooth profile. It is thus more likely that the saw-
tooth pattern originates from stretching a single SELP
molecule where locally ordered domains are unfolded
in a serial manner, thereby exposing hidden lengths
and reducing the force level. Yet, since a single mole-
cule is pulled, the maximum force is achieved mostly
at the end of the pull. A similar sawtooth pattern
was previously observed when a f5-sheet secondary
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Figure 4. Three characteristic force behaviors in lateral
force profiles (gray dot). (a) Worm-like chain (WLC) beha-
vior, (b) WLC with a sawtooth pattern, and (c) exponential
behavior. Nuclei are marked by asterisks in height profiles
(black). WLC model (a, b) and exponential model (c) fits are
shown in red.

structure on the surface is disrupted by mechanical
force.?" In their study, the unfolding force ranged from
70 to 200 pN, which is similar to that in our experi-
ments. As discussed above, the 48-residue silk units are
locally ordered and are joined by the 80-residue elastin
units. The length of the elastin unit (= 80 residues x
0.36 nm = 29 nm) is very close to the average peak-to-
peak distance, implying that each peak in the sawtooth
pattern is caused by extension of the elastin unit while
each silk unit remains folded in a hairpin-like state. The
sawtooth profile may thus occur when the tip of
the AFM pulls on a partially ordered SELP, whereas in
the WLC profile, it is likely that the SELP moleculeisina
more disordered state. The exponential profiles were
identified as those that yielded an order of magnitude
smaller persistence length when fit with the WLC
equation. They were instead fit using the following
equation.®®

Fx) = F, exp <X Bxp>

where F, is the peak force, X, is the location of the peak,
and D is the characteristic length scale for the pulling
event. Fitting the data falling into the exponential
profile with the WLC model produced longer L.
(512 + 241 nm) and an order of magnitude shorter
L, (0.08 £ 0.28 nm) (n = 32), which indicates that the
WLC model is inadequate. The maximum stretching
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force was 1011 + 970 pN (n = 32), significantly higher
than those of the WLC or sawtooth profiles. An ex-
ponential model was previously used to describe the
mechanical behavior of molecular and supramolecular
structures of the flagelliform protein of spider silk.3®
Flagelliform protein is rich in proline and contains
highly repetitive S-spiral sequences, similar to the
elastin unit of SELP. We thus hypothesize that the
exponential profiles in our study originate from pulling
on a network of multiple SELPs that are cross-linked by
silk units through S-sheet formation, whereas elastin
units provide flexible linkage between the ordered
domains of the silk units. The molecular network
appears to be mechanically robust since the force
profile showed almost monotonic increase with rela-
tively small drops in force during stretching. The
stretching length was 482 £ 271 nm (n = 32), varying
widely from 152 to 1029 nm, and it was mostly longer
than the contour length of a single SELP molecule,
which supports involvement of multiple molecules.
The characteristic length D = 127 £ 55 nm (n = 32),
can be interpreted as the distance between cross-linking
points in the network. This is about 4 times longer than
the length of a single elastin unit, which again suggests
that the exponential behavior arises from collective
response of multiple molecules, likely an oligomeric net-
work of SELP.

Enhanced Probability of Nudeation for the Exponential
Profile. We plotted the maximum stretching force
against the stretching distance for the three types of
force profiles that resulted in nucleation (Figure 5). In
the case of the WLC profile, the maximum stretching
force varied from 120 pN to 600 pN and its stretching
length was mostly shorter than L. of a single SELP. For
the sawtooth profile, the maximum stretching force
was in a similar range, yet ~30% of the profiles had the
stretch length beyond L, indicating that dimeric or
trimeric species may be involved. Consistent with this,
the number of peaks in a sawtooth profiles (2 to 14) can
be more than twice the number of silk-elastin subunits
in a SELP molecule, six. As mentioned above, expo-
nential profiles have higher maximum stretching force
(335 pN to 1200 pN) and stretching length (150 nm to 1
um), again indicating involvement of a network of SELP
molecules. The higher stretching force is consistent
with a previous work showing that proteins in aggre-
gating state has greater adhesion force than those in
nonaggregating state.>®

The likelihood of nucleation depended significantly
on force profiles. Among all WLC profiles that we ana-
lyzed, only ~10% successfully led to nucleation. Since
nucleation requires cooperation among multiple mol-
ecules, it is expected that stretching a single SELP is not a
strong driver for nucleation, although surface diffusion of
other chains and ordering around a stretched SELP may
lead to nucleation. By contrast, the sawtooth and expo-
nential profiles showed over 30% chance of nucleation.
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Figure 5. Maximum stretching force vs stretching distance
of the three characteristic lateral force profiles.

