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A
n important goal of nanotechnol-
ogy is bottom-up manufacturing of
useful devices and materials via

self-assembly at room temperature in
environmentally benign solvents. Living
systems provide numerous examples of
such self-assembly in the guise, for exam-
ple, of protein structures such as micro-
tubules,1 viral capsids,2 bacterial s-layers,3

and amyloid fibrils4 in which proteins grow
in one-dimensional filamentswith β-strands
perpendicular to the growth axis.
The programmable design of DNA-based

nanostructured scaffolds is extraordinary,5

allowing for the templating of ordered
heterogeneous arrays of, e.g., metallic
nanoparticles,6 proteins,7 and semiconduct-
ing wires.8 However, it is plagued with
technical barriers to advancement, includ-
ing: (a) difficulties in scaling it to industrial

applications, (b) high error rates of DNA
replication, (c) denaturation of DNA scaf-
folds/bundles at moderate temperatures
(∼60 �C), and (d) loss of integrity under
exposure to ultraviolet light and enzymes.9

Belcher and collaborators have been
highly successful at using the M13 virus as
a scaffold for self-assembly of a wide variety
of inorganic materials. Their strategy relies
on modifying coat proteins with peptides
that are selected through phage display
for templating a specific material.10 In one
example, the M13 major coat protein was
coated by a peptide with FePO4-nanoparti-
cle templating activity, while the attach-
ment proteins at the end of the virus were
fused to a peptide known to adhere to
carbon nanotubes.11 Incubation of the virus
with iron and phosphate ions together with
single-walled carbon nanotubes generated
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ABSTRACT Nature provides numerous examples of self-assembly that can

potentially be implemented for materials applications. Considerable attention

has been given to one-dimensional cross-β or amyloid structures that can serve

as templates for wire growth or strengthen materials such as glue or cement.

Here, we demonstrate controlled amyloid self-assembly based on modifications

of β-solenoid proteins. They occur naturally in several contexts (e.g., antifreeze

proteins, drug resistance proteins) but do not aggregate in vivo due to capping

structures or distortions at their ends. Removal of these capping structures and

regularization of the ends of the spruce budworm and rye grass antifreeze

proteins yield micron length amyloid fibrils with predictable heights, which can

be a platform for biomaterial-based self-assembly. The design process, including

all-atom molecular dynamics simulations, purification, and self-assembly procedures are described. Fibril formation with the predicted characteristics is

supported by evidence from thioflavin-T fluorescence, circular dichroism, dynamic light scattering, and atomic force microscopy. Additionally, we find

evidence for lateral assembly of the modified spruce budworm antifreeze fibrils with sufficient incubation time. The kinetics of polymerization are

consistent with those for other amyloid formation reactions and are relatively fast due to the preformed nature of the polymerization nucleus.
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a self-assembled working cathode. However, the M13
approach is limited by several factors: (a) viruses are
large (M13 is nearly a micron in length); (b) templating
sites are limited to the coat proteins, and the geometry
is restricted to that provided by the virus; and (c) while
the viruses can order as liquid crystals, the ordering is
on the micron scale. Hence, precise, programmable
nanometer-scale ordered heterogeneity, as achieved
with DNA, is not feasible with viruses.
Amyloid fibrils are self-assembled one-dimensional

protein arrays with β-strands perpendicular to the lin-
ear axis.4 They arise both in unregulated self-assembly
in numerous diseases including Alzheimer's disease
and type II diabetes, as well as in regulated contexts in
biofilm extracellular matrices,12 synapse formation,13

and hormone reservoir manufacture.14 These fibrils
have bending and twisting persistence lengths on
the micron scale,15,16 which contribute to the remark-
able tensile strength of spider silk17 and the structural
stability of barnacle cement.18 They have previously
been used to template metallic nanowire growth19�21

and have been used to produce mechanically strong
oriented films.22

Amyloid structures are remarkably robust. Gener-
ally, they can survive heating to the boiling point
of water23�25 although there is monomer size and
sequence dependence to this result. They are resistant
to protease degradation26,27 and UV light exposure. To
date, amyloids have not been assembled to produce a
significant level of transverse order, nor have they been
used to template material growth other than the
examples given above. There is also little systematic
understanding of amyloid structure because the lack of
transverse order makes it difficult for X-ray diffraction
to reveal more than the generic cross β-stacking,28

although in some instances additional scattering rings
in fiber diffraction have provided information about
transverse dimensions of fibrils and longer periodicity
repeats along the fiber axis.29

Here, we present a new approach to amyloid design
that may eventually allow programmable nanoscale
structural precision for self-assembly of materials
under mild conditions. Our focus is on naturally occur-
ring β-solenoid proteins (BSPs) such as those shown in
Figure 1. These proteins have backbones that twist
helically in either a left- or right-handed sense from
the N-terminus to form β-sheets and have regular
geometric structures (triangles, rectangles, etc.) with
1.5�2 nm sides. The wild type (WT) proteins are
inhibited from amyloid aggregation (end-to-end
polymerization to give cross β-fibrils) by natural cap-
ping features and/or structural distortions on one or
both ends. We describe the modifications necessary to
make linear polymers (amyloids) from these proteins,
explain molecular simulations used to assess struc-
tural stability and geometric properties for compar-
ison to measurements, and describe the protocol for

expressing and folding of the engineered proteins.
We show that the correct monomeric structures are
obtained after purification and folding, that amyloid
fibrils are produced by incubation at elevated tem-
peratures, and that the kinetics of fibril formation are
consistent with, though slightly faster than, other
amyloid polymerization reactions. These conclusions
are supported by measurements of circular dichroism
(CD), thioflavin-T (ThT) fluorescence, dynamic light
scattering (DLS), turbidity, and atomic force micro-
scopy (AFM).
We note that these modified BSP proteins may offer

excellent platforms for functionalization in nanotech-
nology without interfering with the native β-sheet
structure. For example, the large area faces together
with their designable length can, in principle, support
templating peptides of more than one kind of nano-
particle to grow ordered heterogeneous nanoparticle
arrays. Additionally, staggered placement of identical
templating peptides control the nanoparticle aspect
ratio. Even as one face is being used for nanoparticle
templating, another can be used for binding to the
surface or assuring designed lateral assembly of the
fibrils. In contrast, strategies based upon small amyloi-
dogenic peptides do not immediately offer this level of
functionalization diversity.

