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ABSTRACT

Functional amyloids found throughout nature have demonstrated that amyloid fibers are
potential industrial biomaterials. This work introduces a new “template plus adder”
cooperative mechanism for the spontaneous self-assembly of micrometer sized amyloid
fibers. A short hydrophobic template peptide induces a conformation change within a
highly a-helical adder protein to form B-sheets that continue to assemble into micrometer
sized amyloid fibers. This study utilizes a variety of proteins that have template or adder
characteristics which suggests that this mechanism may be employed throughout nature.
Depending on the amino acid composition of the proteins used the mixtures form
amyloid fibers of a cylindrical (~10 um diameter, ~2 GPa Young’s modulus) or tape (5-
10 um height, 10-20 pum width and 100-200 MPa Young’s modulus) morphology.
Processing conditions are altered to manipulate the morphology and structural
characteristics of the fibers. Spectroscopy is utilized to identify certain amino acid
groups that contribute to the self-assembly process. Aliphatic amino acids (A, I, V and
L) are responsible for initiating conformation change of the adder proteins to assemble
into amyloid tapes. Additional polyglutamine segments (Q-blocks) within the protein
mixtures will form Q hydrogen bonds to reinforce the amyloid structure and form a
cylindrical fiber of higher modulus. Atomic force microscopy is utilized to delineate the
self-assembly of amyloid tapes and cylindrical fibers from protofibrils (15-30 nm width)
to fibers (10-20 um width) spanning three orders of magnitude. The aliphatic amino acid
content of the adder proteins’ a-helices is a good predictor of high density [3-sheet
formation within the protein mixture. Thus, it is possible to predict the propensity of a
protein to undergo conformation change into amyloid structures. Finally, Escherichia
coli is genetically engineered to express a template protein which self-assembles into
large amyloid fibers when combined with extracellular myoglobin, an adder protein. The
goal of this thesis is to produce, manipulate and characterize the self-assembly of large
amyloid fibers for their potential industrial biomaterial applications. The techniques used
throughout this study outline various methods to design and engineer amyloid fibers of a
tailored modulus and morphology. Furthermore, the mechanisms described here may
offer some insight into naturally occurring amyloid forming systems.
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Chapter 1. Introduction

Nature has perfected the art of engineering robust materials over millions of years of evolution.
Specifically, structural materials in nature are fiber composites. Cellulose is composed of
glucose monomers and the highly rigid and tough fiber is one of the most abundant materials in
nature. Proteinaceous fibers such as keratin, elastin, and collagen are composed of amino acid
sequences that dictate the structural characteristics of the material.(Meyers et al., 2008) The
hierarchical macromolecular self-assembly of these compounds into fibrous structures is what
determines the structural properties that dictate if a material is stiff for support or highly flexible
and elastic to facilitate movement.(Fratzl and Weinkamer, 2007) The method that nature
employs to efficiently produce life sustaining materials should be the inspiration for future
materials engineering throughout industry. Thus, in an effort to efficiently produce renewable

materials we should strive to replicate naturally occurring processes.

Spider dragline silk is considered by many to be the “gold standard” of biological materials due
to its high modulus and toughness.(Qin and Buehler, 2013) Spider silk is created by a pulling
mechanism that takes a protein mixture, termed “dope,” and draws it through the insect’s silk
gland, quickly evaporating the water and forming a silk strand.(Tillinghast et al., 1984) The
mechanical shearing force aligns the protein B-sheets along the fiber axis. The structural
properties of the silk strand can be manipulated by altering the pulling speed of the protein dope.
A faster speed will create more crystalline regions making the fiber more rigid with a high
modulus for structural support.(Nova et al., 2010) These fibers support the weight of a spider as
it is suspended from a higher object. A lower speed will create a silk strand with varying
crystalline and amorphous regions forming a strand with high extensibility and toughness.(Nova

etal., 2010) These properties of the silk provide the energy dissipation required to catch prey



within the spider’s web. Thus, the spider is capable of manipulating structural properties of the
silk for a specific function by altering the extrusion speed. Spider silk has a higher specific
modulus than steel with a greater extensibility which makes it highly desirable as an industrial
biomaterial.(Smith et al., 1999; Vendrely and Scheibel, 2007; Xia et al., 2010) Indeed, synthetic
spider silk from recombinant proteins has been produced and engineered to form silk strands
with tailored structural and morphological properties based on the protein dope composition and
post-synthetic spinning processing.(Albertson et al., 2014) While spider silk may be one of the
more promising examples of nature forming robust biomaterials, it is not the only one. The
silkworm Bombyx mori produces the fibroin protein to form silk that constitutes the cocoon of
the insect.(Shen et al., 1998) This silk has a comparable elastic modulus and tensile strength to
spider dragline silk, 16 £ 1 GPa and 650 + 40 MPa respectively.(Poza et al., 2002) Insect silk
has been the focus of extensive research for industrial applications such as bullet-proof vests,
artificial tendons, tissue engineering scaffolds and other biomaterials.(Altman et al., 2003;
Kaplan et al., 2013; Vendrely and Scheibel, 2007; Wang et al., 2006) Unfortunately, the
mechanical pulling force required to align the crystalline regions of the dragline silk and the need
for a coagulation bath to form the fiber during spinning has made synthetic silk too expensive for

most applications.(Yu et al., 2013)

Amyloid fibers are another example of a robust proteinaceous biomaterial in nature. Amyloid
fibrils also contain B -sheets. However, the B-sheets in amyloid fibrils are of much higher
protein strand density than in silk and are oriented perpendicular to the fibril axis, unlike the -
sheets in spider silk.(Bouchard et al., 2000; Nelson et al., 2005) This is because amyloid fibrils
are self-assembled and silk fibers require the pulling mechanism, which orients the g-sheets

along the fiber axis. The formation of amyloid structures is most commonly associated with a



class of debilitating neurodegenerative diseases termed prion diseases. “Prion” is defined as a
“proteinaceous infectious particle” and is commonly associated with Bovine Spongiform
Encephalopy (BSE), Creutzfeldt-Jakob disease (CJD) and Scrapie for their contagious
characteristics. Alzheimer’s, Parkinson’s and Huntington’s diseases are characterized by the
spontaneous misfolding of various natively stable proteins into high density p-sheet amyloid
aggregates that inhibit cellular function and eventually lead to death, their classification as prion
diseases is still debated.(Dobson, 2003) Amyloid Beta (AB1-42) is a membrane bound protein
that has been identified as the amyloid aggregate in early onset Alzheimer’s disease.(Duff et al.,
1996) A mutation causes the Amyloid Precurser Protein (APP) to be cleaved in a slightly
different location adding two aliphatic amino acids to the 41 and 42 positions on Ap.(Pike et al.,
1995; Selkoe, 1996) The addition of two hydrophobic amino acids to the protein is enough to
destabilize the protein and cause spontaneous aggregation to form amyloid plaques.(Snyder et
al., 1994) Similarly, the seventeen amino acid N-terminus of the Huntington protein (HTTNT) is
hydrophobic.(Sivanandam et al., 2011) It is hypothesized that this region initiates aggregation
and the adjacent glutamine repeat region (Q-block) stabilizes the aggregate by hydrogen bonding
with itself, creating a “polar zipper” and forming a robust amyloid material.(Perutz et al., 1994;
Sivanandam et al., 2011; Williamson et al., 2010) The hydrophobicity and Q-block regions have
been shown to affect the aggregation of various proteins associated with prion diseases.(Chiti
and Dobson, 2006; Dobson, 2001; Dobson, 2003) The fact that there is no known cure for these
neurodegenerative diseases is a testament to the robustness of amyloid aggregates. Furthermore,
the diversity of proteins that misfold in prion diseases suggests that there may be a common

mechanism of amyloid self-assembly.



