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1. General Introduction

1.1. Functionalized Nanowires

Research focus on functionalized nanowires has been exponentially increasing
over the past decade because of their tremendous potential for a wide range of
applications in the fields of nanotechnology, biotechnology, chemistry, physics, the life
sciences, and medicine. This is because their nanosized one-dimensional geometry
affords them a variety of unique and intriguing properties, for example, exceptional
electrical properties (1-5), very high sensitivity (6-11), excellent catalytic activity
(12-14), mutifunctionality (15-18), unprecedented integration (19-21), efficient drug
delivery (22,23), and controlled cell culture (24,25). These properties make
functionalized nanowires key materials for the design of devices, systems, and
biological tools with novel functions.

Bottom-up approach has been a great focus for preparing functionalized
nanowires since it allows assembling a wide variety of materials ranging from inorganic
atoms to biomolecules into nanowire structure with divers properties (26-29). One
successful bottom-up method reported to date is vapor-liquid-solid (VLS) nanowire
growth, whereby nanowire crystals can be formed from a nanodroplet catalyst through a
chemical vapor deposition process, yielding single-crystalline nanowires composed of
metal and inorganic materials (30,31). Based on this method, Lieber and colleagues
have developed strategies to create various nanowire-based devices such as field-effect
transistors (32,33), p-n diodes (33-36), light-emitting diodes (LEDs) (37-39), and
nanosensors (40). Molecular self-assembly has widely been investigated to achieve mild

and cost-effective preparation of functionalized nanowires (26,27). Researchers have



employed organic and biomolecular building blocks containing pentacene (41,42),
hexabenzocoronene (43-46), cyclic peptides (47,48), peptide amphiphiles (49,50), and
amyloid peptides (51,52). Although self-assembly-based methods have successfully
yielded conductive and semiconductive nanowires and nanotubes, light-harvesting
nanowires, and nanowire templates for biominerals and cells, challenges remain
regarding the diversity of function and, more importantly, in the control of the
supramolecular architecture of the functionalized nanowires because modification of
building blocks with a particular molecule for functionalization seriously alters their
self-assembly. Therefore, methodologies to control the self-assembly of modified
building blocks are highly required.

The bottom-up approach has also attracted attention for future manufacturing of
commercial device. This is because top-down method, which includes a
nanolithography process creating patterns of small objects from bulk materials to
construct integrated functional systems and fabricate commercially available devices,
have faced to physical and economical problems (53). A key goal for the bottom-up
strategy, for this objective, is to integrate preformed nanowires into designed
hierarchical structures. And, creating nanowire patterns, which provides functional
nanosystems working within a device, is the first step to achieve this goal. Researchers
have approached nanowire patterning by using physical and chemical forces such as
hydrophilic/hydrophobic, electric, dielectric, magnetic, and fluidic forces (40,54-59).
Although these approaches have been successful to some extent, they still have
limitations because the array highly depends on the nanowire’s ability to respond the
applied forces, and the methods employed often require special instruments and setup.

These limitations make it challenging and costly to assemble bottom-up nanowires into



nanodevices.

1.2. Amyloids

Amyloids are highly organized aggregates that result from self-assembly of
proteins and peptides (51,60). The common feature of these biomolecular aggregates is
their nanofibrillar architecture, referred to as ‘amyloid fibrils’, typically with
micrometers long and approximately 10 nm wide (61,62). Amyloid formation and
deposition of normally soluble proteins on the extracellular matrices of organs or tissues
are referred as amyloidosis, which is related to numerous protein misfolding disorders
such as Alzheimer’s disease, prion diseases, type II diabetes, and dialysis-related
amyloidosis (60,63). Thus, amyloids are among the most important therapeutic targets.
In contrast, in vitro studies have revealed that sequentially unrelated proteins or even
artificial peptides have a substantial property to form amyloid fibrils under appropriate
conditions (51,52,64). Therefore, the amyloid state is thought to be a
thermodynamically favorable state that all polypeptide molecules inherently possess.
The supramolecular structure of the fibrils comprises a cross- conformation in which
intermolecular 3 sheets are aligned along the fibril axis, with the f§ strands oriented
perpendicularly to the fibril axis through formation of a backbone hydrogen-bonding
network (62). Methods based on X-ray and solid-state NMR have demonstrated an
inter-strand separation of 4.7 A and a distance between stacked P-sheets of
approximately 10 A (65). This B-sheet-rich structure with extensive intermolecular
hydrogen bonds affords the fibrils high stability and mechanical strength (66-70). These
attractive properties in conjunction with the availability of synthetic peptides (amyloid

peptides) in vitro make amyloid fibrils promising materials to create functionalized



nanowires. Therefore, understanding of the mechanism of amyloid fibrillation is of
great interest to identify effective approaches for the development of nanomaterials and
for therapeutic strategies.

A prevailing model of amyloid self-assembly is shown in Figure 1-1 and consists
of two phases: nucleation, and elongation. Elongation and maturation usually
concurrently take place and are indistinguishable by traditional kinetic assays such as
ThT. Thus, these two steps are often considered as a single step, i.e., only the elongation
step). Nucleation is a rate-determining step, before which monomer and globular
oligomers containing a variable number of peptides coexist in equilibrium. Some
oligomers can be present as stable soluble species and have been hypothesized to
convert into the nucleus of amyloid fibril formation; for example, the AP(1-42) peptide
forms a stable dodecamer that would be a terminal species towards nucleation (71,72).
The elongation phase starts when a critical number of nuclei form. In this phase the
nucleus serves as a template onto which monomer peptides accrete by undergoing a
conformational transition with subsequent exposure of the interactive domains for fibril
growth. Successive addition of monomers takes place for assembly into a ‘protofibril’,
which is metastable prefibrillar intermediate with a short and flexible filamentous
morphology and a typical length of a few hundred nanometers. This intermediate
species has been demonstrated to adopt a partially unfolded  conformation (73).
Accumulating evidence suggests that the stable globular oligomers and protofibrils are
primary cytotoxic species that cause cellular damage or cell death (74,75). The
protofibrils subsequently assemble into ‘mature fibril’ by associating with one another
and through further addition of monomers. The mature fibril is a terminal species of

fibrillation and has a relatively straight and twisted structure. Some morphological
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Figure 1-1. General model of amyloid fibrillation comprising two phases: nucleation
and elongation (a). In the nucleation phase (b), peptide monomers are in equilibrium
with their oligomers with globular structure, wherein certain oligomers can exist in a
stable conformation. Elongation phase (c) starts coincident with the emergence of a
certain number of nuclei. In this phase, the peptide monomer, not oligomer, assemble
into protofibrils by addition to the nucleus and the growing protofibril ends. The
protofibrils then further assemble into mature fibril through continuous monomer
addition and tangling together with conformational rearrangement to form a
characteristic cross- structure. (inset) An AFM image of protofibrils and mature fibrils
formed from AB(1-40) peptide (76).



differences, such as periodicity and the number of filaments comprising a single fibril,
are normally observed; this variability is termed as polymorphism (61,76).

Although many cases can be explained using this model, emerging evidence
suggests that some fibrillation systems involve other additional pathways such as
secondary nucleation (77,78), which is a process where assembly-dependent nucleation
takes place because of the creation of additional reaction sites for monomer addition
based on the interaction of monomers with the fibril surface (surface-catalyzed
nucleation) or fibril breakage (79). Therefore, it is still challenging to understand

amyloid self-assembly and control fibril architecture.

1.3. Ion Mobility-Mass Spectrometry

Ion mobility-mass spectrometry (IM-MS) is an analytical technique allowing
simultaneous measurements of the mass and shape of analytes based on mass
spectrometry coupled to ion mobility spectrometry, which enables shape-dependent
separation of ions. This hybrid method was first introduced by Kebarle and Hogg in
1965 (80,81) and has been developed over the past 40 years. In addition to the progress
of soft ionization techniques, the quadrupole-coupled ion mobility instrument developed
by Wyttenbach, Kemper, and Bowers (82) has opened up enormous opportunities to
structurally study an impressive range of biomolecules and biomolecular complexes
including self-assembling peptides (72,83-87).

Figure 1-2 represents an overview of the IM-MS instrument, which is mainly
composed of a nanoESI source, an ion storage component, a drift cell, a quadrupole
mass analyzer, and a detector (82). Peptide or protein samples are first electrosprayed

from the nanoESI capillary under mild conditions in which peptide or protein ions can
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Figure 1-2. Schematic illustration of a general IM-MS instrument (82). Ions
electrosprayed from the nano-ESI capillary are stored and pulsed into the drift cell for
ion mobility spectrometry (IMS) and subsequently selected by mass in the quadrupole
for detection of the arrival time (¢,) of particular ions.



retain their solution structure even in the gas phase (88). The ions are subsequently
pulsed from the ion storage component into the drift cell, into which a buffer gas
(normally helium) is injected and a weak electric field is applied. Thus, the ions
experience both acceleration from the electric field and deceleration due to collisions
with the buffer gas, and they consequently pass through the cell with a constant velocity
determined by the balance of these two forces. lons with the same mass-to-charge ratio
but different structure can be separated according to drift time based only on collision
frequency. The size of the ions is quantitatively described according to the collision
cross section between the ion and the buffer gas, which is proportional to the drift time.
The quadrupole mass filter enables the selection of ions with a particular mass-to-charge
ratio and detection of drift time for mass-selected species. This equipment allows a
selective structural analysis of particular species in solution, even if they are present at a
very low level, which makes IM-MS a powerful tool to study self-assembly.

Employing IM-MS, Bowers and coworkers have successfully characterized the
oligomerization process of various amyloid peptides including amyloid 3, human IAPP,
and prion fragments over the last five years (83,85,89-92). Furthermore, the ability of
IM-MS to identify specific inhibitors for amyloid formation of these peptides (93)
demonstrates that oligomerization properties revealed by IM-MS are actually related to

the bulk fibrillation features.

1.4. Biomineralization
Biomineralization is the process by which living organisms produce minerals in
tissues in a well-controlled and selective manner (94-96). This process is generally

controlled by the primary sequence and/or three-dimensional structure of proteins,



which possess a crystallographic recognition capability that defines the composition,
order, and direction of the inorganic materials produced. Recent phage display-based
studies have successfully identified a series of peptide sequences with high affinity to
specific inorganic materials (Table 1-1) (97), which has opened up new strategies to
control and design the nanostructure of inorganic nanoparticles (98,99). Given its
peptidic nature and compatibility with various chemical and synthetic procedures,
biomineralization could be a practical approach to control nanoparticle shape and also

hierarchical 1D, 2D, and 3D nanostructures.

1.5. Aims

In the current study, I aimed to 1) develop a methodology to control the
self-assembly of amyloid peptides that allows not only modulation of the fibril
architecture but also effective formation of modified amyloid fibrils for use as
functionalized nanowires, 2) determine the structure-modulation mechanism based on
studies of oligomerization and fibrillation using IM-MS and AFM, and 3) develop
approaches to construct nanowire patterns. Throughout the study I employed the
mixtures of our designed amyloid peptides, termed as structure-controllable amyloid
peptides (SCAPs), which have a three-amino-acid-residue unit at the N-terminus to
control or modulate fibrillation and fibril architecture. The combination of fibril
modification with biomineralization could expand the application of our strategy to
inorganic nanowire systems, such as nanoelectronics. The straightforward
functionalization, control mechanism, and nanowire patterning would shed new light on

the field of bottom-up functionalized nanowires and nanomaterials.



Table 1-1. Specific biomineralization sequences for inorganic materials reported in (97).