RESULTS AND DISCUSSION

Most amyloid fibrils used in the literature for
engineering purposes, e.g., templating nanowire
growth,19,20 are derived from naturally occurring
proteins or peptides known to form amyloid fibrils
under specific conditions. For example, nanowires
have been previously grown on a prion variant from
Saccharomyces cerevisiae known to self-assemble19 as
well as on an Alzheimer's β-amyloid diphenylalanine
peptide.20 These examples and various others in the
literature22 exploit naturally occurring amyloid fibrils.
Approaches from other groups use harsh conditions
(e.g., treatment with concentrated hydrochloric acid
at elevated temperatures for various days23) to pro-
duce self-assembled amyloid fibrils out of intrinsically
nonamyloidogenic proteins like lysozyme.30 Instead
of using naturally occurring peptides already known
to self-assemble or exposing a protein to harsh condi-
tions, we propose here a rational design concept to
render intrinsically nonamyloidogenic proteins with
natural cross-β-structure into proteins that readily
self-assemble into amyloid fibrils under benign con-
ditions.

Protein Design. Spruce Budworm Antifreeze Protein.

Here, isozyme 501 of the β-solenoid antifreeze protein
from the spruce budworm (SBAFP; PDB entry 1M8N)31

was used to engineer one-dimensional fibrils. The
polypeptide backbone is triangular about the long axis
of the helix (Figure 1). The structurally homologous
2PIG PDB entry (Figure 1) shows that the left-handed
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β-solenoid scaffold is tolerant to substitutions at the
apexes of the triangular scaffold and therefore likely to
be robust for materials engineering.

There were twomajor considerations in the rational
design of the first engineered protein, termed SBAFP-
m1. The first was seamless and stable end-to-end
interactions, and the second was ease of biochemical
handling. The first was addressed as follows and as
illustrated in Figure 2. The β-hairpin-like capping motif
at the C-terminus of WT SBAFP was removed to give
a clean C-terminus in the β-strand conformation
(Figure 2A). This required eliminating the last 21 resi-
dues. The N-terminus was modified by removing the
first six amino acids present in the crystal structure of
SBAFP. To avoid a heterogeneous N-terminus, Met-Ala
were used for the first two amino acids of the SBAFP-
m1 sequence. The E. coli methionine aminopeptidase
has a strong preference for small amino acids such as
alanine at the second position.32 Thus, the Met-Ala
sequence increases the likelihood that the N-terminal
amino acid is homogeneously processed to Ala instead

of a possible mixture of Met and a different second
amino acid. This design gives a seamless interface
between the N- and C-termini of successive mono-
mers, as illustrated in Figure 2B.

Two additional salt bridges were placed at the
interface of the termini to increase the stability of the
interaction between monomers. These are illustrated
in Figure 2B. As modeled, the end-to-end interface
includes three salt bridge interactions: one between
the N- and C-terminal ammonium and carboxylate
groups, and two between the Arg-Glu side chain pairs
introduced. These, along with the intermonomer
β-sheet hydrogen bonding, proved sufficient to keep
the interface structure stable in MD simulations at
100 �C for 2 ns, and for 20 ns runs at 25 �C as described
further below.

WT SBAFP has a total of five disulfide bonds. These
undoubtedly stabilize the folded protein, yet disulfides
often present difficulties to high-level expression of
recombinant proteins in E. coli and their subsequent
handling. Nevertheless, recombinant expression of WT

Figure 1. Examples of wild type β-solenoid proteins. PDB IDs are given below each. 2G0Y68 and 3DU169 are four-sided
pentapeptide repeat proteins. 3B0I70 is a two-sided snow flea antifreeze protein. 3ULT71 is the two-sided rye grass antifreeze
protein abbreviated RGAFP herein. 2PIG72 is the three-sided “type I” left-handed β-helical enzyme ydcK from Salmonellae
cholera. 1M8N73 is the three-sided “type II” left-handed β-helical solenoid antifreeze protein from the spruce budworm
abbreviated SBAFP herein.
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SBAFP in E. coli was previously achieved and repro-
duced here (see Methods),33 but the expression levels
are modest. Modeling the replacement of all the
cysteines by serines showed a good steric fit and
enabled hydrogen-bonding interactions to partially
replace the disulfide bonds stabilizing interactions.
An alignment of sequences summarizing deletions
and mutations between WT SBAFP and SBAFP-m1
are presented in Figure 3A. Molecular dynamics (MD)
simulations also showed the Cys-to-Ser mutant stable
at 25 �C for 20 ns. Therefore, the Cys-to-Ser mutations
were kept in the design. The cysteine-less design also
has the advantage that future engineering efforts can
employ the introduction of a unique cysteine to enable
chemically specific modification of the protein.

The alterations described above left a relatively
small protein of 90 amino acids. For ease of recombi-
nant expression, purification, and functionalization of
the protein, two of the 90 amino acid monomers were
genetically fused together to give a single contiguous
protein of 180 amino acids in length.

Ryegrass Antifreeze Protein. As illustrated in Figure 4,
the same basic design concepts used for SBAFP-m1
were applied to a ryegrass (Lolium perenne) antifreeze
left-handed β-solenoid protein (RGAFP, PDB entry
3ULT)34 with the addition of using FoldIt35 to optimize

the interface. In contrast to SBAFP, which has a trian-
gular cross section with three β-sheet faces, RGAFP has
two β-sheet faces in a rectangular arrangement along
the long axis of the β-helix. The structure has eight
β-sheet rungs, each containing 14�15 amino acids
per turn, and an exceptionally flat β-sheet on the
ice-binding face. There is an additional amino acid
present in the first three rungs, causing a bulge at
the N-terminus of the protein structure (Figure 4A).
These amino acids were removed to regularize the
β-helix. Residues 1�4, which are missing in the crystal
structure, were excluded from the designed protein,
termed RGAFP-m1. Additionally, residue 5 (Pro), which
might interfere with polymerization, was mutated to
Ala, which additionally facilitates a homogeneous
N-terminus as with the SBAFP-m1 design.