While accidental misfolding of a given protein forms fatal amyloid aggregates in some
organisms, other organisms assemble amyloid fibers for functional purposes. “Functional”
amyloids are produced by organisms to serve a specific need in order to perpetuate life.
Barnacle cement from Megabalanus rosa is one of the most robust adhesives in nature. The
cement is a composite material of amyloid fibers embedded within a proteinaceous polymer
matrix. The fungus Neurospora crassa creates an extracellular amyloid matrix to protect the
organism from the external environment and allow for cellular adhesion to hydrophobic
surfaces.(Barlow et al., 2010; Kamino, 1996; Kamino et al., 2000; Wosten, 1994) The insect
Chrysopidae produces amyloid silk stalks and cocoons to protect its eggs from predators.(Bauer
etal., 2012; Weisman et al., 2008) The curli protein produced from gram negative bacteria
forms amyloid extracellular matrices that facilitate cell adhesion and biofilm formation.(Fowler

etal., 2007; Zhou et al., 2013)

It is widely accepted that any protein is capable of misfolding into a high density p-sheet
amyloid aggregate given the right conditions.(Chiti and Dobson, 2006; Dobson, 2001; Dobson,
2003; Dobson et al., 1998) Generally, a protein is placed in highly denaturing conditions (pH ~2
and/or high temperature) to induce misfolding. This creates an amyloid aggregate “seed” or
nucleating site that can be combined with the given protein at near physiological conditions to
initiate misfolding in the natively stable protein.(Heegaard et al., 2005) This method has been
extensively used throughout literature to form amyloid fibrils with a variety of proteins, such as
insulin, B-microglobulin, a-lactalboumin and myoglobin.(Bouchard et al., 2000; Dzwolak et al.,
2006; Dzwolak et al., 2004; Fandrich et al., 2001; Fandrich et al., 2003; Goers et al., 2002; Gosal
et al., 2005; Guo and Akhremitchev, 2006; Heegaard et al., 2005; Raman et al., 2005) Typically,

these amyloid fibrils are 10-20 nm in diameter with a Young’s Modulus of approximately 1-3



GPa.(Adamcik et al., 2011; Knowles et al., 2007) A recent study used 4D electron microscopy
to reveal a ~ 1 GPa Young’s Modulus by oscillating “single amyloid beams,” or a pair of
hydrogen bonded [-sheets to form the characteristic amyloid cross-p conformation.(Fitzpatrick et

al., 2013)

Both functional and disease causing amyloids have a modulus approaching spider silk, however
the fibrils spontaneously self-assemble and require no mechanical energy input.(Adamcik et al.,
2011) It is a combination of the structural properties and the relative ease of amyloid fiber self-
assembly that make it a highly sought after biomaterial. Researchers have used various methods
to manipulate amyloid formation for engineered biomaterial applications. Processing conditions
have been adjusted to grow wide amyloid tapes with adjustable pitches.(Adamcik and Mezzenga,
2011; Davies et al., 2006) Lara et al used the globular protein p-lactoglobulin to self-assemble
amyloid ribbons exceeding 100 nm in width.(Lara et al., 2011) Li et al was able to create an
amyloid fibril/graphene composite that is biodegradable with shape memory properties.(Li et al.,
2012) This composite material has good conductivity as well as elongation to break properties
that can be refined by adjusting the amyloid fibril to graphene ratio and tailor the material for
specific applications.(Solar and Buehler, 2012) Similarly, amyloid fibril hydrogels have been

synthesized.(Li et al., 2011; Li and Mezzenga, 2012)

As stated above, amyloid fibrils on the nanometer scale can be synthesized with relative ease by
inserting the globular protein into denaturing conditions. This process will grow and deposit
amyloid fibrils of 10-20 nm in diameter which is why there has been a push to use the fibrils as a
method for bottom up engineering of novel nanomaterials. Bacterial inclusion bodies (IB) were
engineered to act as a tissue engineering scaffold or drug delivery mechanism.(Seras-Franzoso et

al., 2013; Terzaki et al., 2013) Bolisetty et al utilized B-lactoglobulin fibrils to grow gold crystal



flakes.(Bolisetty et al., 2011) This method produced gold “platelets” with potential biosensing,
microsensing or optical applications.(Li et al., 2013a) Similarly, amyloid fibrils were used to
produce titanium dioxide (TiO,) nanowires with potential applications within photovoltaic or
other nanoelectronic devices.(Acar et al., 2013; Bolisetty et al., 2012; Sakai et al., 2013) In an
effort to reduce greenhouse emissions, amyloid fibers have been designed for the selective
capture of carbon dioxide.(Li et al., 2013b) Amyloid fibrils can be self-assembled from a variety
of peptides or proteins. Thus, there are numerous potential applications based on the above
research that shows one can turn a lot of protein starting materials into useful and functional
materials. Amyloid fibrils may be functionalized with a given compound to produce a catalytic
surface for large scale bioprocesses or nanoscale biosensors. The diversity of proteins that can
self-assemble into fibrils may allow one to engineer composite amyloid materials with tailored
structural properties. The relatively consistent size of the fibril may allow for the intelligent
design of nanoscale circuits. Recent research has uncovered a variety of practical applications

for the amyloid fibril as a biomaterial.

In this research the “large amyloid fiber” is introduced. This is a self-assembled amyloid fiber of
similar size to naturally-occurring protein fibers such as hair and silk. This is the first time such
a fiber has been observed and is unique in the size that is achieved via self-assembly and the
close resemblance to natural counterparts. It is the focus of this thesis to produce, manipulate
and characterize the features of micrometer sized amyloid fibers for their robust biomaterial
capabilities. The large amyloid fiber is made through a unique cooperative two protein
mechanism to induce conformation change in a highly hydrophobic “template” peptide and a
highly a-helical “adder” protein. This mechanism spontaneously forms micrometer sized

amyloid fibers in solution at near physiological conditions. The amyloid fibers (diameter=10-20



um) produced are 3 orders of magnitude larger than the amyloid fibrils (diameter=10-20 nm)
commonly reported. Here, bottom up engineering is utilized to produce hierarchical amyloid
fibers with structural and morphological properties dictated by the amino acid composition of the
respective protein mixtures. It is the hope of this research that large amyloid fibers will soon be
utilized as functional biomaterials throughout industry as synthetic fibers, composites, tissue

scaffolds or biosensors for a wide range of applications.
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ABSTRACT: Peptide mixtures spontaneously formed micrometer-sized fibers and
ribbons from aqueous solution. Hydrolyzed gliadin produced short, slightly

7

B-sheet template

0000~

a-helix adder peptide

elliptical fibers while hydrolyzed wheat gluten, a mixture of gliadin and glutenin,
formed round fibers of similar size. Mixing hydrolyzed gliadin with increasing
molar amounts of myoglobin or amylase resulted in longer, wider fibers that
transitioned from round to rectangular cross section. Fiber size, morphology, and

modulus were controlled by peptide mixture composition. Fourier transform
infrared (FT-IR) spectroscopy results showed that peptides experienced @ to 8
transitions forming an elementary cross-f# peptide secondary structure, indicative of
amyloids. Large fiber formation was observed to be dependent on hydrophobic
packing between constituent peptides. A model was developed to show how the

fiber morphology was influenced by the peptides in the mixture.

H INTRODUCTION

Protein fibers find widespread structural use in nature. For
instance, dragline silk must be strong and rigid to support the
descent of the insect while capture silk must be tough, ductile,
and sticky to capture prey.' B-Keratin fibers in bird feathers
provide rigidity for flight. Protein molecules in silk and -
keratin have some portions in a highly organized crystalline
structure known as the “B-sheet” and some regions with no
organization known as “amorphous” or “random coil” regions.
The ratio of f-sheets to random coils is a simple way to view
the properties of the protein fiber; i.e., the more S-sheets, the
stronger and more rigid the fiber, although subtleties in the
amorphous region appear to contribute to the toughness
greatly.”” Silk has a very conservative amino acid sequence, but
P-keratin has a very liberal sequence. Despite these molecular
differences, both fibers are similar in size, morphology, and
properties with diameters of D ~ 10" um, aspect ratios of L/D
> 10°, and elastic moduli, E, of ~10' GPa and are extruded
from the cell where the proteins are synthesized.* The extrusion
process aligns the protein molecules and f-sheets along the
fiber axis, providing a characteristic X-ray diffraction pattern
and signature Amide I absorbance in Fourier transform infrared
spectroscopy.s’6 The similarities in properties appear to arise
from similarities in the nanoscale morphology of the fibers.”*