Whereas the WLC profile may reflect pulling a single SELP
molecule in a random coil state, the sawtooth profile may
be for one or two SELP molecules partially ordered and
form f-sheets. In the case of AB1-40, it has also been
suggested that prefibrillar aggregates contain ordered
B-sheets*® SELP containing locally ordered p-sheets

may be in a kinetically trapped state, where pulling
and sequential unraveling of the disordered regions as in
the sawtooth profiles may assist with finding a higher
ordered state, leading to nucleation. After stretched
domains are released, they can quickly rearrange as the
chain is detached and relaxed from the tip.*’

For exponential profiles, 60% of cases led to nuclea-
tion. Since multiple SELP molecules form a network,
stretching them in one direction will enhance the
likelihood for nearby domains to form f3-sheets, similar
to a mechanism demonstrated computationally.? It is
likely that silk blocks are mainly responsible for kinetically
trapped state. Another type of SELP that contains four
blocks of silk unit and the same number of elastin blocks
formed nanofibers instantaneously on mica,>* whereas
the SELP used in the present study, having eight silk
blocks, took days to grow.?® This indicates that the high
content of the silk unit in SELP tends to stabilize kinetically
trapped states on the surface, hence preventing amyloid
nucleation without external force stimulus.

To test dependence of nucleation on the SELP
concentration, we tested a 100x diluted solution
(0.05 ug/mL). Under the same scanning condition,
neither exponential profiles nor nucleation of fibers were
observed, and the frequency of WLC behavior increased
relative to the sawtooth behavior (Supporting Informa-
tion Figure 4). This suggests that at this lower concentra-
tion, pulling occurs mostly on a single SELP molecule and
is less likely to lead to nucleation since there are not
enough molecules around the stretched SELP to support
further growth. Also, at 5 ug/mL, the overall frequency of
nucleation decreased with scan time, which is presum-
ably due to less availability of SELP monomers as more
nanofibers grow (Supporting Information Figure 5).

Mechanism for Force Induced Nudeation. Macroscopic
agitation such as sonication on mature amyloid fibers
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Figure 6. Single nanofiber pattern generated using time-
lapse LFM. (a) Dotted line represents the single scan line
location that induced nucleation. Once nucleation is de-
tected (marked by asterisk), a larger area was scanned to
confirm growth of amyloid perpendicular to the scan direc-
tion. (b, c) Atomistic model of a hairpin-like -sheet bilayer
structure of SELP. Axial view (b) and top view (c).

can also break them, so that the fragments serve as
seeds for further growth of nanofibers.”® In other
systems, sonication that provides random mechanical
force resulted in acceleration of amyloid formation by
reducing a lag phase or by forming aggregated struc-
ture, not by fragmentation of pre-existing fibrils.*>**
Shear flow was also shown to induce aggregation and
amyloid nucleation.*>~*” Recently, it was found that
moderate levels of shear can trigger coil-to-f sheet
transition presumably by stretching a polypeptide
macromolecule.*®**° In a related vein, elongational flow
was speculated as one of the major mechanisms of
ordering in the spinning apparatus of the silkworm.>®

Atthe level of individual filaments, a previous report
showed that tapping by AFM can break amyloid nano-
fibers on a mica surface, creating fragments which can
serve as nuclei for new amyloid growth.>' The present
study shows another mechanism by which mechanical
pulling of a molecule bypasses a high energy barrier for
nucleation and initiates assembly. Our results indicate
that macroscopic shear force or sonication may play a
similar role where the extended molecule provides a
template on which a -sheet can form and propagate,
effectively lowering the activation energy for nucleation.
Recently, it was shown that mechanical manipulation of
nanofiber creates active surfaces where a new nanofila-
ment grows epitaxially by lattice matching.>? This study
used a 9-residue peptide that consists of mostly non-
polar residues. Because of its small size and weak
binding, the filament can easily rotate and align with
the hexagonal mica lattice.> In the case of SELP, its large
size (842 residues) makes the resulting filament difficult
to align with the mica lattice, and the randomly oriented
filament network can form on the surface.?* This allows
the SELP fiber to grow perpendicular to the scanning
direction irrespective of the orientation relative to the
underlying mica lattice.®