To engineer an idealized interface, a dimer model
(Figure 4B) was used. Residue Lys110 appeared to
hinder interface formation and hence was mutated
to Asn. As with the design of SBAFP-m1, an Arg/Glu
salt bridge was added at the interface. To further
strengthen the interaction between monomers at the
binding interface, FoldIt35 optimization was used as
follows. The last 16 residues of the first monomer and
the first 16 residues of the second monomer were
allowed to mutate to get the best FoldIt score. This

Figure 2. Stages in the design of SBAFP-m1. (A) The SBAFPwild typeprotein has a C-terminal cappingmotif shown in red. This
was removed so that the N- and C-termini form a gapless interface when brought together. All cysteine residues (shown in
space-fillingon the second from the left) were changed to serines, eliminating the disulfidebonds. Twomonomerswere fused
to form a larger protein that is more manageable genetically and biochemically. Finally, the monomer�monomer interface
was optimized, including the addition of two Arg/Glu salt bridges. (B) Close-up of the optimized interface between two
SBAFP-m1 proteins. The N- and C-termini form a salt bridge, as do the two Arg/Glu pairs placed at the interface. These are
shown in ball-and-stick representation.
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resulted in 10 mutations that largely increased the
overall charge of the proteins at the interface. Thus, a
total of 13 mutations, summarized in Figure 3B, were
incorporated in the design. Further testing using MD
simulations showed that the modeled interface was
stable for 20 ns at 25 C.

Molecular Dynamics Simulations. The designed proteins
were tested using MD simulations for 20 ns at constant
pressure and temperature (25 �C) using AMBER 1236

suite (see Methods). Both individual monomers and
longer 11-unit multimers were analyzed for stability in
MD simulations. Monomer simulations determined the
inherent stability of each design, particularly with
respect to the modifications of the sequence at the

termini. A concernwas that new steric and electrostatic
interactions might lead to local instability of the
β-helical motif, which could disrupt polymerization.
In the case of SBAFP-m1, the monomer simulation also
probed the viability of the novel intermonomer inter-
face, with fused identical 90-residue segments used as
proxies, where deregistry or layer separation of the
ideal motif might have occurred.

Models of 11-unit multimers were also constructed
to observe the behavior of ideal fibrils. Here, a sample
of ten dimer interfaces could be observed simulta-
neously for defects or instability, along with themacro-
scale superhelical tendencies of a long polymeric fibril.
Molecular dynamics simulations demonstrated that
both designs were stable out to 20 ns. A measure of
this is seen in Figure 5 where we plot the β-sheet
content of simulated fibrils over time, averaged over
five different runs for the SBAFP-m1 fibril and the
RGAFP-m2 fibril. The latter is similar in design to
the experimentally studied RGAFP-m1. The β-sheet
content is determined by counting all residues within
the β-sheet region of the Ramachandran plot (for
further details see the Methods section) within the
Visual Molecular Dynamics program (VMD).37 For the
idealized three-sided structure, this yields 80% β-sheet
content (12 β-strand residues per 15 residue rung), and
for the idealized two-sided structure this yields 70%
(ten β-strand residues per 14 residue rung). The mon-
omeric form retained all native β-helical contacts,
including those corresponding to terminal sequence
segments that one might expect to separate or fray.
Simulations of polymer fibrils showed that all dimer
interfaces remained intact, and imperfections inmono-
mer docking during the model construction process
became annealed into seamless registry.

Another role for the simulations is to provide
analyses of possible height profiles of fibrils to

Figure 3. (A) Sequence alignment betweenWT SBAFP (PDB entry 1M8N) and the SBAFP-m1 protein derived from it. Only the
first half of SBAFP-m1 (itself composed of two fusedmonomers) was used in the alignment. The last 21 residues of 1M8Nwere
deleted in the design of SBAFP-m1, and the first Met is not shown in the alignment. (B) Alignment between WT RGAFP and
RGAFP-m1, which has a total of three deletions and 13 mutations, compared to WT RGAFP.

Figure 4. Stages in the design of the RGAFP-m1. (A) The
N-terminal proline and amino acids causing the bulge
(marked in red in the left structure) were deleted. Next,
amino acids at the monomer interface (marked in red in
the center structure) were mutated to optimize binding
interactions. (B) Close up of end-to-end dimer interface of
RGAFP-m1.
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compare with the AFM topographic information. Note
that this variation is mainly due to the triangular and
rectangular cross sections of the proteins. Figure 6
shows height curves for monomers of SBAFP-m1 and
RGAFP-m2 found using the untwisted monomers. The
SBAFP-m1 monomer has a mean height ranging from
2.25 to 2.55 nm, while the RGAFP-m2 monomer has a
height variation between 1.6 and 2.6 nm.

Taken together, the simulations, carried out in
advance of the experimental fibril synthesis, por-
tended the experimental finding that the designed
β-solenoid proteins form stable amyloid fibrils and
allowed us to exclude several intermediate designs
in the process. Also, simulations provide important
height profiles for comparison to AFM data to provide
corroborating evidence that the observed fibrils have
the desired structure.

Protein Expression, Purification, and Folding. The E. coli

codon-optimized genes for both SBAFP-m1 and
RGAFP-m1 were procured from Life Technologies.
The SBAFP-m1 variant expressed well in E. coli BL21-
(DE3) from the pET28a vector, although it was found
almost completely in inclusion bodies (IBs). The protein
was purified using a protocol of repeated IB washing,

denaturation in 8.5 M urea, and purification by anion
exchange chromatography (see Methods).38 Purified,
unfolded protein was folded to its native state by
stepwise urea removal via dialysis. The progress of this
procedure is shown in the SDS-PAGE gel presented in
Figure S1A, Supporting Information. Generally, a yield
of 30�40 mg of pure protein per liter of growth
medium was obtained. Once the protein was purified
and refolded, it was placed in an incubator at 37 �C
to allow fibril formation. Expression of the naturally
occurring SBAFP followed a literature procedure, with
minor changes detailed in the Methods section.33

The RGAFP-m1 gene in pET28a andWT RGAFP gene
in pET24a were expressed in E. coli BL21 (DE3) cells.
Whole cells were lysed by boiling for 10 min, releasing
the heat-stable RGAFP-m1 and WT RGAFP into the
soluble fraction. This was followed by a 2 h cooling
period to room temperature to refold the protein and
storage at 4 �C. The heat stable properties ofWT RGAFP
are retained in RGAFP-m1, as shown in Figure S1B,
Supporting Information. A yield of ∼10 mg of pure
RGAFP-m1 per liter of growth medium was obtained.
WT RGAFP gave a yield of ∼50 mg of pure protein per
liter of growth medium. As with SBAFP, both RGAFP-
m1 andWT RGAFPwere incubated at 37 �C to promote
fibril growth.

Spectroscopic Characterization. Mass Spectroscopy. SBAFP-
m1 has a calculated molecular mass of 19397 Da with
the N-terminal Met and 19 265 Da without it. Electro-
spray ionization mass spectrometry (ESI-MS) analysis
(Figure S2A, Supporting Information) gives a molecu-
lar weight of 19 267 ( 4.8 Da, corresponding to
the protein without the N-terminal Met, as desired.
SBAFP-m1 runs on SDS-PAGE with an apparent
molecular weight of 20 kDa.