Mater. Sequence Sequence Mater. Sequence
Au  MHGKTQATSGTIQS AYSSGAPPMPPF ZnO YDSRSMRPH
NPSSLFRYLPSD
DRTSTWR SLATQPPRTPPV CaCO; HTQNMRMYEPWF
Pt QSVTSTK DVFSSENLKHMR
SSSHLNK MSPHPHPRHHHT
RGRRRRLSCRLL VVRPKAATN
SVTQNKY KPSHHHHHTGAN Cr0; RIRHRLVGQ
Pd  SPHPGPY
HAPTPML AQNPSDNNTHTH Fe,O; RRTVKHHVN
RLELAIPLQGSG
Zeolites MDHGKYRQKQATPG TPPRPIQYNHTS ZnS NNPMHOQN
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2. Formation of Functionalized Nanowires Based on Control of
Self-Assembly Using Structure-Controllable Amyloid Peptides

2.1. Abstract

Amyloid peptides have great potential as building blocks in the creation of
functional nanowires because of their natural ability to self-assemble into nanofibrillar
structures and because they can be easily modified with various functional groups.
However, extensive modification of an amyloid peptide generally alters its
self-assembly property, making it difficult to construct functionalized fibrils with a
desired structure and function. In this study, we demonstrate an effective method to
overcome this problem by using our structure-controllable amyloid peptides (SCAPs)
terminated with a three-amino-acid-residue cap. The method consists of mixing two or
more structurally related amyloid peptides with a fraction of modified SCAPs that
co-assemble into a fibril. This SCAP-mixing method provides remarkable control of
self-assembly and reproducibly forms extremely long and homogeneous fibrils
regardless of the presence of modified amyloid peptides. Furthermore, we show that the
modified peptides embedded in the resulting fibril can subsequently be functionalized to
generate nanowires with the desired properties, thus highlighting the importance of our

SCAP method for nanotechnology applications.
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2.2. Introduction

Functionalized nanowires possess unique properties that make them valuable
materials for the design of next-generation devices but also systems with never before
seen functions. Adding functional groups to nanowires allows mixing of the structural
and electrical properties of nanowires with the recognition or catalytic properties of
biomolecules. These added properties give these materials great potential in
nanoelectronic applications as novel sensors, field-effect transistors, photodiodes, and
LEDs (1-7), creating a high demand for this nanoscale material.

One practical approach to create these functionalized nanowires is to use the
bottom-up strategy, which consists of assembling molecular building blocks into a
variety of functionalized nanostructures. Several materials such as peptide amphiphiles,
carbon, and DNA have been identified as building block candidates to make nanowires
(5-9). However, despite their ability to successfully form fibrils, these materials are very
limited in the type of functional nanowires they can form, or they require complicated
synthetic procedures. Therefore, attention has been focused on the use of amyloid
peptides as building blocks since, not only they can naturally self-assemble into
uni-dimensional fibrils of exceptional stability and mechanical strength (10-20), but
given their peptidic nature, it is easy to assign them various functionalities with rather
simple engineering techniques.

The most common problem when making fibrils from amyloid peptide building
blocks is the difficulty in controlling the structure of the resulting fibrils (for example
the length, height, and homogeneity of the ensemble), especially when functionalized
amyloid building blocks are employed because the modification of amyloid peptides

seriously alters their self-assembling property (21). This fact highlights the importance
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of developing effective methodologies to control the self-assembly of modified amyloid
building blocks.

Recently, we demonstrated that the attachment of a three-amino-acid-residue unit
to the N-terminus of amyloid peptides drastically affects their self-assembly (22). These
peptides can accelerate fibril formation but also can yield fibrils with various
architectures depending on the properties of attached amino acids. Therefore, the added
N-terminus of the SCAPs offers an additional binding interface that helps to stabilize
self-assembly. Furthermore, in natural systems, interactions among multiple amino acid
residues support folding or stabilization of protein structures, which suggests that
employing two or more SCAPs as a mixture would allow effective control of fibril
formation and structure. This would also make it possible to introduce functional
molecules to the building blocks without any disruption of fibril formation.

In this study, we describe an efficient and straightforward way to control the
self-assembly of peptides by mixing multiple SCAPs and also present a method to make
functionalized nanowires (shown schematically in Figure 2-1) (23). Mixing of multiple
SCAPs allowed effective control of fibril formation. We also show that modification of
one of the SCAPs in the mixture does not disrupt the structure or the self-assembly of
the fibrils and yields modified nanowires containing functional or probe molecules. We
were further able to functionalize the probed nanowires with probe-specific

nanomaterials.
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Figure 2-1. Schematic picture of our strategy for forming a wide variety of
functionalized amyloid nanowires. Mixing multiple SCAPs containing two different
units controls the self-assembly of amyloid peptides. When functionalized SCAPs (F-
SCAP) or probed SCAPs (P-SCAPs), which have a functional or probe moiety,
respectively, at the N-terminus, are added to the SCAP mixture, nanowires form with
the attached molecules embedded. Many types of molecules can be incorporated into
the fibrils. The probed nanowires can be subsequently functionalized by associating the
corresponding functional materials with the nanowires via specific interaction with the
probe.
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2.3. Experimental Procedures

Peptide Synthesis

Peptides (Table 2-1) were synthesized with a standard Fmoc-chemistry on Rink
amide resin automatically with an Applied Biosystems 433A peptide synthesizer
(Applied Biosystems Inc., Foster City, CA) or manually. All N-terminal modifications,
biotin, a-lipoic acid, maleimide, azide, tetramethylrhodamine, fluorescein, and
aminomethylcoumarine, were carried out on the resins. Biotin or a-lipoic acid was
coupled by the use of 10 eq. D-Biotin (Sigma) or DL-a-lipoic acid (Watanabe Chem.),
10 eq. HBTU/HOBt, and 20 eq. DIEA in NMP for 1 h or 30 min, respectively.
Maleimide coupling was performed with a mixture of 2 eq. 3-maleimidopropionic acid
(N-maleoyl-B-alanine, Aldrich), and 1 eq. WSCI in DMF/DCM = 1/1, for 1 h. The azide
group was conjugated with a mixture containing 4 eq. 5-azidopentanoic acid (Aldrich),
4 eq. HBTU and HOBt, and 8 eq. DIEA in NMP for 2 h. For fluorescent modifications,
the N-terminal-free peptide resins were washed once using 2 M DIEA in NMP and
twice with NMP prior to coupling. Fluorescein and tetramethylrhodamine were coupled
with 1.2 eq. NHS-Fluorescein (Pierce) and NHS-Rhodamine (Pierce) for 12 h,
respectively. The conjugation of aminomethylcoumarine was conducted using a mixture
of 1.2 eq. 7-amino-4-methyl-3-coumarinylacetic acid (Aldrich), 1.2 eq. HBTU/HOBt
and 2.4 eq. DIEA for 30 min. The peptides, except for maleimide-, azide- and
alkyne-containing peptides, were then deprotected and cleaved with reagent K
(TFA/H,O/phenol/thioanisole/ethaneditiol = 82.5/5/5/5/2.5) over two-hour incubation to
yield crude peptide materials. The cleavage of maleimide-, azide- and alkyne-modified

peptides were performed treated with TFA/H,O = 95/5 for 2 h, TFA/H,O/EDT =

15



95/2.5/2.5 for 2 h, and TFA/phenol/TIS = 85/10/5 for 90 min, respectively. All crude
materials were subsequently purified using a reverse-phase HPLC (SCL-10A, SPD-10A,
DGU-12A, LC-6AD, Shimadzu) with a C-8 column (22 x 250 mm, Cat. No.
208TP1022, Vydac) eluted with a linear gradient of water and acetonitrile containing
0.05 or 0.04% TFA, respectively. The peptides were obtained in >95% purity
determined by reverse-phase HPLC (PU-980, UV-970, HG-980-31, DG-980-50, Jasco)
with a C8 column (4.6 x 250 mm, Cat. No. 208TP104, Vydac), and were identified by
MALDI-TOF-MS (voyager System 6171, Applied Biosystems, in Stractural Chemistry
Laboratory or at the OPEN FACILITY in Sousei Hall) (Table 2-2). To obtain a cyclic
peptide with a disulfide link, the purified peptide was incubated in 20% DMSO/H,0 for
1 day, followed by lyophilized and further purified by HPLC. The cyclic peptide was

finally obtained with >99% purity assessed by HPLC and Ellman’s reagent.

Fibril Formation

All peptides were initially dissolved at a concentration of 8 mM into HFIP to
make stock solutions. The stock solution of each peptide mixture was prepared by
mixing the stock solutions of respective single peptides. To initiate fibril formation,
each stock solution was diluted by a factor of 40 in aqueous solution at pH 2.0 (adjusted
with a small amount of hydrochloric acid), and incubated in plastic tubes at 37 °C. To
observe the fibril formation 5 pl aliquots of samples incubated for 1, 2, and 4 days were
deposited on fleshly cleaved mica (Cat. No. 990066, Nilako) for 5 min, followed by
washed three times with 1 mL of water, dried in air and subsequently observed by AFM.
Samples that showed no fibril formation after 4-day incubation were incubated further

(8 and 16 days).
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Table 2-1. Peptide Sequences

Peptide

Sequence

TTR(105-115)
E;-TTR
K;-TTR
TMR-E;-TTR
Bio-E;-TTR
Lip-E;-TTR
Lip-K;-TTR
Mal-E;-TTR
Azd-E;-TTR
F-TBP-Cys

AMC-cCN225-Alk

H-YTIAALLSPYS-NH,
H-EEE-GG-YTIAALLSPYS-NH,
H-KKK-GG-YTIAALLSPYS-NH,
TAMRA-GG-EEE-GG-YTIAALLSPYS-NH,
Biotin-(g-Aca),-EEE-GG-YTIAALLSPYS-NH,
a-Lipoyl-EEE-GG-YTIAALLSPYS-NH,
a-Lipoyl-KKK-GG-YTIAALLSPYS-NH,
Maleimide-(CH,),-CO-EEE-GG-YTIAALLSPYS-NH,
Azide-(CH,),-CO-EEE-GG-YTIAALLSPYS-NH,
FAM-G-RKLPDA-GG-C-NH,

AMCA-GG-CGPRHTDGLRRIA ARPGC-GGG(propargyl)-NH,

17



Table 2-2. Identification of peptides by MALDI TOF-MS.

Peptide Theoretical Observed
TTR(105-115) 1197.7 [M+H]* 11979
E;-TTR 1698.8 [M+H]* 1698.9
K;-TTR 1696.0 [M+H]* 1696.9
TMR-E,;-TTR 2226.4 [M]* 22256
Bio-E;-TTR 2173.1 [M+Na]* 2172.8
Lip-E;-TTR 1911.2 [M+Na]* 1910.7
Lip-K;-TTR 1885.0 [M+H]* 1885.6
Mal-E,-TTR 1873.0 [M+Na]* 1873.2
Azd-E,-TTR 1845.9 [M+Na]* 1846.0
F-TBP-Cys 1330.6 [M+H]* 1331.6
AMC-cCN225-Alk 2472.8 [M+H]* 24729

18



Arrangement of Functional Materials onto Probed Nanowires

Probed fibrils were first adsorbed on a substrate surface of mica or cover glass
(Micro Cover Glass 22 x 32 mm, Matsunami Glass, Osaka, Japan) by incubating 10 pl
of 20-fold diluted samples, followed by washing (I mL x 3 water). All surface were
dried in air except for biotin-probed samples. 10 pl of reaction mixture containing
5-fold diluted avidin magnetic beads (MACS, Cat. No. 130-048-102, Miltenyi Biotec),
5-fold concentrated gold nanoparticles (Colloidal gold/SC ¢ = 15 nm, Lot No.
A070515-2C, Tanaka Kikinzoku Kogyo, Japan), and 10 uM F-TBP-Cys with 10 mM
phosphate (pH 7.4) was subsequently incubated on the surface for 15, 1, and 10 min,
respectively. Modification of biotin-probed nanowires was carried out on a shaker.
After incubation, the surface was washed three times with 1 mL of ultra-pure water and
dried in air. The functionalization of azide-probed nanowires through click chemistry
was initiated by mixing equivolume fibril suspension and a solutions of peptide alkyne,
yielding a final concentration of 10 pM AMC-cCN225-Alk, 100 uM Cul (Wako), 500
puM THPTA (Aldrich), 5 mM HCI, in a plastic tube. After incubated for an hour, the
reaction mixture was diluted 20-fold with 10 mM HCI, then dropped on a cover glass
for 5 min. The surface was subsequently washed by immersing the glass in 0.1 mM HCl

(pH 4) for 15 sec, followed by rinsing three times with 1 mL of water.

Biomineralization on Fibrils
For titania biomineralization, a polymer-coated Cu grid (High resolution carbon
substrate, carbon thickness <15 nm, STEM 100-Cu grids, Okenshoji, Tokyo, Japan), on

which F-TBP-Cys-conjugated fibrils had been deposited, was immersed in a solution of
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20mM K,TiF¢ containing 10 mM sodium phosphate (pH 7.4) for 2 h. After

mineralization, the grid was washed by immersing in ultra-pure water for 30 sec.