Spun silk and extruded p-keratin are common in nature.
Nature employs a second fiber forming mechanism that appears
less common. In this mechanism, fibers form spontaneously
without extrusion or spinning. These fibers have a similar
molecular structure to silk and S-keratin in that some regions of
the protein molecules are in -sheets and some are amorphous.
However, the f-sheets are aligned perpendicular to the fiber
axis and are known as “cross-f#” structures. The most common
of these structures are nanometer-sized cross-f# fibrils, also

v ACS Publications  © 2011 American Chemical Society

3770

13

D=10.7 um

increasing molecular weight of adder peptide

known as “amyloids” or “prions”. These nanometer-sized fibrils
are most often associated with neurodegenerative or prion
diseases such as Alzheimer’s and Parkinson’s disease.” Prions
form when some natural event, currently unknown, allows what
was once a normally functioning protein to start aggregating.
There is another set of cross-f structures not implicated in
disease known as “functional” amyloids.® These spontaneously
formed structures protect bacteria and insect eggs and reinforce
barnacle cement.”” "3 Interestingly, functional amyloids can be
in a nanometer-sized fibril or micrometer-sized fiber form.
Bacteria will put proteins into nanometer-sized cross-$
structures to protect those proteins when cell environmental
conditions change.”'®'* This appears to be a survival
mechanism to allow the bacteria to proliferate whereas the
protein would be damaged or denatured if not in the stable
cross-f# structure. Bacteria will also create large hyphae from
cross-f3 structures for protection and proliferation.' Insects of
the Chrysopidae family will deposit a highly concentrated
protein solution on a plant surface that will dry into a fiber with
a diameter of ~20 ym and a length up to 1 c¢m, dimensions
similar to traditional spun spider silk.'>"'® The insect then
places its eggs on top of this stalk to suspend and protect them.
Analysis of barnacle cements, known to be some of the most
robust adhesives in nature, shows them to be fiber
composites.'” " The reinforcing fibrous phase consists of
nanometer-sized cross-f fibrils and micrometer-sized cross-f
fibers.'°

Evidence suggests that cross-f fibrils and fibers are more
robust than silk and f-keratin. The difficulty in treating prion
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diseases is a testament to their mechanical stability, which may
be why no known cure exists. Indeed, cross-f structures have
been shown to be resistant to high temperature, solvents,
enzymes, and severe mechanical stress.”' The moduli of cross-f3
fibrils have been measured to be in the range of 2-20
GPa***7* Comparison of f-sheets in silk and f-keratin to
cross-f3 structures suggests that the cross- secondary structure
is thermodynamically favored and the most stable. f-Keratin
fibers can be resolubilized, and upon drying, nanometer-sized
cross-f# fibrils can be observed but not micrometer-sized
fibers.%* Conversely, natural cross-f silk can be plasticized and
highly deformed similar to spider silk. The egg stalk of Chrysopa
flava or green lace wing fly was stretched in water and formed a
fiber with a traditional f-sheet structure with protein chains
aligned parallel to the fiber axis along the deformation.'?
Although highly favorable and stable, the cross-# structure is
rarely found in nature. Nature reserves it for when it wants to
destroy life (prion disease) or proliferate it (barnacle cement,
egg stalks, bacteria hyphae). Therefore, nature implements
mechanisms to discourage its formation, like extrusion or
spinning.”® Cross-f fibrils and fibers form spontaneously
without the need for an applied deformation.

There has been growing interest in peptide-based structures
in materials science because of superior mechanical properties,
versatility, and ability to self-assemble.’® This has caught the
attention of engineers interested in leveraging the unusual
stability and rigidity of the cross-f structure. There is a
burgeoning field dedicated to utilizing amyloids as high
performance bio/nanomaterials in a variety of structural and
electronics applications.***°~>* Recently, one study was able to
arrange nanometer-sized amyloid fibrils into macroscopic
ordered films that were easy to manipulate and test.”> The
films had moduli of 6 GPa, which was similar to the individual
fibrils. This study showed the amazing ability to build
hierarchical structures from the nanometer to the micrometer
scale while retaining properties, which may be a very unique
feature of natural systems because synthetic systems typically
show a large degradation of properties over the same scale.
Here, functional cross-f fibers and ribbons 10—30 pm across
and several millimeters long are reported that have been
spontaneously formed from peptide mixtures. The fibers were
formed from a hydrolyzed gliadin “template” and were round or
rectangular in cross section. Round and rectangular fibers were
formed by adding a small and large, respectively, molecular
weight a-helix “adder” peptide. First, nanometer-sized cross-f
fibrils self-assembled that continued to assemble into micro-
meter-sized fibers through hydrophobic interactions. The fibers
had moduli in the range of 0.1—2 GPa depending on the adder
peptide, showing another example of the unique ability of
natural systems to retain properties over several orders of
magnitude of scale.

B EXPERIMENTAL SECTION

Wheat Gluten (WG) Hydrolysis and Self-Assembly. 2 g of
WG (MP Biomedicals, LLC, Solon, OH) was dissolved in 80 mL of
deionized water at 37 °C to achieve a concentration of 25 mg/mL. 30
mg of trypsin (type I from bovine pancreas, Sigma-Aldrich, St. Louis,
MO) was then added to the solution to give an enzyme-to-substrate
ratio of 1:67 w/w. Solution pH was adjusted to 8 with 1 M NaOH.
Solution conditions were maintained at pH 8 and 37 °C for 3 weeks,
and FT-IR spectra collected periodically to monitor hydrolysis and
self-assembly.

Gliadin (Gd) Hydrolysis. 20 g of Gd (TCI America, Portland,
OR, UniProt P04721) was dissolved in 800 mL of deionized water at
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37 °C. Trypsin was then added at 1:67 w/w enzyme-to-substrate ratio,
and the solution was incubated for 72 h at pH 8 and 37 °C. The
solution was then poured into Teflon-coated aluminum foil trays and
allowed to dry at room temperature under the fume hood. The
incubation time was determined to be long enough for hydrolysis but
short enough to avoid peptide aggregation.

Peptide Mixtures and Self-Assembly. Amylase (Am, a-
amylase, from Bacillus licheniformis, Sigma-Aldrich, Saint Louis, MO,
UniProt P06278) and myoglobin (My, from equine skeletal muscle,
Sigma-Aldrich, St. Louis, MO, UniProt P68082) were dissolved in 10
mL of deionized water at varying molar fractions with dried Gd
(Gd:My 1:0, 0.62:0.38, 0.36:0.64, 0.16:0.84, 0:1; Gd:Am 1:0,
0.85:0.15, 0.66:0.34, 0.39:0.61, 0:1). The solutions were 25 mg/mL,
which was shown to be in a concentration region where there was
strong cross-f} formation over reasonable times®® and greater than the
10 mg/mL used in another study on amyloid formation in peptide
mixtures.”” Solution pH was adjusted to 8 with 1 M NaOH and
incubated at 37 °C for 3 weeks.

Fourier Transform Infrared (FT-IR) Spectroscopy. Attenuated
total reflectance (ATR) FT-IR spectra of the incubating solutions were
recorded periodically on a Thermo Nicolet 6700 FT-IR spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA) with a 45° ZnSe crystal
trough. The spectra were collected using 256 scans at 4 cm™
resolution from 4000 to 525 cm™'. The spectrum of the solvent
without peptide was used as a background and then subtracted from
the solution spectrum to reveal the peptide absorbances. Deconvolu-
tion of the amide I band into individual components was accomplished
with OMNIC v7.3 software. The spectral region 1725—1575 cm™" of
the original spectrum was fit with Gaussian/Lorentzian peaks at low
sensitivity and full width at half-height of 3.857. All spectra were fit
using a constant baseline correction and a target noise of 10.0. The
absorbance assignment is shown in Table 1.

Table 1. Assignment of Amide I Absorbances

amide I structural assignment wavenumber (cm™")

cross-f 1611-1630
P-sheet 1630—1637
random coil 1637—-1647
a-helix 1647—1662
B-turn 1662—1678; 1689—1699
antiparallel f-sheet 1679—1688

Fiber Formation. Incubated solutions were dried on Teflon-
coated aluminum foil under the fume hood at ambient conditions.
Although some fibers were observed in solution after about a week,
fiber formation was maximized by drying after several weeks.