The RGAFP-m1 protein has a calculated molecular
mass of 11 410 Da with the N-terminal Met and 11 279
Da without it. ESI-MS analysis gives a molecular
weight of 11 280 ( 2.8 Da (Figure S2B, Supporting
Information), again corresponding to the mutant
without the N-terminal Met. RGAFP-m1 runs on

Figure 5. β-Sheet content vs time during fibril simulations. (A) SBAFP-m1. (B) RGAFP-m2. The data are averaged over five
different runs eachwith randomnumber seeds of the Langevin thermostat in the AMBER12 simulation suite.36 The β-content
was determined by counting residues in the β-sheet region of the Ramachandran plots using VMD.37

Figure 6. Height profile of SBAFP-m1 (gray) and RGAFP-m2
(black) monomers. For each case, the height minimum
above a constraining surface corresponds to having a face
parallel to and in contact with the surface. The maximum
corresponds to having a line contact with an edge such that
a face is perpendicular to the surface.
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SDS-PAGE with an apparent molecular weight of
25 kDa.

This MS data provides important confirmation that
the sequences of the proteins produced correspond
exactly to those designed and tested for stability. No
modifications to the proteins were detected.

Circular Dichroism. The CD spectrum for SBAFP-m1
is presented in Figure 7A. It shows a single peak at
∼220 nm, suggesting a largely β-sheet structure. De-
convolution of the spectrum using the Contin39 Set 440

program on the online DichroWeb41 server gave the
following estimates for secondary structure content:
4% R-helix, 64% β-sheet/turn and 32% random coil.
Simulation gives 80% β-sheet structure, per Figure 5.
This may indicate somewhat less stability for the
experimental fibrils than expected by simulations.
The SBAFP model has no R-helix, 89% β-sheet, 3%
turns, and 8% coil as calculated by YASARA.

The CD spectrum for RGAFP-m1 is presented in
Figure 7B. As with SBAFP-m1, it shows a single peak at
∼220 nm, indicative of a largely β-sheet structure.
Deconvolution of the spectrum using CONTIN-Set

4 gave a secondary structure content of 2% R-helix,
63% β-sheet/turn, and 35% random coil. Simulations
give 72% β-sheet as shown in Figure 5. The RGAFP
model has no R-helix, 88% β-sheet, and 12% coil as
calculated by YASARA.

The secondary structure assignments agree reason-
ably well between structural models and the CD
deconvolutions. The average error in secondary struc-
ture assignment by the CONTIN software is ∼5% for
R-structure and ∼10% for β-structure,42 although this
depends on the protein and the lowest wavelength
used in analysis.43 Additional evidence of extended
β-sheet formation is presented below.

Thioflavin-T Fluorescence. Thioflavin-T is a small
molecule commonly used for the detection of amyloid
cross-β-structure in peptides and proteins.44,45 The
binding mechanism is not well understood but is
thought to involve either binding into “channels”
between outward facing side chains of β-sheets
and/or ThT micelle formation.46 Empirically, ThT fluo-
rescence is significantly altered when it binds to cross-
β-structures: compared to ThT free in solution, the
excitation maximum shifts from 385 to 450 nm in the
presence of β-sheet fibrils and the emission maximum
changes from 445 to 482 nm.47 This fluorescence shift
has been used extensively to probe peptides for
β-sheet secondary structure, primarily with amyloid
fibrils such as those from Aβ(1�42),47 insulin,48 and
immunoglobulin light chain variable domain SMA.49

During the refolding of SBAFP-m1 by stepwise
dialysis against solutions of decreasing urea concen-
trations, protein samples at each urea concentration
were collected and analyzed for ThT fluorescence.
Figure 8A shows the ThT fluorescence of SBAFP-m1
at urea concentrations from8Murea to 0Murea at 4 �C
and SBAFP-m1 in the absence of urea after incubation
at 37 �C for 24 h. There is a gradual increase in
fluorescence at 482 nm for SBAFP-m1 as the urea
concentration decreases; given the long time of in-
cubation at 4 �C (8 days total to change from 8 to
0 M urea), the increase in ThT signal may arise from
partial polymerization.

SBAFP-m1 at 4 �C gives low ThT fluorescence, which
is significantly above background and greater than
that for WT SBAFP as shown in Figure 8B. The larger
signal from SBAFP-m1 compared to WT SBAFP implies
a small degree of polymerization during the extended
period (8 days) required for stepwise dialysis at 4 �C.
This is further evidence that SBAFP-m1 folds into the
predicted β-helical structure after removal of urea by
dialysis. Incubation of SBAFP-m1 at 37 �C for 24 h
significantly increases ThT fluorescence at 482 nm,
indicating formation of an extended β-sheet species
that has higher ThT binding capacity or greater effects
on the spectral changes of ThT. In general, incubation
of amyloid-prone proteins and peptides at elevated
temperatures is known to facilitate amyloid fibril

Figure 7. Circular dichroism spectra of (A) SBAFP-m1 in
10 mM sodium phosphate, pH 7.8, and (B) RGAFP-m1 in
10mM sodium phosphate, pH 7.8. The spectrum for SBAFP-
m1 was recorded in a 1 cm path length cell, while that
for RGAFP-m1 was recorded in a 0.1 cm path length cell.
Both spectra show a single minimum at∼220 nm indicative
of predominantly β-sheet secondary structure for both
proteins.
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formation.50 The increase in ThT fluorescence with
SBAFP-m1 after incubation at 37 �C implies that the
elevated temperature promotes fibril formation since
an identical sample held at 4 �C does not show the
same large increase over 24 h (Figure 8B). The kinetic
studies discussed below confirm this.

The RGAFP-m1 protein has an increased ThT fluo-
rescence emission peak at 482 nm compared to WT
RGAFP as shown in Figure 8C. Incubation of the WT
RGAFP sample at 37 �C did not change the ThT
emission intensity, suggesting that WT RGAFP does
not form amyloid fibrils. RGAFP-m1 kept at 4 �C
exhibits significant ThT fluorescence, albeit at a weaker
intensity than the sample after incubation at 37 �C; this
suggests some fibril formation at the lower tempera-
ture. This is also evidenced by the DLS data discussed
below, which shows evidence for aggregates in the
4 �C sample. After incubation, fluorescence at 482 nm
increases considerably, undergoing the same pattern
seen with SBAFP-m1. This indicates the formation of
longer amyloid fibrils with β-sheet conformation. Only
weak fluorescence is seen for WT RGAFP both at 4 �C
and after incubation at 37 �C, indicating the changes

made to the protein template are causing the con-
trolled aggregation. Fibril formation for both SBAFP-
m1 and RGAFP-m1 is further evidenced by DLS data,
discussed below.