Atomic Force Microscopy

AFM measurements were performed in the tapping mode in air using a
Nanoscope Illa system (Digital Instruments, Santa Barbara, CA) or PicoScan 2500
(Molecular Imaging) with a standard silicon cantilever (OMCL-AC240TS, Olympus).
Images were acquired at 512 x 512 pixel resolution at a standard scan rate of 0.25 Hz
with a typical condition of 60-80 kHz of drive frequency, and 1.6-1.8 V of amplitude set

point.

Fluorescence Microscopy

Fluorescence microscopy was performed using a BIOREVO BZ-9000 confocal
microscope (Keyence) with a DAPI-BP filter (excitation, 360+40 nm; emission,
467.5£50 nm; dichroic, 409 nm long pass), a GFP-BP filter (excitation, 470+40 nm;
emission, 520+35 nm; dichroic, 495 nm long pass), or a TRITC filter (excitation,
540+£25 nm; emission, 605+£55 nm; dichroic, 565 nm long pass). Shutter speed was set

at 5.0 sec for blue, 3.5 sec for green, and 1.0 sec for red fluorescence.

Electron Microscopy
Transmission electron microscopy equipped with energy dispersive X-ray
spectroscopy was conducted using an HD-2000 ultra-thin film evaluation system

(Hitachi, at the OPEN FACILITY, Sousei Hall).
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2.4. Results

2.4.1. Fibril Formation of Individual TTR(105-115)-Based SCAPs

Two types of SCAPs were synthesized by adding three amino acids to the
N-terminus of the TTR(105-115) amyloidogenic fragment of transthyretin (24,25): one
with a triple lysine (K3-TTR) and the other with a triple glutamic acid (E;-TTR). When
these two SCAPs and the unmodified TTR(105-115) peptide were incubated
individually in acidic water at pH 2.0 as described elsewhere (25-27), only Es;-TTR was
able to form fibrils of several micrometers long with a height of 4.56 + 0.45 nm, which
is typical of amyloid fibrils (Figure 2-2). This enhanced fibrillation of E;-SCAP was
also observed previously for another amyloidogenic sequence, AP(10-35) (22).
Therefore, addition of three-amino-acid residue units functions similarly for different

amyloid peptides, thus showing the versatility of our SCAP strategy.

2.4.2. Extremely Long Nanofibrils Formed by Mixing Multiple SCAPs

Interestingly, mixing of K3-TTR and Es-TTR at a 1:1 molar ratio resulted in the
formation of extremely long fibrils well over 40 pm long and 5.11 + 0.69 nm high
(Figure 2-3a). These very long fibrils, to my knowledge, have the highest aspect ratio
(length/thickness >8,000) to date, and therefore can be useful as nanowire templates.
This dramatic difference in fibrillation suggests that mixing SCAPs can provide
particular self-assembling properties to peptides. Another mixture of 1:9 K;3-TTR and
E;-TTR also formed very long fibrils (Figure 2-3b), which demonstrates that simple
mixing of K3-TTR with E;-TTR allows the fibrillation of peptides to be controlled. A

9:1 mixture, in contrast, did not form any fibrils (Figure 2-3c), presumably because of
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Figure 2-2. AFM images of fibril formation of (a) native TTR(105-115) peptide and
TTR-based SCAPs, (b) E;-TTR and (c) K5-TTR. Scale bar represents 5 pm.
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Figure 2-3. Fibril formation of mixed SCAPs, (a) 1:1, (b) 1:9 and (c) 9:1 mixtures of
K;-TTR:E;-TTR. Scale bar shows 5 pm.
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the small population of E3-TTR species that is required for nucleation (Figure 2-2).

2.4.3. Control of the Formation of Modified Amyloid Fibrils with Various
Molecules Using Functionalized/Probed SCAPs

Control of the self-assembly of modified amyloid building blocks using a
functional molecule is of great interest. Mixing SCAPs during self-assembly would
allow control of fibril formation in the presence of modified peptides. We synthesized
two types of functionally modified SCAPs: one was functionalized SCAP (F-SCAP)
terminated with a functional molecule for direct assembly of functionalized nanowires
(Figure 2-4a). The other type of SCAP was probed SCAP (P-SCAP) capped at the
N-terminus with a probe molecule that has the ability to specifically recruit functional
nanomaterials (Figure 2-4b). The use of P-SCAPs enables the formation of probed
nanowires that can be functionalized after fibrillization. We here synthesized one
F-SCAP and four P-SCAPs with tetramethylrhodamine, biotin, a-lipoyl, maleimide,
and azide groups (Figure 2-4). These probes have specific binding properties to avidin
protein, gold, thiol, and alkyne materials, respectively. These modified SCAPs were
termed as TMR-Es;-TTR, Bio-Es-TTR, Lip-K3-TTR, Mal-E;-TTR, and Azd-E;-TTR,
respectively (Table 2-1).

A series of fibril formation using Bio-E;-TTR can be seen in Figure 2-5.
Bio-E;-TTR formed no fibrils by itself or even under mixing with E;-TTR at a ratio of
Bio-Es;-TTR:Es-TTR = 1:9 (Figure 2-5 a and b), which demonstrates the serious
inhibitory effect of the biotin moiety on fibrillation. As expected, however, the addition
of K3-TTR at a ratio of K3-TTR:Bio-E3;-TTR:E3;-TTR = 5:1:4 (yielding a ratio of K3:E3

= 1:1) allowed fibril formation (Figure 2-5c). Fibrils were also formed from a mixture
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Figure 2-4. Schematic illustration of (a) F-SCAP and (b) P-SCAP. Various molecules,
i.e. tetramethylrhodamine as a functional molecule and biotin, a-lipoic acid,
maleimide, and azide as probes, were coupled to the N-terminus of SCAP to yield the
F/P-SCAPs.
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Figure 2-5. Formation of biotin-probed nanowires by mixing SCAPs. (a) Bio-E;-TTR,
(b) Bio-E;-TTR:E;-TTR = 1:9, (c) K;-TTR:Bio-E;-TTR:E;-TTR = 5:1:4, and
(d) K5-TTR:Bio-E;-TTR:E;-TTR = 1:1:8. Scale bar represents 5 um.



of K3-TTR:Bio-E;-TTR:E;-TTR = 1:1:8 (to give a 1:9 ratio for K; to Es3) (Figure 2-5d).
These results clearly show that mixing multiple SCAPs provides fine control for the
self-assembly of modified amyloid peptides. In addition, these fibrils possessed a
similar morphology to that of fibrils of mixtures without Bio-E;-TTR (Figure 2-3).
Therefore, the same major control mechanism must underlie the fibrillation of both
probed and probe-free fibrils, which could be a consequence of Ks-E; interaction.

When F-SCAP and other P-SCAPs were utilized, mixing of multiple SCAPs also
resulted in effective fibril formation. Long fibrils were observed in all samples of
K3-TTR:TMR-E;-TTR:E;-TTR = 1:1:8, K;3-TTR:Lip-K;3-TTR:E;-TTR = 1:1:2,
K;-TTR:Mal-E;-TTR:Es-TTR = 5:1:4, K;3-TTR:Azd-Es;-TTR:E;-TTR = 5:1:4, and
(Figures 2-6), although these F/P-SCAPs themselves formed seriously disrupted fibrils
(Figure 2-7a) or no fibrils (Figures 2-7 b-d). Therefore, our SCAP-mixing method has
wide versatility for assembling modified amyloid nanowires.

Figure 2-8 summarizes the formation of functionalized/probed nanowires at
various mixing ratios for F/P-SCAPs with a K3 or E; unit. A ratio of K3:E; = 1:1
allowed nanowire formation at the highest proportion (50%) of F/P-SCAPs displayed as
green area. Thus, an overall ratio of K3:E; = 1:1 is a simple but the best condition to

yield functionalized/probed nanowires.

2.4.4. Straightforward Formation of Functionalized Nanowires

The F-SCAP-based nanowires functionalized directly with tetramethylrhodamine
showed characteristic red fluorescence under fluorescence microscopy (Figure 2-9a).
The fluorescence showed uniform distribution on the nanowires. Thus, the

TMR-E;-TTR had actually and constantly been coassembled with K;-TTR and Es-TTR.
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Figure 2-6. Formation of functionalized and probed nanowires by mixing F/P-SCAP
with multiple SCAPs. (a) K;-TTR:TMR-E;-TTR:E;-TTR = 1:1:8, (b) K;-TTR:Lip-K;-
TTR:E;-TTR = 1:1:2, (¢) K;-TTR:Mal-E;-TTR:E;-TTR = 5:1:4, and (d) K;-TTR:Azd-
E;-TTR:E;-TTR = 5:1:4. The scale bars are 5 um.



Figure 2-7. Incubation of F/P-SCAPs under fibrillation conditions. (a) TMR-E;-TTR,
(b) Lip-K;-TTR, (c) Mal-E;-TTR, and (d) Azd-E;-TTR. Scale bar is 5 um.
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Figure 2-8. A summary of nanowire formation for various peptide mixtures with or
without F/P-SCAPs, which contain a unit of either K; or E;. Fibril formation was
checked at several dozen mixing ratios shown on the graph. Each label shows that
fibrils were either 1°: not formed without F/P-SCAPs, 1¥: not formed with K;-based
F/P-SCAPs, 1E: not formed with E,-based F/P-SCAPs, 1¥XE: formed by neither K- nor
E,-based F/P-SCAPs, 2°: formed without F/P-SCAPs, 2X: formed with K;-based F/P-
SCAPs, 2F: formed with E;-based F/P-SCAPs, 2KE: formed with both K- and E;-
based F/P-SCAPs, 2K*: formed with K;- but not with E;-based F/P-SCAPs. In the
absence (0%) of F/P-SCAPs, fibrils were formed when E;-TTR presented at 30% or
more of the total peptide concentration. When F/P-SCAPs were employed, effective
fibril formation was observed within the mixing range indicated by the green area. A
total K;:E; ratio of 1:1 enabled highest (50%) introduction of attached functional or
probe molecules.
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Figure 2-9. Functionalized nanowires prepared using (a) F-SCAP and (c-e) P-SCAPs.
(a) A fluorescence image of tetramethylrhodamine-containing nanowires. (c-e)
Arrangements of (b) avidin magnetic beads, (¢) gold nanoparticles, (d) F-TBP-Cys,

and (e) AMC-cCN225-Alk on biotinylated, a-lipoyl, maleimide and azide nanowires,
respectively. The scale bars show 5 pm.
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This result also suggests that the P-SCAP-based probed nanowires presumably contain
the probe molecules on the fibril surface.