Thioflavin-T (Th-T) Binding Assay. Fluorophore Th-T was used
to confirm the core cross-f# structure of the self-assembled fibers. 20
UL of peptide solution was dried on a glass slide, stained with 1% Th-T
solution for 10 min, and gently washed with deionized H,O. Spatially
resolved fluorescence images of the Th-T stained fibers were taken
using a Zeiss Axio Imager M1 microscope. Th-T dye was excited at
~480 nm, and emission was collected at ~510 nm through a 10X
objective.

Scanning Electron Microscopy (SEM). Fibers formed from
dried solution were mounted onto aluminum SEM stubs with double-
sided tape. Scanning electron micrographs were obtained using a LEO
1550 field-emission SEM (Zeiss, Peabody, MA) with a 4—6 mm
working distance, S kV accelerating voltage, and an In-lens SE-
detector. Fiber dimensions were obtained on 10—15 fibers each for
WG, Gd, and Gd:My fibers and 4—8 fibers each for Gd:Am fibers, the
latter not being as prolific in fiber formation.

Nanoindentation. Fibers were mounted on SEM stubs for
nanoindentation. Nanoindentation experiments were performed at
room temperature using a Hysitron Triboindenter (Minneapolis, MN)
with a 90° conical diamond tip. Experiments were in displacement-
controlled (DC) mode with a maximum displacement of 1000 nm at a
rate of 100 nm/s. The reduced modulus, E,, was determined according
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Biomacromolecules

to Oliver and Pharr’®
E = SJm
L=
2JAc (1)

where A_ was the contact area and S was the unloading stiffness. The
fiber elastic modulus (Young’s modulus), E;, was related to the reduced
modulus by

1—1/t2

E;

1 _1—1/52
E, E¢

)

where 1 and 1, were Poisson’s ratio of the fiber and indenter tip,
respectively. The elastic modulus and Poisson’s ratio of the indenter
tip were 1140 GPa and 0.07, respectively, as given by the instrument’s
manufacturer. The fiber elastic modulus was calculated from eq 2
assuming 2y was 0.3, which was used in previous nanoindentation
studies on amyloid fibrils and was a typical value for polymers.***

B RESULTS AND DISCUSSION

Self-Assembly. Self-assembly over time was monitored
using FT-IR spectroscopy. Typical spectra, shown in Figure 1
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Figure 1. FT-IR spectra of Gd:My 0.36:0.64 illustrating the peak shift

from ~1650 to ~1620 cm™' and the change in peak intensities at
~1410 and 1365 cm™ over 480 h.

for Gd:My 0.36:0.64 mole fraction, display structural changes
with time. The amide I absorbance, originally centered around
1650 cm™, began to shift at 3 days to a cross-f structure
centered around 1621 cm™'. The cross-f structure became
stronger with time. Peptide secondary structure components
were resolved through deconvolution of the amide I
absorbance. Particularly, the cross-f secondary structure can
be resolved and has been shown to correlate well with X-ray
diffraction (XRD) and circular dichroism (CD) data on cross-f
formation.*®*'~* All of the spectra were deconvoluted and
changes in the a-helix and cross-f content plotted as a function
of time as shown in Figure 2 for Gd:My mixtures. In this
representation, there was a clear primary transition in the
secondary structure with a loss of a-helix and gain in cross-3
and the secondary structure changes are defined in Figure 2.
For low My content, the transition happened in a few days but
took more than a week for Gd:My 0.16:0.84 mol:mol. There
was no delay in the Am mixtures, and all transitions happened
within the same time, about 96 h. The results for WG, Gd:My,
and Gd:Am are tabulated in Table 2, where x,4q4,, is the mole
fraction of protein added to Gd.
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The core cross-f structural arrangement of the self-
assembled fibers was confirmed with a thioflavin-T (Th-T)
binding assay. Fibrillar cross-f structures are highly organized
and have long channels made by the regular repeat of residues
and run along the length of the cross-f sheet. It has been
argued that Th-T is more likely to bind to these channels than
to native nanocrystalline f-sheet structures that do not have
such long-range organization.** So Th-T has been extensively
used to detect the presence of cross-f structures. Figure 3
shows a representative fluorescence microscopy snapshot of a
Th-T stained WG fiber. Strong fluorescence from the core of
the fiber indicated cross-f structural arrangement.

The amide I absorbance was not the only spectral feature
that changed with time. The CH; asymmetric deformation
around 1410 cm™, §,,(CH;), and CH; symmetric deformation
around 1365 cm™!, 5,(CH;), were very weak but grew in
intensity with self-assembly. In Figure 1, it can be seen that
these two absorbances change differently with self-assembly.

Fiber Size and Morphology. The fibers obtained from
drying the solutions were imaged in SEM. Pure Gd fibers were
slightly elliptical and WG fibers were round in cross section.
WG was a mixture of hydrolyzed Gd (42 wt %) and high and
low molecular weight glutenin, GtH (12 wt %, UniProt
P08488) and GtL (46 wt %, UniProt P10386) peptides,
respectively, and these fibers contained a tight, regularly defined
pitch on the surface. The addition of My or Am to the peptide
mixture caused the fibers to become longer, wider, and more
rectangular in cross section with a higher pitch (Figure 4).

Fiber Mechanical Properties. Nanoindentation results
revealed that self-assembled WG had a consistently higher
modulus than Gd, Gd:My, or Gd:Am fibers and ribbons, with
the latter being about equal in modulus (Figure S).

Fiber Structure and Correlation to Properties. The
present work was motivated by initial observations of
micrometer-sized fiber formation in tryptic hydrolysates of
wheat gluten.*® Hydrolyzed WG peptides consistently dis-
played round, micrometer-sized fibers with a cross-$ secondary
structure. This was interesting because other studies on cross-3
formation in proteins and peptides displayed only nanometer-
sized fibril formation. Initially, it was hypothesized that a
component of the peptide mixture was responsible for fiber
formation because unhydrolyzed WG at pH 8 and 37 °C would
not spontaneously form cross-# fibrils or fibers. However, WG
has been shown to form fibrils under severe denaturing
conditions, consistent with many other studies on cross-f fibril
formation in the literature.*>™*” The current understanding of
cross-f3 fibril formation is that fibrils form through main chain
interactions that are independent of the amino acid sequence.*®
Accumulating evidence suggests that virtually any peptide can
fibrillate when provided the right conditions.*”*® These are
usually extreme denaturing conditions of low pH, high
temperature, high stress, or high ionic strength that disrupt
the protein’s ability to fold based on side chain interactions,
straightening the peptide and allowing main chain interactions
to dominate. Therefore, the same trypsin hydrolysis experi-
ments were carried out on the gliadin and glutenin components
of WG. Gliadin displayed strong cross-f formation as evidenced
by XRD and FT-IR while glutenin did not.*® Hydrolyzed Gd
also formed micrometer-sized fibers that were smaller in
diameter and length than WG fibers. Examination of tryptic
fragments of WG revealed the 3-22 peptide of gliadin (Gd20),
the 162-207 peptide of gliadin (Gd46), and the 203-277
peptide of the low molecular weight glutenin subunit (GtL75)
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Figure 2. Fraction of cross-f and a-helix secondary structure was determined through deconvolution of the FT-IR amide I peak in Gd:My mixtures
as a function of time. (a) Gd:My 1:0, (b) Gd:My 0.63:0.37, (c) Gd:My 0.36:0.64, (d) Gd:My 0.16:0.84, (e) Gd:My 0:1 mol:mol.

Table 2. Summary of FT-IR Spectral Changes in Self-
Assembled Peptide Mixtures®

Across- Aa-

mixture Xadder B helix A(5/8,) t (h) t(h)
Gd:My 0 0.30 0.33 1.63 81 193
0.37 0.26 0.23 2.72 139 311

0.64 0.29 0.31 1.69 95 432

0.84 0.10 0.20 0.53 168 410

1.00 0.00 0.00 0.40 0 0

Gd:Am 0.15 0.20 0.09 1.93 96 169
0.34 0.11 0.02 1.65 98 171

0.61 0.10 0.07 1.03 99 144

1.00 0.11 0.10 0.58 97 167

WG (Gd:GtL) 049 035 033 2.77 168 431

“X,qder is mole fraction of My, Am, or GtL; Across-f, Aa-helix, and
A(8,/8,) are change in cross-f, a-helix, and ratio of symmetric CH; to
asymmetric CH; deformation, respectively; £, and t; are transition times
for elementary unit and fiber formation, respectively.

to have a high propensity for cross-f formation as determined
by multiple prediction algorithms.>" In hydrolyzed WG, the
mole fraction of Gd:GtL was 0.51:0.49, which is shown in
Table 2. All three peptides had high a-helix content, but Gd20
was considered hydrophobic (positive GRAVY) compared to
Gd46 and GtL7S, which were considered hydrophilic (negative
GRAVY, Table 3). a to f transitions as measured by FT-IR
spectroscopy were observed in hydrolyzed WG solutions that
formed fibers (Figure 6a).