Dynamic Light Scattering. DLS measures the hy-
drodynamic size of species present in solutions and
is a nondestructive method for investigation of self-
assembly. Measuring the size of the species in solution
by DLS complements AFM imaging in characterizing
the size distribution of fibrils.

For SBAFP-m1, DLS measurements performed be-
fore incubation show a species having an apparent
hydrodynamic diameter of 6.6 ( 1.4 nm that constitu-
tes∼99.8% of the sample, with the remainder consist-
ing of minor species between 59 and 5560 nm in
diameter. After incubation at 37 �C for 24 h, the species
at 6.6 nm (presumably the monomer since the calcu-
lated diameter of gyration is∼4 nm for the unhydrated
model) is absent. Larger species at 32 ( 8 and 230 (
43 nm in apparent diameter are present. Thus, SBAFP-
m1 may self-assemble to a minor extent at 4 �C, while
the monomer is absent and larger species are present
after 24 h incubation at 37 �C.

Figure 8. ThTfluorescence analysis of SBAFP-m1andRGAFP-m1. (A) ThTfluorescence assay of SBAFP-m1 as a functionof urea
concentration in 0.1 M Tris-HCl, pH 7.8. The samples were dialyzed against decreasing concentrations of urea in buffer over
the course of 8 days. Incubation at 37 �C leads to an increase in β-sheet structure. (B) ThT fluorescence of SBAFP-m1 at 4 and
37 �C compared toWT SBAFP at 37 �C. WT SBAFP has low fluorescence at 482 nm even after incubation at 37 �C. (C) ThT assay
comparing WT RGAFP to RGAFP-m1. WT RGAFP has low fluorescence both at 4 and 37 �C, while RGAFP-m1 has significant
fluorescence at 4 �C, which increaseswith incubation at 37 �C as expected for the growth of amyloid fibrils. For the assay, final
protein concentrations, except RGAFP-m1, were 5 μM, and ThT was 10 μM in PBS, pH 7.4. RGAFP-m1 was added to a final
concentration of 1.8 μM due to loss of protein on incubation at 37 �C. ThT data for RGAFP-m1 were normalized for the
decrease in concentration.
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Dynamic light scattering results with RGAFP-m1
also show an increase in fibrils after incubation at
37 �C. Before incubation, the sample consisted of
species with apparent hydrodynamic diameters of
5.0( 0.3 nm (∼98.7%), 28( 4 nm (∼1.1%), and 143(
40 nm (∼0.2%). After incubation at 37 �C, the mono-
mer at 5 nm is absent, and a species with an ap-
parent diameter of 268 ( 48 nm constitutes the
entire sample. The presence of small amounts of

large species in the sample before incubation at
37 �C could either be due to polymerization at 4 �C,
as with SBAFP-m1, or the procedure by which RGAFP-
m1 was purified and folded. Unlike SBAFP-m1,
RGAFP-m1 was purified and folded by boiling fol-
lowed by slow cooling to room temperature. This
process gives the newly folded protein substantial
time at both 4 �C and higher temperatures to under-
go polymerization.

Figure 9. AFM topography images of SBAFP-m1 and WT SBAFP. (A) SBAFP-m1 fibrils after 48 h incubation. The inset shows
fibrils at higher magnification (bar = 200 nm). Height profiles show that the height varies between 1.5 and 3.0 nm. (B) AFM
image of WT SBAFP. Elongated structures and protein aggregates (indicated by red arrows) are present. The inset shows a
higher magnification image (bar = 50 nm). Height profiles show that the heights of fibril-like structures are 2.0�3.0 nm.
(C) Mature, three-week-old SBAFP-m1 fibrils. Red arrowheads indicate lateral assembly of SBAFP-m1 fibrils. Height profiles
show variable (3, 8, and 10 nm) heights. The inset shows SBAFP-m1 fibrils in a parallel or antiparallel arrangement (bar =
100 nm). (D) Internal structure of mature SBAFP-m1 fibril. Image indicates that mature fibrils contain at least approximately
four 3 nm tall individual fibrils bundled together. The red line corresponds to the height profile plotted under the image. The
inset shows randomly attached fibrils and fibril bundles of SBAFP-m1 (bar = 2 μm).
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AFM Imaging. The formation of fibers by SBAFP-m1
was analyzed after 48 h and 3 weeks of incubation at
37 �C. After 48 h at 37 �C, the proteins assembled
into fibers, as revealed by AFM imaging (Figure 9A).
These fibers exhibit no branching or bundling,
and their lengths measure ∼1�7 μm. The expansion
(Figure 9A inset) allows an accurate height determina-
tion of 1.5�3 nm, but predominantly between 2.5 and
3 nm. In contrast to SBAFP-m1, WT SBAFP does not
yield well-defined fibrils under similar conditions. In-
stead, it forms arch-shaped assemblies (40�150 nm in
length) and amorphous aggregates (see red arrows in
Figure 9B). The height of the WT SBAFP monomers is
1 nm (see Figure 9B inset).

Extended (e.g., 3 week) incubation at 37 �C leads to
bundles of fibrils in the case of SBAFP-m1, as shown in
Figure 9C. The expanded view shows that the long axes
of the fibrils are parallel to each other within each
bundle (Figure 9C inset and Figure 9D) although the
fibrils themselves, in the sense of N-to-C terminal, may
be parallel or antiparallel. The number of fibrils in each
bundle varies from ∼2�4 as shown on Figure 9D. The
overall height of the bundle varies from 6 to 10 nm,
depending on the number of component fibers. The
inset of Figure 9C shows the number of individual
SBAFP-m1 fibrils and overall diameter of a typical
bundle. After 3 weeks of incubation at 37 �C, SBAFP-
m1 also forms random, haystack-like aggregates along
with fibrils and bundles as shown in Figure 9D.