Then, the probed nanowires were functionalized by targeting specific
nanomaterials with responsive moieties to the probe. In the present study, the following
four functional nanomaterials were employed: avidin magnetic beads, gold
nanoparticles, and designed multi-functional peptides with a cysteine residue and an
alkyne group at the C-termini, which were termed as F-TBP-Cys and
AMC-cCN225-Alk (Table 2-1), respectively. These peptides contain two functional
moieties: a fluorophore at the N-terminus and a biomineralization sequence in the
middle. Aqueous solutions of these functional materials, except for AMC-cCN225-Alk,
were incubated with the corresponding probed nanowires on a mica or glass surface.
Consequently, the probed nanowires were readily functionalized with specific materials,
as demonstrated by AFM and fluorescence microscopy observation of avidin magnetic
beads, gold nanoparticle arrays, and unambiguous green fluorescent fibrils (Figure 2-9
b-d). AMC-cCN225-Alk was conjugated to azide-probed nanowires in bulk solution
through Cu(I)-catalyzed azide-alkyne cycloaddition (click chemistry), which yielded
blue fluorescent fibrils observed under fluorescence microscopy (Figure 2-9¢). In
contrast, no fluorescence or arrangement of the materials was observed after incubation
with probe-free fibrils (Figure 2-10), which confirms that all probes were definitely
incorporated into nanowires, and that the functional materials were successfully
arranged through their specific binding ability to the probes. These results in
conjunction with the F-SCAP-based functionalization clearly demonstrate the great
usefulness of our SCAP-mixing method for creating a wide variety of functionalized

nanowires.
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Figure 2-10. Incubation of functional materials with probe-free fibrils. (a) Avidin
magnetic beads, (b) gold nanoparticles, (c) F-TBP-Cys and (d) AMC-cCN225-Alk.
The scale bars show 5 pm.
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2.4.5. Creating Inorganic Nanowires through Biomineralization on Fibrils
F-TBP-Cys contains a biomineralization sequence derived from minTBP-1
(RKLPDA) that can promote specific formation of titania, silver, and silica nanowires
(28,29). Thus, this biomineralization peptide enables us to transform fibrils modified
with F-TBP-Cys into inorganic nanowires via biomineralization on the fibrils. We let
titania mineralize onto the nanowires by applying a K,TiFs solution at neutral pH for 2
h. After incubation, titania nanowires were successfully observed by TEM and
identified by EDX spectroscopy (Figures 2-11), which suggests that the F-TBP-Cys
conjugated onto the fibrils was actually able to perform its function. These results
demonstrate the substantial potential of our SCAP method for practical use in creating
various classes of inorganic nanowires that can be a component of nanoelectronic

devices.
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Figure 2-11. (a) A transmission electron micrograph of a titania nanowire formed after
biomineralization with K, TiF, and F-TBP-Cys-conjugated nanowires. (b) Energy
dispersive X-ray spectrum obtained from the titania nanowire shown in (a). Two peaks
attributed to titanium were observed. The carbon and copper peaks are derived from
the grid. The scale bar represents 200 nm.
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2.5. Discussion

In the present study we have developed an effective method for creating various
functionalized amyloid nanowires by control of self-assembly using our SCAPs. The
extremely long nanowires formed by simple mixing of multiple SCAPs (and
F/P-SCAPs) with different K; and E; units demonstrates the ability of our method to
control amyloid self-assembly. Fabrication of functionalized nanowires was successful
both in direct assembly of functionalized nanowires with a F-SCAP and in the
post-fibrillation functionalization of the probed nanowires formed with P-SCAPs. The
probed nanowires could be modified with various materials such as avidin magnetic
beads, gold nanoparticles, and biomineralization peptides. Furthermore, the
F-TBP-Cys-conjugated fibrils were transformed into titania nanowires, demonstrating
the versatility of our method for application in inorganic-nanowire-based nanodevices.

Fibrils grown under mixed-SCAP conditions reached great lengths well over 40
um, which is approximately ten times as long as typical amyloid fibrils. The fibril
structure possessed the highest aspect ratio of length/height observed to date (>8,000),
which could be useful in nanotechnological application, such as large-scale nanowire
patterning. These remarkably long fibrils were reproducibly observed under a total
Ks:E; ratio of 1:1 and 1:9, even in the presence of F/P-SCAPs. Therefore, the fibril
architecture should primarily be determined by the interaction of the K3 and E; units
through provision of particular binding modes among peptides present in fibrils.
Electrostatic interaction, which has been known to promote fibril formation (20,30),
may contribute to the observed great length. However, other interactions must be taken

into account to determine the mechanism of long fibril formation, as under the condition
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employed (pH 2 aqueous water) the electrostatic interaction of Ks-Es units should
theoretically provide small attraction forces resulting from the protonation of the
carboxyl groups of the Glu residue. It is noteworthy that the biotinylated fibrils formed
efficiently under mixing multiple SCAPs with different units of K3 and Es;. The
condition containing E3;-TTR and Bio-E;-TTR with an identical Es unit resulted in no
fibril formation, which indicates the inhibitory effect of the biotinyl group on
fibrillization. Therefore, mixing SCAPs can effectively work on the nucleation step in
addition to the process of fibril elongation. Certain microenvironments formed under
mixed-SCAP conditions in the starting solution, such as assembly states of oligomers,
may be involved in the observed efficient nucleation. The effect of mixing SCAPs on
both the nucleation and elongation steps has to be elucidated to determine the control
mechanism.

The density of modification of the fibril surface is important for the properties of
functionalized nanowires. Three groups have reported a similar approach to ours, where
a fraction of modified peptides was co-assembled with unmodified peptides (31-33).
However, only a maximum of approximately 1% of the modified peptides could be
co-assembled with the amyloid-forming peptide. In contrast, our method allowed the
assembly of probed/functionalized nanowires with 10% P/F-SCAP, which should
provide a 1-2 nm distribution of functional/probe molecules on the surface based on the
reported TTR(105-115) fibril structure, in which four peptides exist in each 4.7 A unit
(27). The contents of the embedded molecules can be further tuned, if required, just by
adjusting the mixing ratios.

Limited types of functionalization to amyloid fibrils have been reported to date

because most previous studies focused on the arrangement of metal nanoparticles bound
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to cysteine residues (34-36) or of fluorophore-containing amyloid peptides
(31,33,37-40). Our method of incorporating functional molecules or probes attached to
F/P-SCAPs embedded in the fibril allows functionalization of the fibrils with various
materials. The successful modification of probed nanowires with specific materials
further indicates the great ability of our method to produce functional nanowires. The
probed nanowires can also be used to yield nanowires functionalized with gold-, avidin
protein- and alkyne-containing materials, respectively. Therefore, our method can
confer any type of function to the fibrils regardless of the size or properties of the
molecules employed. The only limitation is that a responsive group must be introduced
to the molecules, but such groups can be attached normally through simple chemical
procedures. Hence, our method will introduce great opportunities to produce nanowires
with various practical functions such as light-harvesting nanowires, conductive
nanowires, and nanowires modified with proteins, catalytic compounds, or
biomineralization peptides.

Many biomineralization sequences with specificity for various inorganic elements
have recently been identified (41-43). This fact makes our method more important
because the use of such specific biomineralization peptides could enable the fabrication
of a variety of inorganic nanowires suitable for nano-electro devices. Previous studies
have shown that it is feasible to grow fibrils composed of a certain amyloid peptide
from a seed fibril prepared with a different type of peptide (44,45). Combining that
technique with our technique may allow the fabrication of patterned functional

nanowires, which would have many applications in nanotechnology.
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3. Novel Mechanism of Mixing SCAPs for Enhancement of Fibril

Length Controlled by a Unique Oligomerization Property

3.1. Abstract

Amyloid formation is a self-assembly process of misfolded protein and peptides
that produces a very stable nanofibrillar structure, called amyloid fibrils, associated with
various neurodegenerative diseases including Alzheimer’s disease. Materials scientists
have focused on the morphological and mechanical properties of amyloid fibrils to
create functionalized nanowires. However, it is still difficult to control fibril structure
because of the complexity of the self-assembly mechanism, which becomes more
elaborate when modified peptides are employed to functionalize the fibril surface. Our
SCAP-mixing method has attracted attention because it can not only induce fibril
growth to a great length but also reproducibly yield long fibrils even in the presence of
modification. Here, I present the impressive fibril-growth mechanism underlying our
mixed-SCAP system. lon mobility-mass spectrometry (IM-MS) demonstrated a unique
structural evolution of peptides at a small oligomer level, wherein mixed SCAPs
produced an extended fibrillar arrangement through heterooligomer formation.
Structural analysis of fibrillation by AFM showed that, during elongation phase, no
protofibrils were detected in mixed SCAPs and all the fibrils took the mature structure.
The data therefore suggest that the unique oligomerization property of mixed SCAPs
could accelerate the maturation process but also allow addition of soluble peptides to
the fibril end as oligomer unit with extended structure. These two aspects may

contribute to the formation of extremely long fibrils.
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3.2. Introduction

Amyloid fibrils have a highly ordered nanostructure with an average width of
approximately 10 nm and a typical length of several micrometers (1-3). This
nanostructure is a consequence of the self-assembly of misfolded proteins or synthetic
peptides, in which the constituent proteins/peptides are aligned perpendicular to the
fibril axis in a cross- conformation (2,3). Amyloid fibrils have been associated with a
wide-range of protein misfolding diseases, such as Alzheimer’s disease, transmissible
spongiform encephalophathies, prion disease, and systemic senile amyloidosis (4,5).
However, the high stability and mechanical strength of amyloid fibrils also makes them
a promising material in the area of nanotechnology (6-11). Researchers have reported
the application of amyloid fibrils to form conductive nanowires (12-14), coaxial metal
nanocables (15), catalytic nanofibers (16), and biocompatible hydrogels (17-19). For
practical use of amyloid fibrils, the nanostructure of the fibrils (length, width, and
homogeneity of the ensemble) has to be highly controlled (14,20,21). However, the very
complicated system of amyloid fibrillation, in which various kinetic and thermodynamic
pathways are possible depending on the primary peptide sequence and fibrillation
conditions (22,23), makes it difficult to elucidate the self-assembly mechanism and to
control self-assembly. This difficulty highlights the importance of a mechanistic study
of our mixed-SCAP system that allows control of fibril length and homogeneity as
described in Chapter 2.

Several mechanistic studies of amyloid fibrillation have characterized the
structural evolution of fibrils using various techniques including AFM (24-29) and

IM-MS (30-32). AFM has long been utilized to evaluate self-assembly processes
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through detection of transient oligomers and protofibrils in addition to stable mature
fibrils. IM-MS is a powerful tool to study oligomer structure because it allows
quantitative measurement of the size of mass-selected oligomers, which are not
necessarily the cytotoxic oligomers observed in other systems as described in Chapter 1.
A lower or higher number of oligomers present at very small numbers can be detected.
Given this analysis capability, IM-MS has been used to successfully characterize the
self-assembly of peptides at the very small oligomer level. For example, a difference in
oligomer distribution between AB(1-40) and AP(1-42) has been revealed (30); AP(1-42),
which is an aggregation-prone species and strongly cytotoxic (33), shows dimers and
tetramers but also hexamers and dodecamers with globular structures, which were the
species detected in other studies (34). By contrast, in AB(1-40), which possesses lower
aggregation propensity and less cytotoxicity (33), only dimers and tetramers appeared.
The data were correlated with actual fibrillation and therefore demonstrate the
usefulness of IM-MS for characterizing oligomer self-assembly.

Here, I demonstrate a novel fibrillation mechanism underlying our mixed-SCAP
system. Analysis of oligomerization by IM-MS presented an extended fibrillar
conformation of very small oligomers induced by mixing of SCAPs. Detailed
observation of the fibrillation processes by AFM showed that oligomerization to form
the extended structure plays a key role growing the fibrils to a great length. Therefore,
mixing of SCAPs provides remarkable control over the self-assembly process of very

small oligomers to form macroscopic fibrils.
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3.3. Experimental Procedures

Peptide Synthesis

Peptides were synthesized with a standard Fmoc-chemistry on Rink amide resin
automatically with an Applied Biosystems 433A peptide synthesizer (Applied
Biosystems Inc., Foster City, CA) or manually. All peptides were then deprotected and
cleaved from the resins with reagent K (a 82.5/5/5/5/2.5 mixture of
TFA/H,;O/phenol/thioanisole/ethaneditiol) over two-hour incubation to yield crude
peptide materials. The crudes were purified using a reverse-phase HPLC (SCL-10A,
SPD-10A, DGU-12A, LC-6AD, Shimadzu) with a C-8 column (22 x 250 mm, Cat. No.
208TP1022, Vydac) eluted with a linear gradient of water and acetonitrile containing
0.05 or 0.04% TFA, respectively. The peptides were obtained in >95% purity
determined by reverse-phase HPLC (PU-980, UV-970, HG-980-31, DG-980-50, Jasco)
with a C8 column (4.6 x 250 mm, Cat. No. 208TP104, Vydac), and were identified by
MALDI-TOF-MS (voyager System 6171, Applied Biosystems, at the OPEN

FACILITY in Sousei Hall).

lon Mobility-Mass Spectrometry

All IM-MS experiments were carried out on a home-built instrument developed in
Bowers’ Group at University of California, Santa Barbara (35). Peptides were first
dissolved in HFIP at a concentration of 8 mM as a stock solution. The concentration
was adjusted by UV absorption of the peptides measured by UV 3600 UV-Vis-NIR
spectrometer (Shimadzu). The extinction coefficient of €76 = 2900 M'em™, derived

from the two tyrosine residues at 100 mM sodium phosphate (pH 7.0) in the presence of
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6 M guanidine hydrochloride (36), were used for calculation. The samples for IM-MS
were prepared by diluting the HFIP stock solution with acidic water (pH 2.0 adjusted by
hydrochloride) to 200, 400, or 800 uM, followed by loaded into nano-ESI gold-coated
borosilicate capillaries (0.1 mm 0d/0.78 mm id), which had been purchased from
Proxeon (Germany) and pulled to a fine point on a tip puller (Sutter Instrument Co.,
Novato, CA). The samples were subsequently sprayed in the electrospray source of the
IM-MS instrument at a voltage of <I kV (Refs). lons generated in the spray were
focused and stored in an ion funnel and then pulsed into a drift tube filled with ~3 torr
of helium gas for the IMS measurement. The ions passed through the drift tube with
constant velocity under the influence of a weak electric field. The velocity (vp) is
determined by the balance between the force of the electric field (£) and the retarding
force of friction, thus vp is proportional to £ with the proportionality constant (K)

termed the 1on mobility:
vp =KE (M

After exiting the drift cell, ions of a particular oligomeric state are selected by mass in a
quadrupole mass filer and detected as a function of their arrival time. From the position
ta of a peak in these arrival time distributions (ATDs) the respective ion mobility or
ion-He collision cross section (o) can be evaluated (37,38) using the relationship

1

q2E?T

=13 (W)Z (ta — to) (2)
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where ¢ is the charge of the ion, 7 the temperature, u the reduced mass of the ion-He
collision, kg the Boltzmann constant, p the He gas pressure, N the He number density at
STP, / the drift cell length, and #, the time the ion spends outside of the drift cell. All of
the quantities in eq 2 are either known or measured for each experiment; therefore o can
be accurately determined for each species. An additional mass spectrometer, a Q-TOF
instrument with higher mass resolution (Waters, UK) equipped with a nano-ESI source,
was used to measure the ">C isotope separation (39). However, no IMS data were

obtained on this instrument.