Replacing glutenin with My or Am affected the a to S
transition, §,(CH;) and 6&,(CH;) absorbances, and fiber
morphology. The observed changes offered insight into the
multiple peptide self-assembly process and how large fibers
formed. Self-assembly based on complementary charge was
eliminated as a possible mechanism because of the low level of
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Figure 3. Th-T binding in WG fibers reveals the cross-$ secondary
structure.

charge at pH 8, and it has been shown that peptides need a
large percentage of charged amino acids to self-assemble based
on this mechanism.>"** In addition, not all peptide mixtures
displayed a charge mismatch. Cross-f formation was approx-
imately equal to a-helix loss in the peptide secondary structure,
indicating an « to f transition was important in forming
elementary units prior to fiber formation. Indeed, a-helical
peptides have been shown to undergo « to f transitions more
readily on hydrophobic surfaces.**** Pure My had no
conformation change and displayed no aggregation on any

dx.doi.org/10.1021/bm201005k | Biomacromolecules 2011, 12, 3770-3779
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Figure S. Fiber modulus, Ey as determined by nanoindentation.

scale at the experimental conditions although it can at more
severe denaturing conditions.*¥*® All peptide mixtures
displayed a primary a to f transition, represented by Ag,
Across-ff, and t, in Table 2. For WG, Gd:Am, and Gd:My of
low My content, only a primary transition was observed, with
conformational change saturating after t,. For Gd:My 0.36:0.64
and 0.16:0.84, there were secondary transitions at about 375 h.
Gd:My 0.36:0.64 lost cross-f at the expense of random coil
(data not shown and the only increase in random coil content).
Gd:My 0.16:0.84 lost a-helix and gained cross-f in two steps, at
168 and 375 h. This secondary transition was not consistent
with an a-helical “intermediate” phase characterized by
conversion of random coils to a-helices and then fB-sheets, an
important mechanism in amyloid fibril formation in disease
forming peptides in hydrophobic environments.”” "% The
fraction of a-helix in My and Am was n, = 0.76 and 0.25,
respectively. The fraction of alanine (A), isoleucine (I), leucine
(L), and valine (V) in the a-helices was ¢, = 0.36 for both My
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and Am. We can now define a parameter f; = n,Q, that we
hypothesize is the potential of the a-helix to unravel into f-
sheets on a more hydrophobic surface and f; = 0.27 and 0.09 for
My and Am, respectively, which were similar to Aa values in
Table 2. A similar analysis for WG components revealed f;
0.31 and 0.13 for Gd46 and GtL75, respectively. The f; value
for Gd46 was consistent with the conformational change in Gd
and WG, although a mixture of peptides may have influenced
conformational change in WG. The correlation of f; to
conformational change suggested that hydrophobic regions of
the a-helix were converting to cross-f. For Gd:My mixtures of
low Gd content, conversion did not appear to occur in one step
and was inhibited for Gd:My 0.16:0.84. Since My did not
undergo an a to S transition on its own, it was heavily
dependent on the template to do so, and the transition was a
longer, multistep process with a scarcity of template. Am
underwent an @ to f transition on its own and appeared to
control the a to f transition in the presence of the template,
but the presence of the template positively influenced fiber
formation and affected fiber size and morphology. It has
recently been predicted that a-helices should be of a minimum
size of about 40 amino acids to undergo an a to f transition
under mechanical stretching.61 Predicted (PSIPRED) a-helical
domains in Gd46, GtL75, My, and Am were shorter than this
critical length as were, for instance, a-helical domains in Af(1—
40) and a-synuclein, two common peptides studied in the
amyloid literature and implicated in disease. This indicated that
a to fj transitions from environmental changes in the absence of
deformation had a shorter critical length.

Considering 5,(CH;) as a measure of up and down CH,
vibration and &,(CH;) as a measure of side to side CH,
vibration, the ratio §,(CH;)/8,,(CH;) can be used to quantify
packing of CHj groups on A, I, L, and V side groups, which
were plentiful especially in Gd20.%> Figure 6 shows the change
in 5,(CH,)/6,,(CH;) for each peptide mixture, and the overall
change for each is listed in Table 2. The ratio §,(CH;)/

dx.doi.org/10.1021/bm201005k | Biomacromolecules 2011, 12, 3770-3779
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Table 3. Properties of Peptides and Proteins

peptide a (%) no. aa MW Al

Gd20 85 20 2060 171.0
Gd46 87 46 5422 108.0
GtL75 47 75 8465 89.7
My 76 154 17083 88.8
Am 25 512 58549 69.6

GRAVY pl — (%) + (%) TANGO
1.820 9.4 0.0 S.0 1477
—0.328 6.4 43 22 207
—0.668 5.4 2.7 13 771
—0.381 7.2 13.6 13.6 624
—0.607 6.3 12.1 10.6 N/A

“a is % a-helix; no. aa is number of amino acids; MW is molecular weight in g/mol; Al is aliphatic index; GRAVY is grand average of hydropathicity;
pl is isoelectric point; —, + are percentage of negative and positive amino acids, respectively; TANGO is a measure of cross-f potential.
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Figure 6. (a) Secondary structure change and §(CH;)/8,,(CH;) change for WG. §,(CH;)/6,((CH;) change for (b) Gd:My and (c) Gd:Am

mixtures.

5,s(CHs,) steadily increased over all time, showing up and down
vibration favored over side to side vibration or increased
packing of hydrophobic groups. The change in §(CH;)/
8,(CH;) continued for a longer period of time than a to
transitions, delineated by # in Table 2. Longer hydrophobic
groups on amino acid side chains® and substituted onto the
peptide® have been shown to facilitate aggregation.

Based on the FT-IR, SEM, and nanoindentation results, a
fiber formation mechanism was developed involving a
combination of peptides: (1) short, hydrophobic peptides in
hydrolyzed Gd with a high cross-f potential, like Gd20,
experienced an « to f transition upon release from the protein
and formed a stable cross-# “template”; (2) hydrophobic
regions in the oa-helices of longer, hydrophilic a-helical
containing peptides interacted with the template to undergo
an a to f transition, “adding” into the structure to form an
elementary unit, anticipated to be a nanometer-sized structure;

(3) elementary units added together through hydrophobic

3775

18

interactions to form large fibers. Fiber size, morphology, and
properties were governed by the adder protein molecular
weight and fraction of a-helices that were hydrophobic. The
hypothesis was tested by changing glutenin (containing GtL75)
to My, a longer protein with a majority of a-helix, and Am, a
longer protein with less a-helix relative to the overall chain
length (Table 3). Both My and Am readily added into the
structure although not to the extent that glutenin did as
evidenced by the lower Across-f. These events led to
elementary unit formation, which has been shown to be f-
sheet “tapes” of 4—8 nm width, 0.5—1 nm thickness, and length
determined by peptide concentration.”*” Tapes can now
interact with each other to form larger structures. Two
morphology extremes can result from this interaction: (1)
tapes completely straighten out and stack to yield flat fibrils
with a laminated morphology, or (2) tapes twist around each
other to form a cylindrical fibril.*” =% Natural amino acids exist
in the left-handed conformation, so tapes can have a twist. The

dx.doi.org/10.1021/bm201005k | Biomacromolecules 2011, 12, 3770-3779
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fibrils were 10—20 nm in diameter, meaning they were
composed of several tapes. An example of several fibrils is
shown in Figure 7a. It was found that the twisted morphology

Figure 7. Hierarchy of scale for WG fibers showing (a, b) nanometer-
sized fibrils twisting into a (c, d) micrometer-sized fiber.

was thermodynamically favored and the one most often
observed.®® Each time a tape added into the growing fibril, it
adjusted its twist to be accommodated into the structure.
Eventually, the cost to adjust was too much for any tape and
this determined the final fibril size. It has been theorized that
fibrils could twist around one another to form larger fibers.””
This is observed in Figure 7 where fibrils twisted around one
another to continue to build the large fiber. Peptide mixtures
appeared to facilitate this process. Recent studies have shown
that individual fibrils interact through hydrophobic interactions
and that electrostatic interactions provide the twist.”>”!
Screening of the electrostatic interactions of f-lactoglobulin
fibrils yielded the laminated morphology.”” FTIR data
presented here showed that o to f# transitions and hydrophobic
interactions were important in elementary unit formation, but
hydrophobic interactions alone were important in large fiber
assembly.