In general, the lateral force originates from instant-
aneous bond formation and breakage between two
objects moving relative to each other (chemical
friction).>* In the AFM experiments on polymer films,
including those of proteins, elastomers, and synthetic
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polymers,> lateral force can arise from the stretching
of protruded chain segments, which causes sawtooth
patterns in lateral force profiles.>® Plowing®” and drag-
ging on the surface®® can also increase lateral force. In
our case, no accumulation of SELP was observed at
edges of the scanned area, indicating that plowing and
dragging do not play any major role. The lateral force
profiles fitted with a WLC model show that SELP with
these profiles is largely unstructured like the PEVK
region in titin.>® Lack of any strong correlation between
the location of nuclei and where the stretching starts
suggests that nuclei can form at any part along the
stretched molecules. Weak bonds that break and cause
the sawtooth profile during stretching are called sacrifi-
cial bonds.3’” They can reform reversibly, thereby provid-
ing a “self-healing” nature to the material. Similar force
levels and the relatively uniform periodicity of the peaks
indicate that partially ordered silk units are likely to be
responsible for this behavior. The increased probability of
nucleation in these force profiles indicates that breaking
of sacrificial bonds allows rapid conformational rearran-
gement to form f3 hairpin structures.

The exponential force profiles showed the highest
probability (60%) of nucleation. This force profile has
been observed in both capture-silk molecules and
intact strands of the capture silk3® As mentioned
above, different force profiles may arise from re-
sponses of different molecular species, where WLC
corresponds to a single or a few SELP molecules in
disordered states, sawtooth to partially ordered SELP
molecules, and the exponential profile to a network of
SELP molecules containing locally ordered domains. In
the exponential case, stretching of the network will
provide a significant advantage in nucleation via multi-
ple intermolecular interactions in an extended confor-
mation. A high resolution in situ AFM study of self-
assembly revealed multiple oligomeric species in-
volved in dynamic assembly and disassembly process
of amelogenin on surfaces.®® We speculate that the
different force profiles may indicate heterogeneous
populations of SELP oligomers on the surface.

We have previously achieved micrometer scale pat-
tern composed of multiple nanofibers in AFM tapping
mode.?® However, controlled generation of single nano-
fibers has been challenging, as scanning of smaller areas
did not lead to nucleation. In the present study, after
revealing the molecular level mechanism of nucleation,
time-lapse LFM was applied to create a single nano-
fiber pattern with directional control. A single line scan
(Figure 6a, dotted line) was continuously performed until
a single nucleation (Figure 6a, asterisk) is created in the
height profile. Immediately after the nucleation, the line
scan was stopped and a larger area was imaged. Indeed, a
single nanofiber grew from the induced nuclei oriented
almost perpendicular to the scan direction.

On the basis of our measurements, we constructed
a tentative structural model for the SELP amyloid as a
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Figure 7. Proposed mechanism for mechanically induced
amyloid nucleation. (a) As the tip moves along a scan line, it
twists due to the frictional force with the SELP-coated
surface. (b) A SELP oligomer is attached to the tip, increasing
lateral force during the scan. (c) As the oligomeric SELP is
stretched, individual SELP molecules align to the scan
direction. The extended conformation of SELP serves as a
template for nucleation by incorporating nearby SELP
molecules. (d) SELP detaches from the tip and amyloid fiber
elongates perpendicular to the stretching direction.

hairpin-like 3-sheet bilayer (Figure 6b), which has also
been previously speculated.*® The two facing S-sheets
are likely held together by van der Waals interactions,
where stabilization is provided by hydrophobic
interactions.®” The width of the amyloid core in this
model is 8.3 nm, which is close to the value measured
using a sharpened tip with 2 nm of nominal radius of
curvature and support the involvement of the silk unit
in forming the cross-f structure. In contrast, since
prolines are strong S-sheet breakers,®? the proline-rich
elastin unit likely protrudes from the side of the cross-3
core, and possibly wraps around it. The elastin unit also
provides a linkage between two amyloid cores, which
may be involved with the secondary nucleation event
next to the first nucleation site. Assembly of additional
strands results in the growth of the amyloid fiber
(Figure 6c).