Fibril Formation

The 8 mM stock solutions of each peptide and mixture were diluted by a factor of
40 in aqueous solution at pH 2.0 (adjusted by HCI), and incubated in plastic tubes at
37 °C. UVmini-1240 spectrophotometer (Shimadzu) was utilized for measurements of

stock solution concentration.

Atomic Force Microscopy

5 ul aliquots of samples incubated were deposited on fleshly prepared mica (Cat.
No. 990066, Nilako) for 5 min, followed by washed three times with 1 mL of water,
dried and subsequently observed by tapping mode AFM in air. AFM measurements
were performed using a Nanoscope Illa system (Digital Instruments, Santa Barbara,
CA) with a standard silicon cantilever (OMCL-AC240TS, Olympus). Images were
captured at 512 x 512 pixel resolution at a scan rate of 0.25 Hz with a typical condition

of 60-80 kHz of drive frequency, and 1.6-1.8 V of amplitude set point.
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Thioflavin T Assay

10 pul of sample solutions were diluted 50-fold with buffer containing ThT at final
concentrations of 4 uM peptide, 10 uM ThT, 50 mM phosphate (pH 7.5) and 100 mM
NaCl. The measurements were performed on an F-4500 fluorescence spectrophotometer
(Hitachi) using a micro quartz cuvette with 0.5 cm light path at room temperature.
Spectra were acquired three times for each sample with excitation wavelength of 444

nm at a rate of 1200 nm/min.

Seed Preparation

Seeds were prepared by sonication of matured fibrils purified by centrifugation to
remove peptide monomers. Matured K3-TTR:E3;-TTR = 1:1 fibrils were purified three
times by centrifugation at 21,600 x g for 30 min at 20°C with Himac CF15R (Hitachi),
followed by exchange of the 180 pul of supernatant to equivolume of 0.01 M HCI. Then,
the purified fibrils were immediately sonicated with W-113 MK-II ultrasonic disperser
(Honda Electronics) for 30 minutes. The seed solution was added to initial peptide

solutions at 1% v/v.

Addition of K3-TTR in the Middle of Kinetic Phase

Fibril formation was initiated in the presence of E3-TTR at a concentration of 200
uM and of 0.5% v/v seed fibrils prepared as described above. After 8-hour incubation at
37°C, the small amount of a peptide mixture of 1 mM K3-TTR and 200 uM E;-TTR was
added to the fibrillation solution to give final Ks3:E; ratio of 1:9. 10 ul aliquots were
collected for every hour until 24 hours to prepare samples for AFM measurements to

observe fibril structures.
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3.4. Results

3.4.1. Unique Oligomerization Property of Mixed SCAPs Demonstrated by IM-MS

To characterize the effect of mixing multiple SCAPs on the enhancement of
fibrillation, I analyzed the oligomerization process, which is the first step of
self-assembly, by employing IM-MS (note that the term ‘oligomer’ here means only the
species of associated peptide molecules and should be distinguished from cytotoxic
oligomers). Figure 3-1 presents the ESI mass spectra of K3;-TTR, E;-TTR, and their 1:1
mixture solutions. The most abundant peak for each sample has an n/z = 1/2 (where n =
oligomer number and z = charge of the ion). The *C isotope separation of A(m/z) = 0.5
for the double-charged n/z = 1/2 peak (Figure 3-1 insets of a—c) reveals that the
dominant species in each sample must be the monomeric form (n = 1). However, it
should be noted that there is a large difference between the oligomer distribution in the
solution of the single peptides and that in the peptide mixture. The K3-TTR and E;-TTR
data show oligomer peaks at n/z = 2/3, 3/5, and/or 3/4, whereas the 1:1 mixture data
show multiple oligomer peaks that represent additional higher-order oligomers (n/z =
4/5 and 5/6) and a much more intense n/z = 2/3 peak. In the high-resolution mass
spectra, the n/z = 2/3 peak of the mixture is apparently in the middle of both
homodimers (Figure 3-1d). A fit to the experimental spectrum of the mixture reveals the
1:20:5 abundance ratio of the K5 homodimer to the heterodimer to the E; homodimer,
whereas a 1:2:1 ratio is expected based on statistics. Therefore, dimers with a
triple-charge state in mixed SCAPs obviously prefer heterodimer formation. Similarly,
the n/z = 3/4, 3/5, 4/5, and 5/6 species favorably formed heterooligomers, although the

dominant ratios of K3-TTR to E;-TTR were not 1:1; rather, they were 1:2, 1:2, 1:3, and
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Figure 3-1. (a—c) ESI-Q mass spectra (positive ion mode) of (a) K;-TTR, (b) E;-TTR
and a 1:1 mixture of (¢) K;-TTR and E;-TTR. The peaks are labeled with the ratio of
oligomer number n to charge z. The insets show high-resolution '3C isotope patterns
for the n/z = 1/2 peaks. The n/z = 1/2 peak shape of the 1:1 mixture shows an
overlapped pattern of the K;-TTR and E;-TTR spectra. (d) High-resolution mass
spectra of the n/z = 2/3 charge states for K;-TTR (top), K;-TTR:E;-TTR = 1:1
(middle) and E;-TTR (bottom). The symbols represent a fitting analysis for the
abundance of each dimer species. Fits to K;-TTR (O) and E;-TTR (X) spectra
describe the spectrum patterns of the K, and E; homodimer, respectively. The triangle
(A) is an average of both homodimers representing a pure heterodimer. A 1/20/5
ratio of the K; homodimer/heterodimer/E; homodimer (<>) gives the best fit to the
experimental spectrum of the 1:1 mixture.
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1:4, respectively (data not shown).

Figure 3-2 presents the arrival time distributions (ATDs) of the mass-selected
ions corresponding to n/z = 2/3 at different peptide concentrations. The collision cross
sections of the major peaks for K3-TTR and E;-TTR (544 and 510 A?, respectively) are
about 2% fold larger (vielding values of 538 and 519 A% respectively) than the
corresponding monomer cross sections, which indicates isotropic growth from the
monomers to the dimers with globular structures in both cases. Interestingly, however,
the n/z = 2/3 dimer of the 1:1 mixture has a cross section of 558 Az, which is ~ 6%
larger than the expected isotropic dimer (525 A%), thus suggesting the formation of an
extended fibrillar structure (Figure 3-2c¢). Moreover, the dimer cross section of the
mixture increases to 574 A? (~10% larger than the isotropic cross section) at higher
concentrations, which was not the case for K3-TTR or E;-TTR. Similarly, this increase
was also observed in the ATDs of the n/z = 3/4 and 3/5 peaks (Figures 3-3 and 3-4).
Thus, it is suggested that the extended parallel fibrillar structure is strongly stabilized
when using the mixed-SCAP system. This assumption is further supported by the
presence of n/z = 4/5 and 5/6 peaks in the mixture only. The cross sections of the 4/5
and 5/6 ions follow the same linear correlation with oligomer number, n, as the dimer
and trimer cross sections of the mixture (Figure 3-5 red line), which demonstrates that
these oligomers grows linearly and not isotropically. Linear growth with n is expected
for one-dimensional growth towards fibrillar structures (32). These results
unambiguously show that mixed SCAPs possess a unique self-assembling property that
enhances oligomer assembly accompanied by an extended fibrillar structure.

The minor n/z = 1/1 peak in the mixed SCAPs possesses an m/z value of ~1699,

which is identical to that of E;-TTR (Figure 3-6a). Collision cross section analysis
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Figure 3-2. Arrival time distributions (ATDs) of (a) K;-TTR, (b) E;-TTR and (c)
K;-TTR:E;-TTR = 1:1 for n/z = 2/3 charge states at three different peptide
concentrations. The labels are the measured collision cross sections. The green
numbers shown above the ATDs are the calculated collision cross sections expected
for globular oligomers based on the cross section of each monomer (o,) and a
theoretical equation of o, = g, x n*3 for isotropic oligomer growth mode. The weak
peak with a cross section of 750-780 A2 could be an antiparallel f structure, in
which the peptides are associating through the native TTR(105-115) region.
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Figure 3-3. ATDs of (a) K;-TTR, (b) E;-TTR and (¢) K;-TTR:E;-TTR = 1:1 for n/z
= 3/4 charge states at three different peptide concentrations. No n/z = 3/4 peaks
were detected in the E;-TTR sample. The 1:1 mixture, but not the K;-TTR, clearly
showed concentration dependence of the enhancement of the extended structure.
The peak labels indicate the collision cross sections for each species. The above
numbers represent the calculated collision cross sections of the globular trimer.
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Figure 3-4. ATDs of (a) K;-TTR, (b) E;-TTR and (c) their 1:1 mixture for 3/5
charge states at three different concentrations. The n/z = 3/5 peak was not detected
for E;-TTR only at a concentration of 200 uM. The labels are the collision cross
sections for each of the species. The peaks with the largest cross sections may be an
antiparallel § structure. The 1:1 mixture prefers the parallel-extended structure over
any other peptide structure. The antiparallel arrangement is likely to be favorable in
E;-TTR, but the intensity of the 3/5 peak was very weak (see Figure 3-1b), which
suggests that it is a rare species. The numbers above represent calculated collision

cross sections of a globular trimer.
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Figure 3-5. ATDs of higher oligomer peaks, (a) n/z = 4/5 and (b) 5/6, detected in a
1:1 mixture of K;-TTR and E;-TTR. (c) Plot of collision cross sections as a function
of oligomer number for the 1:1 mixture. The cross sections of the major species in
these peaks follow the same linear correlation as those of other extended species
(red<>), which clearly demonstrates that the peptides in the 4/5 and 5/6 charge states
predominantly have the extended structure. Other cross sections correspond to
major species in other peaks (O), minor (A), and very rare (X) species. The yellow
trace shows an increase of collision cross section calculated for isotropic oligomer

growth.
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Figure 3-6. (a) High-resolution mass spectra of the n/z = 1/1 charge states for K;-
TTR:E;-TTR = 1:1 (top) and E;-TTR (bottom). (b) ATD of K;-TTR:E;-TTR = 1:1
for the 1/1 charge state. The labels are the collision cross sections for each of the
species. The identical peak positions in (a) and the presence of globular oligomers
in (b) demonstrate that homooligomerized E;-TTR within the 1:1 mixture only
possesses a globular structure, not an extended fibrillar structure.
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showed this peak contains globular oligomers up to the tetramer, which is demonstrated
by the isotropic, n*>-fold growth of their cross-section values (Figure 3-6d). These data
suggest that a part of E;-TTR within the mixture forms homooligomers, but which
cannot possess the extended structure. Furthermore, another mixture of K3-TTR:E;-TTR
= 1:9, which also produces long fibrils, showed a oligomerization feature quite similar
to the 1:1 mixture of K3-TTR:E;-TTR (Figure 3-7). Therefore, formation of extended
oligomers is unique property of the heterooligomerized mixed-SCAPs and must be

related to the formation of extremely long fibrils.