AFM images of RGAFP-m1 samples were taken after
3 days incubation at 37 �C. Figure 10A shows high
coverage of RGAFP-m1 fibrils. These fibrils are un-
branched and very uniform in size, with height of
1.5�2.0 nm and length of 150�400 nm. In contrast,
no fibrillar structures were observed under the same
condition usingWTRGAFP, as shown in Figure 10B. The
bright features in AFM topographs measure 1�10 nm
tall with various lateral dimensions, which is consistent
with monomeric and aggregates of RGAFP monomers.
The time-dependence of fibril and bundle formation is
qualitatively consistent with known amyloid fibril for-
mation kinetics.51

Kinetic Analysis. The kinetics of fibril formation were
followed for SBAFP-m1. DLS measurements on sam-
ples at 4 �C before the initiation of polymerization at
37 �C show the monomer as the only species present.
Within 10 min of incubation at 37 �C the monomer is
completely gone and replaced by larger species. The
formation of large polymers was monitored by turbid-
ity at 300 nm. A time course is presented in Figure 11.
A lag phase is indicated by the data, and a simple ex-
ponential model gives a poor fit. The data were ana-
lyzed within the framework presented by Ferrone.52

Considering the 12 rung cross-β-structure of SBAFP-
m1, we assumed that the critical nucleus size is 1 so
that the initial concentration of polymerization nuclei
is equal to the initial concentration of protein. This

leads to a simplified expression for the polymerization
kinetics, given in eq 1

y ¼ 1 � sech(kþM0t) (1)

where kþ is the effective forward rate constant for
polymerization,M0 is the initial concentration ofmono-
mers, and t is time. This equation results from a new
analytic solution to the Ferrone nucleated linear
polymerization equations,52 the full details of which
will be presented elsewhere. By effective kþ value here,
we mean that we are not explicitly accounting for
nucleation effects such as the need for a different, rare
monomer conformation to nucleate fibrils as has been
argued for PolyQ aggregation.53

Fitting the turbidity data to eq 1 (Figure 11) gives a
value of 14 ( 1 M�1 s�1 for the rate constant, while
fitting to ThT time course data (not shown) gives
a value of 42 ( 7 M�1 s�1. These effective values for
kþ are rapid compared to those measured for other
cross-β-fibril formation reactions. In particular, effec-
tive kþ values from the literature are 0.3 M�1 s�1 for
insulin,54 3.3 M�1 s�1 for WT PrPSc (prion) elongation in
mice (assuming a concentration of PrPC in mice brain
tissues),55 0.034, 0.3, and 1.4 M�1 s�1 for PolyQ poly-
mers with 28, 36, and 47 glutamines,56 respectively,
and 0.14, 0.58, 1.5, and 6.9 M�1 s�1 for the spider silk
amyloid peptide constructs eADF4(C2), eADF4(C4),
eADF4(C8), and eADF4(C16), respectively.57 While a
critical nucleus for aggregation of 1 was determined
for the PolyQ case,56 it is unknown in the others and
assumed to be 2 for insulin.54 Nonetheless, it is appar-
ent that despite the large size of the SBAFPmonomers,
the fact that they have preformed β-sheet structure
affords much more rapid aggregation than other
amyloids, particularly in the short time limit where
aggregation goes generically as kþ

2,52

The fit assumes the turbidity is proportional to the
total mass of polymer, which is a reasonable assump-
tion provided that the fibril lengths exceed the wave-
length of light (300 nmhere).58 Thismay break down in
detail at short times in our experiments. We also note
that our effective kþ values fall many orders of magni-
tude below the Smoluchowski diffusion limit kD of
about 109 M�1 s�1,59 a point noted before for polyQ
aggregation.53 In our case it is unlikely that this arises
from a small probability nucleation complex as argued
for PolyQ since the monomer form appears highly
stable on its own in simulations and experimentally
in solution. It is possible for anisotropic geometric
constraints to significantly reduce kþ, a point we shall
explore in future work.

In preliminary experiments, we find that polymeri-
zation under identical conditions, except when NaCl is
added to 1M final concentration, occurs approximately
3-fold slower. When fibrils are harvested from polym-
erization reactions by centrifugation and resuspended
in fresh buffer at 60 �C, approximately 30% of the initial
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turbidity is lost in 1.5 h, after which it is stable over time.
Similar experiments show that approximately 5% of
the initial turbidity is lost when fibrils are resuspended
in buffer containing 80% ethanol in 1.5 h, after which it
is stable over time.

CONCLUSIONS

In conclusion, we have shown that two monomeric
wild type antifreeze BSPs (from Spruce Budworm and
Ryegrass) can be engineered to polymerize into amy-
loid fibrils as evidenced by CD, DLS, ThT fluorescence,
and AFM imaging, with the expected height profiles
observed in AFM. To our knowledge, this is the first
confirmation of amyloid formation from large BSP
monomers, albeit in a synthetic context, despite the
extant speculation that BSP structures should arise
for known wild type amyloidogenic proteins60�63 (we
refer here to large BSPs with tightly packed interiors,
although the Het-S fungal prion is known to form a
more open β-solenoid amyloid structure64).
This demonstration is the first step toward apply-

ing these BSPs with extraordinary geometries for pre-
cision nanoscale applications such as templating
nanoparticles for functional devices, enzyme arrays,
peptide arrays for regenerative medicine, etc. Recently,

Figure 11. Kinetics of SBAFP-m1 fibril formation moni-
tored by turbidity at 300 nm and total soluble protein in
solution. A reaction mixture containing 10 μM SBAFP-m1
initially on ice was placed in a 37 �C incubator and shaken
at 250 rpm to keep the sample mixed. At various times
the reaction mixture was homogenized on a vortex mixer,
a sample removed, and turbidity measured. The end-
point turbidity is very close to 1 in these experiments.
The sample was then centrifuged to remove insoluble
protein, and the soluble protein concentration measured.
The data are a combination of three independent experi-
ments and were fitted to eq 1. The forward rate constant
for polymerization calculated from both types of data is
14 ( 1 M�1 s�1.

Figure 10. AFM topography images of RGAFP-m1 and RGAFP on poly-L-lysine coatedmica (0001) surfaces. (A) A 1 μm� 1 μm
AFM imageof RGAFP-m1. The red line corresponds to the height profile under the image. Theheight of RGAFPfibrils is around
2.0 nm. Tall features (indicated by red arrows) are likely aggregates of RGAFP-m1 monomers. The inset shows the height
profile for a single fibril (bar = 40 nm). (B) 3 μm� 3 μmAFM image ofWT RGAFP. The red line corresponds to the height profile
under the image. The inset shows a highermagnification, with individual bright features clearly shown. The red line indicated
by the black arrow is a single layer step of mica (0001) with a known height of 1 nm.

A
RTIC

LE



PERALTA ET AL . VOL. 9 ’ NO. 1 ’ 449–463 ’ 2015

www.acsnano.org

460

enzymatic65 and charge transfer66 activity for peptide-
based amyloids has been demonstrated. The larger
and more readily manipulated BSPs employed here

hold greater promise for tailor-made nanoscale tem-
plates with precisely spatially defined functionalization
on the 2�10 nm scale.