The adsorbed SELP is likely to have a reduced
number of conformational states, thereby reducing
the entropic cost of folding on the surface compared
to the bulk case. It is expected that there is limited
surface diffusion of SELP, which facilitates local oligo-
merization. The oligomerized state may form during
the line scan as well. When SELP is mechanically
stretched by the AFM tip, its extended conformation
allows other molecules to assemble onto it, forming
nuclei (Figure 7), which is akin to the induced-fit
mechanism.®* After a SELP is detached from the tip, it
may further accelerate nucleation by interacting with
the aligned oligomeric state. The orientation of the
nanofiber is governed by the stretching direction. This
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stretching by AFM is analogous to the action of the
regulatory protein chaperone that reverses a mis-
folded protein intermediate to its native state by
mechanical pulling.®*

CONCLUSIONS

Our measurements reveal a direct correlation be-
tween molecular stretching and amyloid nucleation.

METHODS

Sample Preparation. Silk-elastin-like protein polymer (SELP) is
composed of specific repeating amino acids from Bombyx mori
(silkworm) silk (Gly-Ala-Gly-Ala-Gly-Ser) and mammalian elastin
(Gly-Val-Gly-Val-Pro) and is produced using DNA recombinant
technology.? One SELP unit consists of 8 Bombyx mori silk-like
(GAGAGS), 15 elastin-like (GVGVP), and one lysine-modified
elastin-like (GKGVP) blocks. One polymer chain consists of a
head, six SELP units, and a tail. The molecular weight is 65 374
Da and its complete amino acid sequence is MDPVVLQRRD-
WENPGVTQLNRLAAHPPFASDPM[GAGS(GAGAGS),(GVGVP),-
GKGVP(GVGVP),,(GAGAGS)5sGAGA]sMDPGRYQDLRSHHHHHH.
A 40 ul aliquot of 5 ug/mL SELP in distilled water was dropped on
a freshly cleaved mica disk (Ted Pella, Inc,, CA). Samples were
incubated for 30 min in a humidity chamber at room temperature
and then washed with distilled water three times. All AFM images
and lateral force measurements were obtained in distilled water.

Time-Lapse Lateral Force Microscopy. Time-lapse LFM experi-
ments were performed using the Molecular Force Probe-3D
instrument (MFP-3D, Asylum Research, CA) to obtain height
profiles and lateral force profiles simultaneously. A rectangular
silicon nitride probe (MLCT, Bruker, CA) was used. The spring
constant (17 pN/nm) in the normal direction was obtained using
thermal tuning method. The lateral sensitivity was determined
using the wedge calibration method®®® and ranged from 100
to 250 pN/mV. The normal force was 140 pN during the lateral
scan, which ensured occasional increases in lateral forces, hence
nucleation events. The SELP modified tip was prepared by
scanning an AFM tip on SELP adsorbed mica surface. The initial
lateral force was ~1 nN and it decreased to ~150 pN after several
scans, indicating that SELP is adsorbed to the AFM tip. The back-
ground lateral force exerted between the SELP-modified tip and the
SELP-adsorbed mica was 165 + 89 pN (n = 12). The lateral force is
positive during trace (left to right) and negative during retrace (right
to left). Time-lapse experiment was carried out in “slow-scan
disabled” mode where the same scan line with 2-um width was
repeatedly scanned as a function of time. Hence the images from
time-lapse experiments are time series of height trajectories from a
single scan line. The scan frequency was 2 Hz, providing time
resolution of 0.25 s per scan line. High resolution AFM imaging was
performed using a silicon tip (MSNL, Bruker, CA) with a nominal tip
radius of 2 nm. To provide force—extension behaviors of a single
SELP molecule, we also stretched the SELP molecule normal to the
mica surface, as described in our previous work®”