3.4.2. Drastically Altered Elongation Process of Mixed SCAPs Revealed by
Detailed AFM Analysis

To investigate the event occurring specifically during the elongation phase, seed
fibrils were added to the initial peptide solution, which skips nucleation phase. Detailed
observation of fibril structure was conducted by AFM. The fibrillation kinetics was
simultaneously measured by ThT fluorescence. Figure 3-8 presents the ThT

fluorescence as a function of time fitted with a following sigmoidal equation;

Intensity = 1/(1 + exp(-k(t — t12))) 3)

where k is a rate constant, ¢ is time, and ¢, is half time (Table 3-1). The sigmoidal
profiles demonstrate the presence of secondary nucleation, which takes place during
elongation phase because of, for example, fibril breakage and fibril-surface-catalyzed
nucleation (40). The decrease in fluorescence after the maxima is presumably due to the

reduced accessibility of ThT molecules resulting from agglomeration of fibrils (41).
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Figure 3-7. ATDs of the 1:9 mixture of K;-TTR:E;-TTR for n/z = (a) 2/3, 3/4, and
4/5 charge states at three different concentrations. The n/z = 4/5 peak was only
detected at a concentration of 800 uM. The labels are the collision cross sections for

each of the species.
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Figure 3-8. Measurements of seeded fibrillation kinetics of (<) K;-TTR, (LJ) E;-
TTR and the (A) 1:1 and (O) 1:9 mixtures of K;-TTR:E;-TTR based on ThT
fluorescence. The excitation and emission wavelengths were 444 and 485 nm,
respectively. The error bar represents the standard deviation of three scans. The
curves fit an equation of I, = I, /(1 + exp(-k(¢ - t,,))), where [ observed

fluorescence intensity, /. : maximum fluorescence intensity, k: rate constant, ¢: time
and #,,,: half time.
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Table 3-1. Kinetic parameters acquired from the fits in Figure 3-9. An equation of /

obs
=1 ../(1 + exp(-k(t - t,,,))) was used for fitting. I, : observed fluorescence intensity,

max
I,.,: maximum fluorescence intensity, k: rate constant, . time and ¢, ,: half time.

Sample Imax k (h1) t1l2 (h)
E;-TTR 3r7.7 0.72 7.3

KyEs =111 28.0 0.33 15

KyEs=1:9 35.2 0.56 7.3
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E;-TTR and the 1:9 mixture of K3-TTR:Es;-TTR showed similar kinetic profiles, in
which ¢, was the same and k& was slightly different (Table 3-1). These parameters for
the 1:1 mixture of K3-TTR:E;-TTR were approximately half of those for E; and the 1:9
mixture. K3-TTR did not increase ThT fluorescence during the experiment in agreement
with no fibril formation (data not shown).

Figures 3-9 represents the AFM images captured at the early (2 h), middle (8 and
12 h for E5-TTR and K3-TTR:Es-TTR = 1:1, respectively), late (12 and 24 h for Es-TTR
and K3-TTR:E3;-TTR = 1:1, respectively), and completely matured (48 h) kinetic phases
based on ThT assay. During the elongation phase, E;-TTR was always producing
protofibrils (Figures 3-9 e-g), some of which were assembling into mature fibrils after
the middle of kinetic phase (Figures 3-9 f and g). This phenomenon is a common
feature of amyloid fibrillation. Finally, the protofibrils were no more observed after a
48-h incubation (Figure 3-9h) probably because they had all assembled into mature
fibrils. Most fibrils were micrometers long as similar to the unseeded case although
some long but broken fibrils were detected (Figure 3-9d). On the other hand, the fibrils
of the mixed SCAPs in 1:1 K3-TTR:E;-TTR only possessed mature fibril structure
regardless of the fibril length, and no protofibril species were detected at all (Figures
3-9 m-p). This suggests that protofibrils of the SCAP mixture can assemble into mature
fibrils very rapidly or that the soluble peptides can directly be added to the fibril end
without through protofibril intermediates. Furthermore, the end products were
extremely long (Figures 3-9 k and 1) that is the same case as the unseeded condition.
Therefore, formation of the very long fibrils must result from the mechanism
workingspecifically during elongation phase.

Seeding to the 1:9 mixture of K3-TTR and E;-TTR also showed increased fibril
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Figure 3-9. AFM images of elongating fibril structure of (a-h) E;-TTR, and (i-p)
K;-TTR:E;-TTR = 1:1 of captured at the early (a.e,im), middle (b.,fjn), late
(c,gk,0), and completely matured (d,h,l,p) kinetic phase based on the ThT assay
shown in Figure 3-8. The images (e-h,m-p) are the magnification of selected area as
shown by the each yellow square. Scale bar represents 5 um in (a-d,i-1) and 200 nm
in (e-h,m-p).
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length and no protofibril formation (Figures 3-10) as similar to the 1:1 mixed-SCAP

condition.

3.4.3. Mixing of SCAPs during the Elongation Step Dramatically Accelerates
Maturation Process

To investigate why no protofibrils were observed in the mixed SCAPs during the
elongation phase, I changed the solution condition from E3;-TTR to K;-TTR:E;-TTR =
1:9 when protofibrils had already formed. After an 8-hour incubation of the seeded
E;-TTR solution (Figure 3-11 a and b), a small amount of high-concentration K;-TTR
solution was added to give the final molar ratio of K3-TTR:E3;-TTR = 1:9. Interestingly,
protofibrils had completely disappeared and all fibrils possessed mature structure with
great length after 1 hour (Figure 3-11 c and d). This result clearly demonstrates that
mixed SCAPs can accelerate maturation process of protofibrils, and that the accelerated

maturation plays an important role in the formation of very long fibrils.
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Figure 3-10. AFM images of elongating fibril structure of K;-TTR:E;-TTR = 1:9 of
captured at the early (a,e), middle (b.f), late (c,g), and completely matured (d,h)
kinetic phase based on the ThT assay shown in Figure 3-8. The images (e-h) are the
magnification of selected area as shown by the each yellow square. Scale bar
represents 5 um in (a-d) and 200 nm in (e-h).
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Figure 3-11. The effect of adding K;-TTR to the solution of the preformed
protofibrils using E;-TTR. (a,b) AFM images of seeded E;-TTR incubated for 8 h.
K;-TTR was added to the growing E;-TTR solution after removal of aliquots for the
AFM shown in (a,b). The final ratio of K;-TTR:E;-TTR was 1:9. (c,d) AFM images
of the mixture incubated for 1 h after addition of K;-TTR. The bottom panels (b.d)
are magnified AFM images corresponding to the selected areas shown as the yellow
squares in (a,c). Scale bar represents 5 um in (a,c) and 200 nm in (b,d).
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3.5. Discussion

I presented in the current study that the unique oligomerization property of mixed
SCAPs controls fibrillation over the elongation phase and finally produces extremely
long fibrils. Very few studies about modulation of fibril length have been reported
(12,14). And, this work is the first demonstration that fibril length can be altered by
elongation-specific mechanism.

A very interesting finding in the IM-MS study is that the self-assembly conditions
that lead reproducibly to the extremely long fibrils (1:1 and 1:9 mixtures of Ks and
E;-based TTR peptides) also lead to the formation of a higher number of oligomers with
a remarkably extended peptide conformation arranged in parallel. By contrast, Es-TTR,
which forms short fibrils, primarily assumes oligomers with globular states. Oligomers
observed by IM-MS under mixed-SCAP conditions are dimers through pentamers and
the data indicate a non-isotropic one-dimensional growth from monomer to dimer up to
the pentamer. This finding shows that a fibril-like arrangement of the peptide units is
already present at the oligomer stage. The parallel fibrillar arrangement is known to be
the structural element responsible for the fibrils of not only the native TTR(105-115)
peptide but also various modified versions (42-50), thus indicating the existence of the
same structural element in fibrils formed under our SCAP conditions. Hence, it is
possible that the unique oligomerization property of mixed SCAPs affects the
assembling process of soluble peptides into fibrils. Perhaps the interaction of the E; and
K5 units with one another mediates an appropriate binding mode among the core
TTR(105-115) sequences to form the parallel extended arrangement. Several studies

have reported that electrostatic interactions within the core sequences stabilize
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intermolecular arrangement of peptides (51-53). In our mixed-SCAP system, things are
likely to be more complicated because nearly all (~99%) of the carboxyl groups should
theoretically be protonated at pH 2 although the presence of multiple successive
carboxyl groups may lead to the local deprotonation which allows electrostatic
interactions between the K3 and E; units. Another possible interaction is ionic hydrogen
bonding, which plays an important role in condensed phase chemistry such as
crystallization and protein folding (54). Because amyloid fibrillation also takes place in
condensed phase and involves some mechanistic similarities to crystallization and
protein folding, ionic hydrogen bonding between Lys protonated ammonium and Glu
carbonyl groups may underlie the association mechanism of mixed SCAPs.

Over the elongation phase, mixed SCAPs showed no protofibrils, and all of the
fibrils adopted a mature structure regardless of their length. This completely differs
from the case of E3-TTR or general amyloid systems (24,26-29), which produced many
protofibril intermediates. Ban et al. reported that no protofibril formation occurred in
seeded fibrillation (55), but that a secondary nucleation pathway similar to the pathway
in our system can form protofibrils (56-58). Furthermore, I observed no protofibril
formation in non-seeded fibrillization of mixed SCAPs (Figure 3-12). Moreover,
addition of K3-TTR into the protofibril solution of E;-TTR readily altered the
morphology to the matured form (Figure 3-11). Therefore, the rapid maturation process
must be a unique mechanism underlying mixed-SCAP systems, possibly resulting from
the unique oligomerization of mixed SCAPs.

It is reported that cytotoxic globular oligomers are composed of  barrel-like
structure, named cylindrin, in which the number and pattern of hydrogen bonding are

different from those in mature amyloid fibrils (59,60). Generally, nuclei are generated
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Figure 3-12. AFM images of E;-TTR (a,b) and K;-TTR:E;-TTR = 1:1 (c.d)
incubated for 4 and 8 days, respectively, without seeding. The bottoms (b,d) are
magnified AFM images corresponding to the selected areas shown as the yellow
squares in (a,c). Scale bar represents 5 um in (a,c) and 200 nm in (b.d).
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from the globular oligomer species (cytotoxic oligomers), and protofibrils subsequently
emerge by addition of monomer peptides, not oligomers, onto the nuclei (61,62) (see
also Figure 1-1). Therefore, peptides in nuclei and protofibrils have a less-structured 3
conformation with different hydrogen-bond arrangement (63,64), and conformational
reorganization is required during the maturation process, making maturation a slow and
rate-limiting step in elongation phase (63). This pathway can explain the fibrillation of
E;-TTR since it forms globular oligomers and protofibrils (Figure 3-13a). However, the
unique oligomerization property of mixed SCAPs, which can stabilize an extended
peptide structure within small oligomers, could alter the elongation mechanism (Figure
3-13b). Because of the unique oligomerization property, mixed SCAPs must form
extended protofibrils. And, these protofibrils possibly readily assemble into fibrils with
a mature structure since very small conformational rearrangement for maturation should
be required. Furthermore, the presence of the stable extended oligomers may allow
peptides to be added as an oligomer unit. This should be a great advantage for long
fibril formation because addition of the extended oligomers to the fibril end is possible
even when monomer peptides cannot be added due to, for example, reduced catalytic
activity of fibril end for conformational conversion of monomers to fit to the 3 structure.
These two possible aspects, oligomer addition and rapid maturation, allow the formation
of extremely long fibrils (Figure 3-13b).