METHODS

Molecular Dynamics Simulations. All molecular dynamics simu-
lations of both designed peptides were performed using the
AMBER 12 package36 at our custom built STRIDER GPU cluster at
UC Davis. The ff12SB parameter set was employed with a time
step of 0.002 ps and fully constrained bonds to hydrogen atoms.
The aqueous peptide environment was simulated explicitly
with TIP3P water at constant pressure, in a long, rectangular
box with periodic boundary conditions (PBC). In simulating
long, fibrillar multimers, a novel adaptive box algorithm was
employed to economize the computation (avoiding an exceed-
ingly large solvation geometry) all while maintaining a consis-
tent solvent environment: (i) The minimum pairwise distance of
the macromolecule (solute) with all of its periodic images was
regularly recomputed, specifically anticipating rotational drift.
(ii) When this distance decreased below a cutoff of 15 Å, waters
beyond this distance from any solute atom were stripped; the
solute and close waters were reoriented in a new rectangular
box wherein the box boundaries were at least 20 Å from any
solute atom; and this boxwas resolvatedwith TIP3Pwaters of an
appropriate density for the fixed pressure. (iii) The simulation
was recommenced, accepting a picosecond-scale duration to
accommodate the re-equilibration of outer-shell waters in the
new periodic box. The simulations for the SBAFP-m1 and
RGAFPm2 fibrils were carried out for 20 ns with five different
random number seeds for the Langevin thermostat.

β-Sheet content was measured from simulation time
series by using VMD37 to count the number of residues
within the typical β-sheet secondary structure region of
the Ramachandran plot of j�ψ torsion angles (i.e., �180� <
j < 0�,�180�<ψ <�150� and�180�<j < 0�, 60�<ψ< 180�).

The height profiles of the monomers for comparison with
AFM experiments were obtained as follows. First, to remove any
inherent twist in the monomers, we constrain CR atoms on one
side of the monomer to lie in a plane and use energy minimiza-
tion within the AMBER suite to relax this constrained structure.
Then, each monomer was rotated such that its helical axis is
aligned along the x-axis. The monomers were then rotated
about the x-axis at 10� angle intervals. At each rotation the
maximum z-coordinate height difference was measured for 5 Å
thick slabs along the length of the helical axis. The average and
standard deviations of this height along the length of the
monomer was then obtained. Only heavy atoms were used
for the height measurements.

Protein Expression, Purification, and Folding. The SBAFP-m1 and
RGAFP-m1 genes in pET28a were procured from Life Technol-
ogies (Grand Island, NY). Proteins were expressed in E. coli BL21
(DE3) cells. For SBAFP-m1, 1 L cultures were inoculated with
overnight cultures and grown at 37 �C, until OD600 reached
0.9�1.0. Cultures were cooled on ice for 30 min after which
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a
final concentration of 1 mM. Protein expression proceeded at
30 �C for 3 h, and cells were collected via centrifugation and
resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM
NaCl, 5 mM EDTA, and 0.5% Triton X-100). Cells were lysed by
sonication and soluble and insoluble fractions separated by
centrifugation. Insoluble inclusion bodies were purified by
repeated sonication in lysis buffer without Triton X-100 and
centrifugation, a total of four times. The purified inclusion
bodies were resuspended in folding buffer (100 mM Tris and
50 mM glycine, pH 8.0) and were added dropwise into denatur-
ing buffer (100 mM Tris-HCl, 50 mM glycine, and 8.5 M urea, pH
8.0) at 4 �C with stirring overnight. Denatured SBAFP-m1 was
purified on Fast Q Sepharose anion exchange column (GE
Healthcare Lifesciences, U.K.). The loading buffer was 50 mM
Tris-HCl, 10 mM NaCl, and 8 M urea, pH 8.0, while the elution
buffer was identical except for being supplemented with

500 mM NaCl. Elution used a linear gradient. Purified SBAFP-
m1 was concentrated using Amicon centrifugal devices (EMD
Millipore, Germany) with a molecular weight cutoff of 3500 Da.
Purified, concentrated SBAFP-m1 was refolded by stepwise
dialysis out of urea using dialysis membrane with a molecular
weight cutoff of 3000 Da and into 0.1 M Tris-HCl, pH 8.0 at 4 �C.
Each day the concentration of ureawas decreased by 1Muntil it
reached zero.

TheWT SBAFPgene in pET20bwas acquired from theDavies
lab and expressed according to the published protocol with
minor changes.33 Briefly, protein was expressed in BL21(DE3)
E. coli cells in LB with IPTG induction when cell density reached
0.9 at 600 nm. Cells were collected via centrifugation and
resuspended in a lysis buffer of 10 mM Tris-HCl, pH 9.0, 1 mM
EDTA, and 10 mM 2-mercaptoethanol. Cells were disrupted by
sonication and IBs denatured in lysis buffer containing 8 M urea
and allowed to stir overnight at 4 �C. Crude, denatured SBAFP
was purified like SBAFP-m1 with buffers supplemented with
10 mM 2-mercaptoethanol to keep cysteines reduced. Dialysis
buffer for refolding was supplemented with 2% w/v glycerol.

The RGAFP-m1 and WT RGAFP proteins were expressed by
inoculating a 1L culture with overnight cultures and grown at
37 �C until OD600 reached 0.9�1.0. Cultures were chilled in an
ice�water bath for 20min followed by IPTG addition to 0.5 mM.
Protein expression continued at 18 �C for 20 h. The cells were
pelleted by centrifugation and resuspended in PBS, pH 7.4
(10 mM sodium phosphate, 138 mM NaCl, and 2.7 mM KCl)
followed by freezing at �80 �C. The frozen cell pellet was
thawed at 37 �C and boiled for 10 min to lyse the cells. After a
2 h cooling period, RGAFP-m1 was sonicated extensively.
DNaseI (Worthington Biochemical Corp., Lakewood, NJ) was
added to a final concentration of 1.6 μg/mL to the sonicated
sample and incubated for 40 min followed by heat inactivation
of the DNaseI by boiling at 100 �C for 10 min. The sample was
allowed to cool to 4 �C and dialyzed into PBS with 6�8 kDa
dialysis tubing (Spectrum Laboratories, Irving, Texas). As a final
purification step, the dialyzed protein was loaded onto a Fast Q
Sepharose anion exchange column (GE Healthcare Lifesciences,
U.K.) and washed with PBS pH 7.4. The elution buffer was
supplemented with 0.5 M NaCl. Fractions containing proteins
were pooled and dialyzed into PBS buffer before incubating
samples at 37 �C for fibril formation.