Data Analysis. Height of the nucleus was determined from
peak-to-peak distance in Gaussian fits of the time series data for
the baseline and for the new nucleation site. The histogram of
nucleation heights was also fit by multiple Gaussian functions to
obtain step sizes in height increase. The maximum stretching
force in the lateral force profile was defined as the difference
between the maximum peak force and the background lateral
force. For sawtooth profiles, the average peak forces were used
as the maximum stretching force. The width of the nucleus was
obtained from a full width at half-maximum value from Gauss-
ian fit of the height profile. WLC and exponential fits to lateral
force profiles were done using the least-squares likelihood
estimation method. Normal force profiles for single-molecule
stretching experiments were also fit using the WLC model,
which produced L, = 0.28 & 0.10 nm and L. = 284 £ 13 nm
(n = 64) (see Supporting Information, Figure 3).
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The fact that the fiber growth direction is perpendicu-
lar to stretching implies that the stretched state pro-
vides templates that determine the growth direction.
Using this technique, a single nanofiber pattern was
successfully created. Insights learned from the present
study may contribute to developing novel strategies
for mechanically guiding self-assembly of peptide
nanofibers.

Atomic Model. All modeling and simulation were carried out
using the CHARMM program® with the param19 force field.*
Because of the similarity in the length of A31-42 and the silk
part, (GAGAGS)g, we modeled the amyloid core of SELP based
on the solid-state NMR structure of A31-42 (Protein Data Bank
ID: 2BEG).>* The backbone of PDB 2BEG was used to make the
silk part into a hairpin-like 3-strand. After generating the 3-sheet
filament, the system was briefly energy minimized to allow
backbone hydrogen bond formation between neighboring
strands. To build the elastin domain, the N- and C-terminal half
strands were generated in extended configuration, which were
respectively joined to the termini of the silk part. The other ends
of the two half strands were connected by using the ModLoop
utility”® in the Modeller program.”” We carried out additional
energy minimization after building the full SELP amyloid, then
carried out molecular dynamics simulation with backbone
heavy atoms of the silk amyloid core harmonically restrained,
with a spring constant of 5 kcal/mol- A% The main purpose of
this simulation was to relax the elastin part. The simulation was
performed with a 2-fs integration step, for 2 ns at 600 K, in the
EEF1 implicit solvent environment of CHARMM.”? The resulting
structures are shown in Figure 6b,c.
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Direct Observation of Amyloid Nucleation under Nanomechanical
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Supporting Figures

Supporting Figure 1. AFM image of adsorbed SELP layer on mica. A high resolution
AFM image was obtained in a tapping mode after 30 min incubation and washing. The
image shows fairly uniform SELP layer on a mica substrate along with pre-formed
nanofibrils. When lateral force is applied, the stretching of these adsorbed SELPs on the
surface results in new nuclei where amyloids start to grow



Height

Supporting Figure 2. Stepwise height increase during amyloid nucleation. Sudden
stepwise increases in height occur during lateral scan. The minimal step size is ~1 nm
which matches very well with the thickness of B sheet bilayer (arrows). In some cases,
the fluctuations in height are observed in the uppermost layer due to dynamic
rearrangements of SELP during lateral scan.
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Supporting Figure 3. Force vs. distance profile obtained during stretching normal to the
mica surface. AFM tip approaches and retracts from SELP coated surface after brief
contact. SELP molecule attached nonspecifically to AFM tip is stretched in the surface
normal direction. WLC model was used to fit the force profile to obtain a persistence
length (L,) and contour length (L.) of SELP. On average, L, is 0.28+0.1 nm (n=64),
which is comparable to that of elastin (0.4 nm).
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Supporting Figure 4. The effect of SELP concentration on percentages of the three force
profiles. At 0.05 pg/ml (100x dilution compared to the one used in the manuscript), no
preformed nanofibers nor nucleation occurred under the same lateral scanning condition.
Among a total of 33 force profiles; 14 showed WLC force profiles, 19 showed sawtooth
patterns, and no exponential profile was observed, as summarized in the table below. The
measured contour length in the WLC case also decreased (L. ~188+72 nm, compared to
332+161nm at 5 pg/ml), but the persistence length changed little (L,=0.21+£0.16 nm,
compared to 0.25+0.2 nm).
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Supporting Figure 5. Frequency of nucleation as a function of scan time for the three
force profiles. The overall frequency of nucleation decreased with scan time, which is
probably due to less availability of SELP monomers as more nanofibers grow.