The traditional model of elongation kinetics defines elongation step as only the
addition of a monomer peptide to the fibril end (65,66). My data suggest that at least
two steps have to be separately considered: addition of soluble peptide and maturation
of protofibrils. Furthermore, oligomer addition mechanism may be taken into account in

addition to monomer addition. Quantitative analyses of the kinetics and thermodynam-
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Figure 3-13. A model for explaining the mechanism of very long fibril formation by
mixing SCAPs. In the elongation phase, E;-TTR or typical amyloid peptide (a) is
added to the nucleus as a monomer and produces protofibrils. Because of their
flexible structure, the protofibrils require further conformational optimization to
assemble into mature fibrils, making the maturation a slow process. Mixed SCAPs
(b) can form extended protofibrils due to their unique oligomerization property. This
type of protofibrils needs very small conformational conversion to assemble into
mature fibrils, resulting in the fast maturation process. Furthermore, protofibril
growth can also take place by addition of the extended oligomers, allowing the
continuous growth of mature fibrils to the great length.
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ics based on this mechanism may allow precise control of fibril length. The lack of
reports in the literature regarding approaches to adjust fibril length highlights the
importance of the mechanism of mixed-SCAP fibrillization. In addition, recent studies
have demonstrated that cytotoxic species are protofibrils (and globular oligomers) and
not mature fibrils (67). Traditional therapeutic strategies targeting inhibitors of oligomer
and protofibril formation have not developed effective cure for amyloidosis-related
diseases, and there is an emerging strategy promoting fibril formation to reduce
cytotoxic species (68,69). Therefore, the presented result regarding the maturation
process may provide rational approach for the strategy.

My data also suggest that the conformation of peptides in the oligomerization
process could be a major determinant of the resulting fibril structure. Because the
mixing of SCAPs can effectively alter oligomer formation, the use of other SCAPs with
different three amino-acid-residue caps to provide novel binding modes could allow
further tuning of oligomerization property. Such tuning may introduce opportunities for
controlling or tailoring the macroscopic fibrillar assembly, which is one of the key steps
for the development of functional nanomaterials and nanodevices. IM-MS may be a
good approach for analyses of oligomerization properties in such a mixed peptide
system. Identifying the relationships between oligomerization and macroscopic fibril
structure would allow the development of practical approaches for precise control of

fibril architecture.

68



4. Development of Fibril-Patterning Methods for the Creation of

Functional Nanocircuitry

4.1. Abstract

The patterning of self-assembled nanowires is a key process for creating
nanocircuitry and nanodevices using these bottom-up nanomaterials. The current study
presents two simple methods for directional and positional control of our SCAP-based
functional nanowires. An easily preparable water flow system with a thickness of 0.2
mm thickness, width of 1 mm width and lengths of 10-20 mm was applied to our
functionalized or probed nanowires yielded by mixing SCAPs with F/P-SCAPs, which
allowed the alignment of these nanowires along the flow direction. Probe-specific
functional materials could also be conjugated to the aligned probed nanowires. It was
possible to control the initiation position of the fibrils by targeting gold nanoparticles
present on the substrate surface with specific a-lipoyl fibril seeds with subsequent
incubation of the mixed-SCAP solution with the seeded nanoparticles. The resulting
individual fibrils were formed from one nanoparticle. This is the first demonstration of
positional control of each fibril among amyloid systems. These two methods together
with other techniques such as nanolithography could open up new approaches for

precise patterning or integration of our bottom-up functionalized nanowires.
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4.2. Introduction

The advantages of functionalized nanowires derived from the one-dimensional
geometry with tunable functional properties make them essential components in various
nanodevices including chemo- and bio-sensors (1), light-emitting diodes (2-4),
photodiodes (5,6), and field effect transistors (7,8). Although a top-down approach
based on lithographic techniques (9) has widely been developed to manufacture
commercial nanodevices, it is facing fundamental physical and economic limitations
(10). By contrast, a bottom-up approach on the basis of molecular self-assembly has
been developed to address these physical and economic issues (11,12). This is because
the bottom-up methods allow the formation of nanowires much more effectively than
top-down methods, which is promising for the development of next-generation
nanoelectronic devices if integrated circuits are realized using the bottom-up nanowires.
Our SCAP strategy should garner attention among bottom-up methods because of its
ability to confer diverse and arbitrary functions to nanowires as described in Chapter 2
(13).

Patterning nanowires is a key process to construct functional nanocircuitry and
use them in electronic devices (14,15). However, the bottom-up approach still involves
a considerable challenge in controlling the placement and orientation of nanowires. The
Langmuir-Blodgett (LB) technique is one of the most common approaches for
preparation of nanowire arrays (16-18). However, the LB method requires modification
of nanowires with hydrophobic groups. Other approaches using magnetic force (19),
dielectrophoresis (20), microfluidics (19,21,22), and equipment for direct manipulation

of individual nanowires (23) have been developed, but they depend on particular
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properties of nanowires or need specific instruments that make it difficult or costly to
achieve nanowire patterning at a large scale. Furthermore, these methods cannot be
applied to our functionalized nanowires formed from peptide building blocks.

In the present study I show two approaches to control the direction and position
of nanowires. A simple water flow system allowed the alignment of functionalized or
probed nanowires preformed by our SCAP-mixing method. The aligned probed
nanowires can also be functionalized with specific molecules. In addition, I demonstrate
that seeding gold nanoparticles present on the surface with gold-specific sonicated
fibrils is effective for initiation of fibril formation from a single nanoparticle and is thus

useful for controlling the initial position of the nanowires.
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4.3. Experimental Procedures

Peptide Synthesis

Peptides were synthesized with a standard Fmoc-chemistry on Rink amide resin
automatically with an Applied Biosystems 433A peptide synthesizer (Applied
Biosystems Inc., Foster City, CA) or manually. All N-terminal modifications, biotin,
maleimide, tetramethylrhodamine, and fluorescein were carried out on the resins. Biotin
or a-lipoic acid was coupled by the use of 10 eq. D-Biotin (Sigma) or DL-a-lipoic acid
(Watanabe Chem.), 10 eq. HBTU/HOBt, and 20 eq. DIEA in NMP for 1 h or 30 min,
respectively. Maleimide coupling was performed with a mixture of 2 eq.
3-maleimidopropionic acid (N-maleoyl-B-alanine, Aldrich), and 1 eq. WSCI in
DMF/DCM = 1/1, for 1 h. For fluorescent modifications, the N-terminal-free peptide
resins were washed once using 2 M DIEA/NMP and twice with NMP prior to coupling.
Fluorescein and tetramethylrhodamine were coupled with 1.2 eq. NHS-Fluorescein
(Pierce) and NHS-Rhodamine (Pierce) for 12 h, respectively. The peptides, except for
one modified with maleimide, were then deprotected and cleaved with reagent K
(TFA/H,O/phenol/thioanisole/ethaneditiol = 82.5/5/5/5/2.5) over two-hour incubation to
yield crude peptide materials. The cleavage of maleimide peptides were performed with
TFA/H,O = 95/5 for 2 h. All crude materials were subsequently purified using a
reverse-phase HPLC (SCL-10A, SPD-10A, DGU-12A, LC-6AD, Shimadzu) with a C-8
column (22 x 250 mm, Cat. No. 208TP1022, Vydac) eluted with a linear gradient of
water and acetonitrile containing 0.05 and 0.04% TFA, respectively. The peptides were
obtained in >95% purity determined by reverse-phase HPLC (PU-980, UV-970,

HG-980-31, DG-980-50, Jasco) with a C8 column (4.6 x 250 mm, Cat. No. 208TP104,
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Vydac), and were identified by MALDI-TOF-MS (voyager System 6171, Applied
Biosystems, in Stractural Chemistry Laboratory or at the OPEN FACILITY in Sousei

Hall).

Fibril Formation

The 8 mM stock solutions of each peptide and mixture were diluted by a factor of
40 in aqueous solution at pH 2.0 (adjusted by HCI), and incubated in plastic tubes at
37 °C. UVmini-1240 spectrophotometer (Shimadzu) was utilized for measurements of
stock solution concentration. The extinction coefficient of &7 = 2900 M"lcm'], derived
from the two tyrosine residues at 100 mM sodium phosphate (pH 7.0) in the presence of

6 M guanidine hydrochloride (Ref), were used for calculation.

Alignment of Fibrils by Water Flow

To prepare water flow path a sample substrate, mica (Cat. No. 990066, Nilako,
Japan) for AFM or a cover glass (Micro Cover Glass 18 x 18 mm, Cat. No. CO18181,
Matsunami Glass, Osaka, Japan) for fluorescence microscopy, was spaced from a large
cover glass (NEO Microscope Cover Glass 24 x 40 mm, Cat. No. C024451, Matsunami
Glass) with vinyl tapes of 0.2 mm thick (Cat. No. 200-19, Yamato, Japan). The width of
the flow path was adjusted to ca. 1 mm by sight. The final dimension of the flow path
was 0.2 mm thick, 1 mm wide, and 10~20 mm long (depending on the size of sample
substrates). 10 ul suspension of preformed fibrils was introduced into the flow path
from one side and simultaneously absorbed with filter paper on the other side to
generate water flow. The sample substrate surface was subsequently washed three times

with 10 pl of ultra-pure water, then by immersion in a plethora of water for 15 seconds.
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Modification of Probed Nanowires with Functional Materials

For modification of biotin-probed nanowires, 10 pul suspension of 5-fold diluted
avidin magnetic beads (MACS, Cat. No. 130-048-102, Miltenyi Biotec) was incubated
for 15 min on a shaker immediately after adsorption of the biotinylated nanowires.
Maleimide-probed nanowires were functionalized with 10 uM F-TBP-Cys aqueous
solution buffered by 10 mM phosphate (pH 7.4) for 10 min. After incubation the sample
substrates were dipped in copious water for 15 seconds to wash the surface and dried in

air.

Exchanging the Ligand of Gold Nanoparticles

BSPP was utilized as an alternative ligand of gold nanoparticles stabilized by
citrate (Colloidal gold/SC ¢ = 40 nm, Lot No. A070629-1F, Tanaka Kikinzoku Kogyo,
Japan). The gold colloid particles were centrifuged at 14,000 x g for 15 min at room
temperature with MiniSpin Plus (Eppendorf, Germany) and the supernatant was
substituted by fleshly prepared BSPP aqueous solution at a concentration of 1 mg/mL.
This mixture of BSPP and gold particles was then incubated overnight at room
temperature. After incubation, the nanoparticles were washed twice with 1 mg/mL
BSPP by centrifugation at the same condition as above and exchange of the supernatant.
The obtained BSPP-stabilized gold nanoparticle suspension was kept at 4°C for

experiments.

Control of Initiation Position of Fibrils with a Gold Nanoparticle
To immobilize gold nanoparticles on mica, the surface was precoated with PLL

(Mw = 15-30 k, Cat. No. P7890, Sigma) by incubation at a concentration of 1 mg/mL
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for 1 min and by subsequent wash with ultra-pure water (I mL % 3) and dry in air.
10-fold diluted suspension of gold nanoparticles was incubated on the PLL-coated mica
surface for 5 min and the surface was washed and dried similarly. PLL was employed
again by the same procedure for recoating the surface. The immobilized gold
nanoparticles were then modified with seed fibrils with a-lipoyl groups, prepared by
sonication of preformed fibrils formed from a mixture of K;-TTR:Lip-E;-TTR:E;-TTR
= 1:1:8 with W-113 MK-II ultrasonic disperser (Honda Electronics, Aichi, Japan) for 30
min, by incubation of the seed suspension diluted with 0.01 M HCI by a factor of three
on the surface for 5 min. After the surface was washed, dried and measured by AFM, 8
ul of a peptide solution of K3-TTR:E3;-TTR = 1:1 at a total peptide concentration of 200
pM was incubated in a double-stacked silicon chamber (CultureWell multiwell
chambered coverslip, 3 mm diameter and 1 mm depth, 3-10 ul, Cat. No. CW-50R-1.0,
Grace Bio-Labs, Oregon, USA), mounted on the surface and sealed with a cover glass
(Round Micro Cover Glass 15 mm dia., Cat. No. C015001, Matsunami Glass, Osaka,

Japan), at 37°C for 12 hours. Subsequently, the surface was washed and dried in air.