The morphology changes and range of fiber moduli gave
insight into how much of the adder peptides added into the
structure. My did not show any conformation change and did
not display aggregation on any scale. Upon addition to
hydrolyzed Gd, the change in conformation remained similar
to that of Gd before decreasing at concentrations above 0.64
mole fraction My. Pure Am showed some ribbon formation but
no discernible conformation change and only slight hydro-
phobic packing. Am seemed to template itself, which may be
possible based on its molecular weight and that there was a long
hydrophobic portion near the N-terminus. Pure Am showed
very little fiber formation so the conformation change may not
be discernible in the FTIR spectrum; instead, it was dominated
by the majority of unassembled protein. Upon addition to
hydrolyzed Gd, the conformation change in the mixtures was
always that of pure Am, no matter the mole fraction. Therefore,
conformation change in My mixtures was heavily dependent on
the template while the Am mixtures were not. WG displayed a
higher Across-f than pure Gd, suggesting that indeed several
peptides in the hydrolysate, i.e., Gd20, Gd46, and GtL7S, were

3776

19

involved in self-assembly. WG and Gd:My 0.63:0.37 showed
the most hydrophobic packing, but each system showed a
similar, general trend of a steady decrease in §,(CH,)/6,,(CH;)
for increasing addition of adder protein. Gd peptides were more
hydrophobic than the adder proteins and peptides so the
behavior was consistent with increased molar addition of adder.
The addition of adder protein resulted in increased fiber size
and a transition from round to rectangular fibers. Am fibers
were the largest followed by My and then WG and Gd fibers,
which were about equal in size, suggesting that fiber size was
dependent on adder peptide molecular weight. However, the
amount of peptide participating in the cross-f structure was
dependent on the a-helix content, specifically how hydrophobic
the a-helices were, defined by f;, with Am having the least
involvement. Fiber length can also be correlated with twisting.67
The lower twist of Gd:My and Gd:Am fibers may have
contributed to the longer length.

Gd, Gd:My, and Gd:Am fibers all possessed similar modulus,
around 0.15 GPa. The WG fibers had significantly higher
modulus, around 2 GPa, a range consistent with reported values
for amyloid fibrils and natural protein fibers.>*>**773%73 A
new technique to directly measure amyloid fibril modulus has
recently been developed, reporting values of 1.3—2.1 GPa® and
3.7 + 1.1 GPa,®® showing that the results obtained through the
less direct nanoindentation method were similar. WG had a
consistently higher modulus and also had the highest cross-$
content and hydrophobic packing. Considering the fibers as
possessing ordered f-sheet regions and less ordered amorphous
or semiamorphous regions, the higher modulus could result
from the higher cross-f content. In the context of recent work,
this would make the WG fibers stiffer but perhaps not as tough
as Gd:My or Gd:Am fibers.”® The increased amount of cross-f3
content would limit rearrangement of amorphous regions to
limit toughness. The increased hydrophobic packing would add
to the overall rigidity and stability of the structure. For some
mixtures, the WG cross-# content was much higher than
Gd:My and Gd:Am mixtures, but only slightly higher for
others, so the cross-f content alone probably cannot explain
the much larger modulus for WG fibers. An analysis of the
amino acid composition showed that Gt peptides, particularly
GtL75, had a lot of glutamine (Q), with significant Q-blocks or
glutamine repeats, known to facilitate cross-f formation,
whereas My and Am had no Q-blocks.”*”® Gd contained a
long Q-block in the 23-162 tryptic fragment, but this peptide
had no predicted f-aggregation potential. The absence of Q-
blocks in Gd fibers may be the reason for the lower modulus.
Comparison of the CH, rock and wag absorbance at 1080 cm ™,
Yew(CH,), to the C—N stretching absorbance at 1016 cm™,
v(CN), by plotting the ratio shows that y,,(CH,)/v(CN) < 1
and constant for WG (Figure 8). However, the value decreased
and was greater than 1 for Gd, Gd:My, and Gd:Am, saturating
at the same point as the a to f transition. For WG fibers,
glutamine would have CH, from its side group, and these
packed similarly to the amide group, spectral evidence that
GtL7S was involved in the aggregation. This may have
indicated that increased hydrogen bonding between Q_ side
groups reinforced the structure, resulting in a much higher
modulus. A peptide with a large amount of Q was 3 times more
twisted than one of similar length but with less Q, indicating
that Q increased aggregation efficiency and that attractive
forces between Q side groups stabilized the cross-f structure.®”
For Gd, Gd:My, and Gd:Am, there was little glutamine
aggregated in the structure and limited amino acid side group
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Figure 8. Comparison of the ratios of 7,,(CH,) at 1080 cm™" to
v(CN) at 1016 cm™' between WG, Gd, Gd:My, and Gd:Am,
demonstrating the difference between the side group interaction of the
systems without Q-blocks (Gd:My and Gd:Am) and the system with
Q-blocks (WG).

bonding. Instead, side group CH,, such as those on I and L,
physically packed but did not hydrogen bond. The fibers still
contained 20% or less of unassembled a-helix, which can
undergo « to f transitions under mechanical deformation,
acting as an energy dissipation mechanism and increasing
modulus.®’ Given the similar amount of a-helix content in each
fiber, it was difficult to decouple this mechanism from the more
obvious differences in cross-f content, hydrophobic packing,
and glutamine interactions.

On a larger scale, overall fiber twisting can contribute to the
fiber properties. Highly twisted fibers can be unraveled under
tensile deformation and act as a toughening mechanism.”’
Hydrogen bonds increase or decrease depending on
compressive or tensile deformation, respectively. Both of
these mechanisms could contribute to the overall mechanical
response of the fibers, and it would be interesting to study them
as a function of applied deformation.

Figure 9 shows a schematic of how two different peptide
mixtures can result in two different micrometer-sized fiber
morphologies. The top route was exemplified by WG fibers and
the bottom route by Gd:Am or Gd:My fibers. Predominantly
straight peptides resulted in tapes that could twist into fibrils
and fibrils that could twist into cylindrical fibers (WG).
Peptides with a lot of unassembled chain length assembled into
tapes that had difficulty twisting into cylindrical fibers because
of the large amount of random coil peptide decorating the
outside of the tape, resulting in flat ribbons (Gd:Am, Gd:My).
The pitch, h, was small for cylindrical WG fibers (hg., ~ 2.4
um) because of tight twisting, but large for Gd:My and Gd:Am
ribbons (M ppen ~ 200 pm) because of frustrated twisting. All
fibrils adding into WG fibers were highly twisted, while fibrils
adding into Gd:Am or Gd:My ribbons were straighter with
globules on the surface. The globules were agglomerates that
were a result of dangling chain ends. Given the much larger
modulus of WG fibers compared to Gd:Am and Gd:My, tight
twisting may be indicative of increased interactions between
peptides in the WG fiber, which was facilitated by more Q. Gd
fibers showed a composite behavior between the two. Fibrils
formed that twisted into semielliptical fibers because the adder
peptide, Gd46, did not possess much dangling chain ends.
Some random coils existed because globules were observed on
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the surface of the Gd fibers (Figure 4) but none on the WG
fibers (Figure 9). However, the lack of Q meant that the
twisting was not as tight as WG fibers, resulting in a more
shallow pitch (Figure 4) and reduced modulus.