The boiled cell lysate of WT RGAFP was purified using a
nickel�NTA resin pre-equilibrated with binding buffer (50 mM
Tris-HCl, 0.5 M NaCl and , 5 mM imidazole, pH 7.5) in a 10 cm �
1.5 cm column. The bound WT RGAFP was washed with 10
column volumes of binding buffer and the protein eluted with
elute buffer (50mM Tris-HCl, 0.5MNaCl, and 200mM imidazole,
pH 7.5). Fractions containing protein were pooled and dialyzed
into PBS using a 6�8 kDa dialysis membrane tubing. Protein
concentrations for both RGAFP-m1 and WT RGAFP were deter-
mined with the bicinchonimic acid assay (Thermo Scientific,
Rockford, IL).

Amyloid Fibril Formation. Purified SBAFP-m1 at a concentration
of 70 μM in 0.1 M Tris-HCl, pH 8.0, was transferred to an
Eppendorf tube and incubated at 37 �C to promote fibril
formation. Purified RGAFP-m1at at a concentration of 98 μM
in PBS pH 7.4 was incubated at 37 �C in an Eppendorf tube until
further analysis.

Thioflavin-T Fluorescence Assay. ThT fluorescencewasmeasured
as described.45,67 ThT stock solutions were prepared by dissolv-
ing ∼2 mg of ThT (Sigma-Aldrich) in 2 mL of PBS, pH 7.4, and
filtered through a 0.22 μm filter. Stock concentrations were
determined using an extinction coefficient of 26 620 M�1 cm�1

at 416 nm. A working 500 μM ThT solution was prepared from
the stock solution. For the assay, SBAFP-m1 was added to a final
concentration of 5 μMand ThT to a final concentration of 10 μM
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in PBS, pH 7.4. The emission spectrumwas recorded from 465 to
565 nm with excitation at 450 nm. For the assay, all protein
concentrations, except for RGAFP-m1, were added to a final
concentration of 5 μMand ThT to a final concentration of 10 μM
in PBS, pH 7.4. RGAFP-m1 was added to a final concentration of
1.8 μM due to a loss of protein after incubation. ThT data for
RGAFP-m1 were normalized for the decrease in concentration.

Circular Dichroism. Protein secondary structure was analyzed
using CD. For SBAFP-m1, the spectrum is a concentration-
normalized combination of those for 0.02 mg/mL sample from
190 to 200 nm and 0.2 mg/mL sample from 200 to 300 nm in
10mM sodiumphosphate, pH 7.4, in a 1 cm cell at 25 �C. Spectra
were collected at a scan rate proportional to high voltage using
an OLIS DSM 20 instrument. Reported spectra are an average of
5 scans. For RGAFP-m1, spectra were taken with 0.2 mg/mL
sample in a 1 mm path length cell at 25 �C in 10 mM sodium
phosphate, pH 7.4.

Dynamic Light Scattering. DLS measurements were performed
using a Zetasizer NanoS (Malvern Instruments, Worcestershire,
U.K.). Sample preparation for DLS measurements consisted of
clarification by centrifugation at 13 000 � g for 5 min. Protein
concentrations were ∼1 mg/mL in PBS, pH 7.4. Measurements
were made at either 4 or 37 �C depending on prior sample
treatment. A protein refractive index of 1.450 and a water
refractive index of 1.330 were used. Each reported value is an
average of 10 acquisitions, each lasting 300 s. The averages and
standard deviations of these 10 runs are reported.

Atomic Force Microscopy. Sample Preparation. Pieces of 8.0mm�
8.0 mm � 0.5 mm muscovite mica were cut and mounted on
standard microscope slides using composite epoxy glue (5 min
Epoxy, ITW Performance Polymers and Fluids, FL, USA). Before
protein deposition, the top layer(s) of mica was peeled mechani-
cally to expose fresh (0001) surfaces. For SBAFP-m1 or WT SBAFP,
20 μL of sample in Tris buffer (100 mM, pH 8.0) was deposited on
the freshly exposed mica (0001) surfaces. After 5 min incubation,
the surfaces were washed three times with 200 μL of Tris buffer
(100mM, pH 8.0) to removeweakly boundproteins and fibrils. The
samples were immediately imaged in the Tris buffer. Sample
preparation for RGAFP-m1 or WT RGAFP followed similar pro-
tocols except for the surface coating and imaging medium.
The freshly cleaved mica (0001) surfaces were coated with poly-
L-lysine, by dropping 80 μL of 0.1% (w/v) poly-L-lysine (Sigma
P8920, MW 150�300 kDa) onto the surface, incubating for 5 min,
then washing with Milli-Q water. The surfaces were dried with
clean air before protein deposition. The samples were imaged
under ambient conditions.

Imaging. AFM was performed using an MFP-3D AFM
(Asylum Research, Santa Barbara, California, USA). Most images
were acquired using AC or tappingmode tominimize perturba-
tion and damage to surface bound proteins and fibrils. The
typical set point was at 70%�80% of original amplitude, and
scan rate was 0.8�1 Hz. For imaging in aqueous media, two
types of probes were used. The first was a Biolever A cantilever
(BL-RC150, Olympus, Japan). Its resonance frequency (f) was
determined by the built-in software of MFP3D AFM. The spring
constant (k) was provided by the manufacturer. Typically, f ≈
10 kHz and k ≈ 30 pN/nm. The second type was an MSNL E
cantilever (Bruker, USA) with f ≈ 11 kHz and k ≈ 100 pN/nm.
For imaging under ambient (dry) conditions, AC240 cantilevers
(Olympus, Japan) with f ≈ 65�75 kHz and k ≈ 2.0 N/m were
used.

Fibrilization Kinetics. Monomeric samples (10 μM) in 0.1 M
Tris-HCl pH 8.0 were held at 4 �C in 15 mL capped plastic
centrifuge tubes until polymerization was initiated by incubat-
ing at 37 �C with shaking at 250 rpm. At various times, the tube
was homogenized on a vortex mixer, and a sample was
removed for analysis by absorbance at 300 nm (turbidity),
DLS, and ThT fluorescence. Before ThT analysis, the sample
was centrifuged for 5 min at 12 000 � g at room temperature.
The soluble supernatant and the resuspended insoluble pre-
cipitate were separately analyzed with ThT as above. The
soluble protein concentration in the supernatant was measure
by absorbance at 280 nm before being used in the ThT assay.
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