Atomic Force Microscopy

AFM measurements were performed using a Nanoscope Illa system (Digital
Instruments, Santa Barbara, CA) with a standard silicon cantilever (OMCL-AC240TS,
Olympus). Images were captured at 512 x 512 pixel resolution at a scan rate of 0.25 Hz
with a typical condition of 60-80 kHz of drive frequency, and 1.6-1.8 V of amplitude set

point.
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Fluorescence Microscopy

Fluorescence microscopy was performed using a BIOREVO BZ-9000 confocal
microscope (Keyence) with a GFP-BP filter (excitation, 470+40 nm; emission, 520+35
nm; dichroic, 495 nm long pass), or a TRITC filter (excitation, 540+25 nm; emission,
605+55 nm; dichroic, 565 nm long pass). Shutter speed was set at 3.5 sec for green, and

1.0 sec for red fluorescence observation.
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4.4. Results

4.4.1. Directional Control of Functionalized Nanowires by Water Flow

We developed a system to control the directional alignment of nanofibrils by
water flow. Figure 4-1 represents a schematic representation of this system involving a
narrow flow path with a thickness of 0.2 mm, a width of 1 mm, and an arbitrary length,
ranging from 10 to 20 mm in this study, developed manually between a cover glass and
a substrate surface. Water flow can be generated by coincident injection and absorption
of water from one side with a micropipette to the other side with a sheet of filter paper.
Fibrils can be adsorbed to the substrate surface under the influence of the flow. Hence,
applying this system to our remarkably long functionalized nanowires created from
SCAP mixtures allows construction of long-range arrangements of functional molecules
in a particular direction on the surface. Fibrils of a 1:1 K3-TTR:E;-TTR mixture were
first employed and successfully aligned in line with the flow direction, as measured by
AFM (Figure 4-2a). Similarly, fibrils functionalized with tetramethylrhodamine
molecules (K3-TTR: TMR-E;-TTR:E;-TTR = 1:1:8 fibrils) were subjected to flow, and a
clear alignment of the red fluorescence over 60 um was observed (Figure 4-2b), which
indicates that this flow method in conjunction with our mixed-SCAP fibrils can create
long-scale alignment of functional molecules in a desired direction. This system was
also applied to nanowires probed with biotin or maleimide groups formed from
K;3-TTR:Bio-E3-TTR:E3-TTR = 1:1:8 or K;-TTR:Mal-E;-TTR:E;-TTR = 5:1:4,
respectively. Specific functional materials, i.e., avidin magnetic beads or the functional
peptide F-TBP-Cys (Fluorescein-G-RKLPDA-GG-C-amide), were subsequently

incubated with the fibrils on the surface. AFM and fluorescence microscopy depicted
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Figure 4-1. Schematic representation of a flow system. The flow path is composed
of two substrates and a vinyl tape spacer, yielding the dimensions of 1 mm width,
0.2 mm height and 10-20 mm length. The fibril suspension is injected from one side
and the flow is generated by absorption of the injected sample suspension from the
other side. Thus, fibrils can be adsorbed on the substrate surface under the influence
of water flow.
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Figure 4-2. Directional control of functionalized nanowires by the flow system
displayed in Figure 4-1. Alignment of (a) mixed-SCAP fibrils, (b) F-SCAP-
functionalized nanowires and (c.d) P-SCAP-functionalized fibrils. (a) K;-TTR:E;-
TTR = 1:1, (b) K5-TTR:TMR-E;-TTR:E;-TTR = 1:1:8, (¢) avidin magnetic bead
array on K;-TTR:Bio-E;-TTR:E;-TTR = 1:1:8, and (d) F-TBP-Cys-functionalized
K;-TTR:Mal-E;-TTR:E;-TTR = 5:1:4 fibrils. The probe-specific functional
materials were conjugated after fibril alignment. Scale bars are 5 um.
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the arrangement of these materials onto the aligned fibrils (Figures 4-2 ¢ and d).
Therefore, specific modification of patterned fibrils has been demonstrated to be
possible. These data obviously show the usefulness of the flow system for directional

control of various functional nanowires and nanomaterials.

4.4.2. Control of the Initiation Position of Fibrils Using a Gold Nanoparticle

The strategy for controlling the initiation position of fibrils is schematically
shown in Figure 4-3, where seed fibrils are specifically attached to surface-immobilized
gold nanoparticles, followed by elongation of fibrils by incubation with a SCAP mixture.
Gold-specific seeds were prepared by sonicating a-lipoyl-probed fibrils formed from a
SCAPs mixture of Ks;-TTR:Lip-E;-TTR:E;-TTR = 1:1:8 (Figure 4-4). To achieve the
highly dispersed adsorption of gold nanoparticles, the gold ligand was exchanged from
the originally used citrate to bis(p-sulfonatophenyl)phenylphosphine (BSPP). BSPP has
a phosphine backbone with a high affinity for gold and two benzylsulfonate groups with
a very low pKa of -2.8 (24), and it has been widely utilized in systems for modifying
gold nanoparticles with biomolecules (25). Use of the BSPP stabilizer led to more
dispersion of immobilized gold nanoparticles relative to citrate as indicated by an AFM
study of the PLL-coated mica surface after incubation of the two types of gold
nanoparticles (Figures 4-5 a and b). After the surface was recoated with PLL, which can
block nonspecific (electrostatic) adsorption of fibrils (26), the o-lipoyl seeds were
incubated with the fixed gold nanoparticles. AFM shows that the seeds were attached to
the gold nanoparticles (Figures 4-5 e—i) but mainly not on the surface (Figure 4-5c¢),

which suggests specific conjugation of the seeds with the gold nanoparticles.
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Figure 4-3. A schematic illustration of controlling the initiation position of fibrils
using a gold nanoparticle. This strategy includes three steps: (1) gold nanoparticles
are immobilized on a mica surface with high dispersity, (2) the nanoparticles are
seeded with gold-specific sonicated fibrils with a-lipoyl groups, and (3) nanowire
formation is initiated from each nanoparticle through incubation with peptide
solutions.
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Figure 4-4. Preparation of gold-specific seeds. AFM images of (a) gold-specific
fibrils formed from a mixture of K;-TTR:Lip-E;-TTR:E;-TTR = 1:1:8 and (b.c)
sonicated o-lipoyl fibrils with an average length of 45 + 20 nm. The scale bars
represent 5 um in (a,b) and 1 pm in (c).
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Figure 4-5. (a,b) Chemical structure of gold ligands: (a) citrate and (b) BSPP.
(cd) Effects of ligands on particle dispersity: (c) citrate-stabilized and (d)
BSPP-stabilized gold nanoparticles immobilized on PLL-coated mica surface.
(e-i) Seeding to BSPP-stabilized gold nanoparticles: (¢) AFM image after
seeding, and (f-i) digital zoom images of seeded nanoparticles corresponding
to the selected areas in (e). Scale bar shows 1 pum.
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To initiate fibril formation from these seeded particles, a solution of the 1:1
Ks-TTR:E3-TTR mixture was incubated on the surface for 12 h. Consequently, fibrils
initiated from a gold nanoparticle were successfully observed (Figures 4-6 a and b).
This is the first demonstration of positionally controlled amyloid initiation. Statistic
analysis of the fibrils and nanoparticles revealed that 75% of the total fibrils appeared to
be initiated from nanoparticles, thus showing the efficacy of this method. In contrast,
incubation of the 1:1 mixture with non-seeded nanoparticles on surface resulted in no
fibril formation (Figure 4-6¢), confirming that the fibrils formed from the seeded
nanoparticles. Thus, our method using seeded gold nanoparticles is very useful for

controlling the initiation position and for patterning amyloid nanowires.
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Figure 4-6. (a) K;-TTR:E;-TTR = 1:1 fibrils initiated from a gold nanoparticle and
(b) magnified image of the selected region in (a). (c) An AMF image of unseeded
gold nanoparticles after incubation with a 1:1 mixture of K;-TTR to E;-TTR under
the same condition used for (a,b). The lack of fibril formation indicates selectively
successful fibril formation from seeded nanoparticles. Scale bar shows 1 um.
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4.5. Discussion

The current study presents two approaches for patterning our extremely long
mixed-SCAP nanowires: directional and positional control. Patterning of
one-dimensional structures is a promising way to develop nano-scale compartments,
thus creating functional nanocircuitry. These approaches, together with the ability of our
SCAP-mixing method to control the structure function of fibrils, could make our SCAP
strategy practical for developing next-generation nanodevices.

The flow method enables the control of fibril orientation in any desired direction,
thus making it possible to adjust the relative angle between fibrils or between a fibril
and another object. This capability may find use, for example, in wiring nanoelectrodes
perpendicularly to the flow direction or creating a crossed-fibril pattern, which is one of
the useful structures for nanodevice fabrication (27). A nanoelectrode-nanoelectrode
interconnection can also be fabricated on parallel-aligned nanowires with subsequent
photolithographic procedures (15). Therefore, flow-induced alignment of nanowires
with various biological or molecular recognition properties imparted by our SCAP
method could have great utility for developing chemical and biological sensors. Other
studies focused on the use of aligned fibrils, especially collagen fibers, for control of
cell culture and movement (21). Alignment of our fibrils modified with biological
molecules is probably useful for such bio-nanotechnological applications.

Several approaches for orientation control of nanowires and nanofibrils, such as
the LB method and flow systems using microfluidics, have been widely utilized to date
(16-19,21,22). Compared with those approaches, the advantages of our method involve

a simple setup that is applicable for various substrates at relatively large scale and
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requires no other reagents. Furthermore, the ability of our SCAP method to form
extremely long nanowires allows this flow system to create long-range parallel
alignment of functional nanomaterials.

I, for the first time, presented the control of the initiation position of amyloid
fibrils by using a gold nanoparticle and gold-specific seed modified with a-lipoyl
groups. Positional control of nanowires and fibrils remains challenging although it is
one of the most important processes for developing nanodevices (14). The fact that very
few studies have achieved this to date (20,22) highlights the importance of our study.
The method targeting gold nanoparticles present on the surface could also be applied to
a gold nanostructure array constructed by photolithographic techniques. Hence, this
approach may have practical use in the development of top down-bottom up hybrid
methods through interconnection of gold nanoelectrodes.

In summary, I have developed two distinct ways to control the direction or
initiation position of nanowires on a substrate surface. The use of these two approaches
mixed together or with mechanistic controls of fibrillation would be useful to achieve

highly ordered nanowire patterns and construct functional nanocircuitry.
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5. Conclusions

In this study, I presented a novel methodology for controlling amyloid fibrillation
based on mixing multiple SCAPs. This strategy allowed effective formation of various
modified amyloid fibrils and also modulation of fibril architectures. Because these two
aspects are of great importance to create functionalized nanowires, mixing of SCAPs
should be a promising methodology for developing nanowire-based materials and
devices. For example, the ability to form diverse functionalized nanowires makes it
possible to obtain nanowires with various sensing capabilities based on the materials
attached to the fibrils. The hybrid method with biomineralization enables the application
of these nanowires in nanoelectronic devices. Because of their peptidic nature, our
nanowires could find applications in the field of bionanotechnology.

I demonstrated an impressive fibril growth mechanism: oligomerization property
alters the elongation process and determines the final architecture of fibrils. IM-MS
successfully revealed the unique oligomerization property of mixed SCAPs, through
which mixed oligomers adopt an extended structure with a high oligomer number. This
property presumably alters two mechanisms of elongation: one of which is that the
extended oligomers can possibly be added to the growing end as a unit, and the other is
that the unique oligomerization property also induces an extended structure of
protofibrils which makes maturation process very fast. These two mechanisms can
explain the entire elongation mechanism of mixed SCAPs. This insight may find use in
tailoring fibril architecture, which is one of the most important procedures to develop
bottom-up nanowire-based devices. Alteration of oligomerization properties by, for

example, adding another SCAP with a different unit may provide further control of
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fibril structure. The mechanism of acceleration of maturation process could also be
applied to the development of rational therapeutic approaches against amyloidosis.
Therefore, further mechanistic study of mixed-SCAP fibrillation has to be proceeded.
Mixing of SCAPs must affect the nucleation process as well because mixed SCAPs
enabled fibril formation of modified SCAPs, which did not self-assemble by themselves
or when mixed with Es-TTR. This mechanism also has to be elucidated.

Finally, I demonstrated very simple methods for controlling the orientation and
initiation position of nanowires. These methods could be used for interconnection of
two or more nanoelectrodes to implant them into functional nanocircuitry.

In summary, the presented methods and discoveries regarding the effective
functionalization, control of fibril architecture, and patterning shed new light on the

fields of nanotechnology, nanobiotechnology, and therapeutics.
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