The morphologies observed appeared to be much larger
versions of twisted f-sheet tapes (WG) and infinite stacks
(Gd:Am and Gd:My) reported for much shorter peptide
sequences.*>7 %872 Right-handed and left-handed twists were
observed in the same systems. For instance, Figure 7 shows a
left-handed twist for WG fibers but Figure 9 a right-handed
twist. The Gd:My ribbon in Figure 9 twists right, but we
observed others twisting left. The L-chirality of natural amino
acids predicted left-handed helicity of fibers formed from
twisting cross-f fibrils together.67 A survey of the literature
showed many instances of several fibrils twisting together to
form larger structures of 10'—10” nm diameter with left-handed
helicity. However, there were some exceptions. A peptide of
(VK),-VPPT-(KV), showed a laminated or “infinite stack”
morphology because the bulky diproline in the middle
prevented it from twisting.67’68 The same laminated morphol-
ogy was observed in f-lactoglobulin fibrils at high ionic strength
to screen electrostatic interactions and reduce twist.”> A
diphenylalanine (F) peptide produced smooth fibers with no
helicity.”® The peptide SAA,_;, displayed right-handed helicity
and contained a diphenylalanine and two other phenylalanines
in its 12 amino acid structure.”” GtL7S, for example, had P and
F next to and in-between Q-blocks. The bulky amino acids
could have alternated twisting in longer chain peptides once the
chain was far enough away from the bulky interruption to begin
twisting again. In other words, P, F, or some combination of
them in the peptide sequence may have acted as a twisting
“roadblock”: the fibril twisted one way until it reached a
roadblock and then straightened out and, if it was long enough,
began twisting in the other direction somewhere down the
fibril, away from the roadblock.

B CONCLUSION

Peptide mixtures showed the ability to self-assemble beyond
the nanometer scale into large, micrometer-sized fibers with a
cross-f# secondary structure. The continued assembly from the
nanometer to the micrometer scale was driven by hydrophobic
packing of aliphatic amino acid side groups on elementary
units. By adding peptides of varying length and a-helix content
to hydrolyzed gliadin, fibers and ribbons of varying size and
morphology were produced. The amount of the peptide
participating in the cross-f structure was dependent on the
hydrophobicity of the initial a-helical content of the peptide.
The adder peptide molecular weight controlled the fiber size. If
a-helix content was low and molecular weight high, then there
was a significant portion of unassembled peptide that did not
allow for twisting into round fibers, instead producing ribbons.
Finally, fiber modulus could be controlled through increased
cross-f# content, hydrophobic packing, and hydrogen bonding
interactions between amino acid side groups, which were
evidenced by the Q-blocks in WG. Therefore, on the basis of
the presented results, it is possible to design large robust fibers
of differing morphology and modulus based on the character-
istics of the template and adder peptides. The proposed
mechanism may be one utilized by nature to self-assemble
cross-f fibrils and fibers. Af42, HTT, and CB-4 peptides
implicated in Alzheimer’s disease, Huntington’s disease, and
barnacle cement, respectively, all have “templating” proper-
ties. 280784 Similarly, ApoE4, HAP1, and CB-2 peptides

dx.doi.org/10.1021/bm201005k | Biomacromolecules 2011, 12, 3770-3779
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with ribbon axis;
globules on surface

fibrils pack into
ribbons with limited
twist

Figure 9. Schematic depicting the effect of dangling free chain ends that do not participate in cross- aggregation on the final length, diameter, and

morphology of amyloid fibers and ribbons.

implicated in Alzheimer’s disease, Huntington’s disease, and
barnacle cement, respectively, all have “adder” properties.
These peptides are found naturally together and may act
similarly to the templated self-assembly process described here.
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The effect of processing on large, self-assembled amyloid fibers
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It has been shown that micrometer-sized amyloid fibers can spontaneously self-assemble from peptide
mixtures. Varying the molar ratio and type of peptides in the mixture affected fiber morphology and
properties. Here, the same peptide mixtures at constant molar ratio are studied at different processing
conditions to note influences on fiber formation. This study illustrates that changes in solution pH,
temperature, and ionic strength can also influence the extent of fiber formation. In addition, processing
variables greatly affect the size, morphology, and modulus of large amyloid fibers. Fibers segregate into
two classes: flat ribbons or tapes of low modulus and cylindrical fibers of high modulus. Cylindrical
cross-sections appear to result from twisted tapes and processing conditions can affect the transition
from flat to cylindrical. Solution conditions could prevent or enhance the twisting transition, depending
on the amino acid composition of the peptides in the mixture. The most robust fiber properties result
from cylindrical fibers with diameters of 10-20 um. The transition from flat to cylindrical appears to be
highly influenced by the glutamine (Q) or lysine (K) content of the peptides. Thus it is possible to design
useful, macroscopic fibers with predictable shape and properties.

Published on 23 August 2012. Downloaded by Virginia Tech on 04/03/2014 16:48:51.

Introduction

Over the past several decades there has been growing interest in
the production of naturally occurring materials by replicating
biological processes honed over millions of years of evolution.
Silk, keratin, and collagen are just a few examples of naturally
occurring materials that are composed of proteins assembled
from the molecular level to form large, robust fibers."> These
structures are particularly interesting because they assemble into
fibers with different material properties unique to the given
function.? For instance, silk spun from insects can vary in rigidity
and toughness.* Dragline silk is rigid to provide structural
support while capture silk is tough with high extensibility to
catch prey.’ The properties of spider silk are governed by the
secondary structure of the proteins constituting the silk. Dragline
silk is primarily composed of organized B-sheets that give the
fiber more rigidity and strength to support the weight of the
spider. Capture silk contains more amorphous regions that allow
the fiber to absorb more energy without breaking.®” Silk fibers
are produced from an extensional strain applied when the insect
excretes a small amount of silk onto a surface and then descends.
Silk solution is extruded at high deformation through the silk
gland while water is simultaneously evaporated, forming the silk
fiber with B-sheets aligned along the fiber axis.* The extensional
deformation overcomes the free energy barrier required for fiber
formation and is a determining factor in the final structure of the
fiber and therefore its properties. It is a “pushing” or “pulling”

Biological Systems Engineering Department, Virginia Tech, 303 Seitz
Hall, Blacksburg, VA 24061, USA. E-mail: jbarone@vt.edu

mechanism that is responsible for the formation of a host of
natural fibers where B-sheets are aligned along the fiber axis.®
There has been an extensive effort to replicate the processing that
spiders have perfected and manipulate the structural properties
of artificial spider silk. One such method is to produce spider
dragline silk in E. coli.®>*" The extracted artificial silk is then
solubilized and electrospun under high deformation to form the
silk fiber and align the B-sheets along the fiber.”> Using this
method, artificial spider dragline silk can vary in size and
strength depending on the protein mixture composition and the
force applied to “draw” the fibroin.*?

Alternatively, there is another class of biological fibrous
structures known as amyloids. Amyloids spontaneously self-
assemble without the application of a mechanical strain and
contain a cross-f secondary structure, which has the B-sheets
oriented perpendicular to the fibril axis.’**¢ While a large body
of work focuses on cross-f structures in pathogenic “prion”
diseases,'>!>"17 there are instances of “functional” amyloids that
occur in nature as a mechanism for survival and preserva-
tion.!>!¥1° For instance, barnacle cement has been shown to be
one of the most robust adhesives in nature and uses alternating
hydrophobic and hydrophilic amino acid regions to form an
insoluble cross-B fibril, which contributes to the strength of the
adhesive.?*?? The bacterium Streptomyces coelicolor and fungus
Neurospora crassa use amyloids to form protective coatings and
hyphae.'”* Chrysopidae form cross-p silks to protect their
eggs.*** Amyloid fibrils have been shown to have moduli
comparable to spider silk and can be formed without electro-
spinning.’> Amyloid fibrils have also shown great solvent and
temperature resistance and the fact that no known cure exists for

10298 | Soft Matter, 2012, 8, 10298-10306
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prion disease is a testament to the robustness of the cross-f
structure.?® The outstanding physical properties and observed
functional role of amyloids in nature serve as an inspiration to
use the self-assembled structures in advanced materials.?”

The majority of studies have focused on proteins and peptides
such as insulin, myoglobin, f,-microglobulin, and AB(1-40 and
42) that are able to form nanometer-sized cross-f fibrils under
specific conditions.!>'#27-3¢ Virtually any peptide or protein can
form a cross-f structure as long as the experimental conditions
exist to straighten it out so that it can strongly hydrogen bond to
another straight peptide and form the highly organized cross-f8
structure.?® These conditions are usually far from physiological
and the self-assembly does not exceed the nanometer scale. The
diversity of the peptides and proteins that are known and/or
implicated in a host of natural amyloid forming systems suggests
that amyloidosis is a result of general peptide properties.?’” In
other words, there is likely a universal mechanism for the
formation of both prions and functional amyloids that explains
how fibrils and fibers form at physiological conditions.

Previous research has shown that it is possible to form
micrometer-sized amyloid fibers in vitro with peptide mixtures
derived from (1) tryptic hydrolysates of wheat gluten (WG) and (2)
trypsin-hydrolyzed gliadin (Gd) with unhydrolyzed myoglobin
(My) or amylase (Am) at near physiological conditions.*®3® The
described mechanism is consistent with a model that implicates a
nucleation site or chaperone molecule in the initiation of fibril
formation.*** First, a “template” peptide is too hydrophobic to
remain in solution and aggregates to form a stable cross-f3 struc-
ture. Hydrophobic amino acids exist next to each other so there are
still some hydrophobic groups exposed to the solvent. A second,
soluble, a-helical “adder” peptide has its hydrophobic groups on
a-helices. The adder peptide by itself is stable in aqueous solution
and does not show conformation change as measured with FT-IR
spectroscopy.*® Upon interaction with a template, the hydro-
phobic groups on the adder prefer the more stable template and
unravel, undergoing an a to § conformational change and adding
into the aggregate.®® It has been shown that o to B transitions
readily occur on hydrophobic surfaces.**** Fourier transform-
infrared (FT-IR) spectroscopy shows that the loss of a-helix
releases a large fraction of aliphatic amino acids (A, I, L, and V)
that allow for hydrophobic interactions of peptide side groups.*®
The hydrophobic interactions facilitate cross-B formation.***’
Wheat gluten is a combination of gliadin and glutenin proteins and
the tryptic hydrolysate results in cylindrical fibers of high modulus
at pH 8 and 37 °C. Gliadin hydrolysis produces peptides with
“template” properties. Glutenin peptides have “adder” properties.
Replacing the glutenin fraction with myoglobin or amylase results
in rectangular tapes of low modulus at the same conditions. So the
morphology and Young’s modulus of the fibers are dependent on
the molecular weight and amino acid composition of the adder
peptide and the ratio of template to adder peptide.®®

A recent study by Adamcik et al. has shown that the size and
morphology of already self-assembled, nanometer-sized amyloid
fibrils can be manipulated by altering the ionic strength of the
solution.***” Additional evidence suggests that there is a fine
balance between electrostatic and hydrophobic interactions
required for fibril stabilization.*® Previous studies have shown
that nanometer-sized cross-f fibrils can be formed at high and
low pH, high ionic strength, and/or high temperature from

peptides and proteins that would not aggregate at physiological
conditions.!26:2%:30:33:4648 Thyg  changes in solution conditions
can play an integral role in the self-assembly and morphological
features of amyloid fibrils. This study builds on previous research
by investigating the effects of solution pH, ionic strength, and
temperature on inter-peptide interactions at the molecular level
and how they influence the formation of micrometer-sized cross-
B structures in two systems where the adder peptide or protein is
varied. The results show that it is possible to manipulate the size,
morphology, and rigidity of spontaneously self-assembled
amyloid fibers formed from inexpensive peptide mixtures.

Experimental
Wheat Gluten (WG) hydrolysis and self-assembly

2 g of WG (MP Biomedicals, LLC, Solon, OH) was dissolved in
80 ml of de-ionized water at 37 °C to achieve a concentration of
25 mg ml~'. 30 mg of trypsin (Type I from bovine pancreas,
Sigma-Aldrich, St. Louis, MO) was then added to the solution to
give an enzyme-to-substrate ratio of 1 : 67 w/w and the pH was
adjusted to 8 with 1 M NaOH. Solution conditions were main-
tained at pH 8 and 37 °C for one day to allow for hydrolysis. The
solution was then divided into seven 20 ml samples: four main-
tained at 37 °C and pH’s 4, 6, 8, and 10 with 1 M NaOH or 1 M
HCl as needed and three maintained at pH 8 and temperatures
22, 60 and 80 °C for a period of 20 days. FT-IR spectra were
captured daily for 20 days to monitor self-assembly. WG is a
mixture of hydrolyzed gliadin (Gd, UniProt P04721, 0.49 mole
fraction) and high and low molecular weight glutenin, GtH
(UniProt P08488, 0.06 mole fraction) and GtL (UniProt P10386,
0.45 mole fraction) peptides. In this mixture, Gd20 is the
template peptide with Gd46 and GtL75 acting as the adder
peptides (see peptide properties in Table 3 of Ridgley et al.).3®*

Gliadin (Gd) hydrolysis

20 g of Gd (TCI America, Portland, OR) was dissolved in 800 ml
of de-ionized water at 37 °C. Trypsin was then added at 1: 67
w/w enzyme-to-substrate ratio and the solution incubated for 72
hours at pH 8 and 37 °C. The solution was then poured into
Teflon-coated aluminum foil trays and allowed to dry at room
temperature under a fume hood. The incubation time was
determined to be long enough for hydrolysis but short enough to
avoid peptide aggregation.

Gd:My mixtures

Myoglobin (My, from equine skeletal muscle, Sigma-Aldrich, St.
Louis, MO, UniProt P68082) was dissolved in 10 ml de-ionized
water at a molar ratio of 0.36: 0.64 (Gd:My) with dried Gd.
Seven solutions of 25 mg ml~! were created, which was shown to
be in a concentration region where there was strong cross-f
formation over reasonable times*** and greater than the 10 mg
ml~! used in another study on amyloid formation in peptide
mixtures.*® Four solutions were maintained at 37 °C and pH was
adjusted to pH 4, 6, 8, and 10 with 1 M NaOH or 1 M HCI as
needed and three maintained at pH 8 and temperatures 22, 60
and 80 °C for a period of 20 days. FT-IR spectra were collected
daily for 20 days to monitor self-assembly. In this mixture, Gd20
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was the template peptide and My the adder protein (see peptide
properties in Table 3 of Ridgley et al).?®

Ionic strength

100 mM NaCl WG and Gd:My solutions were prepared in the
same manner as above at pH 8, 25 mg ml™!, and incubated at
37 °C for 20 days. 100 mM NaCl has been shown to alter the self-
assembly>! and morphology*® of amyloid fibrils.

Final fiber formation

After 20 days, WG and Gd:My solutions were dried on Teflon-
coated aluminum foil under the fume hood at ambient conditions.

Fourier transform infrared (FT-IR) spectroscopy

Attenuated total reflectance (ATR) FT-IR spectra of the incu-
bating solutions were recorded periodically on a Thermo Nicolet
6700 FT-IR Spectrometer (Thermo Fisher Scientific Inc., Wal-
tham, MA) with a 45° ZnSe crystal trough. The spectra were
collected using 256 scans at 4 cm™! resolution from 4000-525
cm™ L. The spectrum of the solvent without peptide was used as a
background and then subtracted from the peptide solution
spectrum to reveal the peptide absorbances. Deconvolution of
the Amide I band into individual components was accomplished
in the same manner as previously reported.3®

Raman spectroscopy

Raman spectra were collected on the dried amyloid fibers
mounted on aluminum foil. Spectra were taken with a 785 nm
laser from a Senterra Raman dispersive spectrometer (Bruker,
Billerica, MA) at a power of 100 mW through a 100x objective.
Spectra were baseline corrected to account for slight background
fluorescence with OPUS 6.5 software.

Scanning Electron Microscopy (SEM)

Fibers formed from dried solution were mounted onto aluminum
SEM stubs with double-sided tape. Scanning electron micro-
graphs were obtained using a LEO 1550 field-emission SEM
(Zeiss, Peabody, MA) with a 4-6 mm working distance, 5 kV
accelerating voltage, and an In-lens SE-detector.

Nanoindentation

Fibers were mounted on stainless steel stubs for nanoindentation.
Nanoindentation experiments were performed at room tempera-
ture using a Hysitron Triboindenter (Minneapolis, MN) with a
90° conical diamond tip. Experiments were in displacement-
controlled (DC) mode with a maximum displacement of 1000 nm
at a rate of 100 nm s~'. Fiber, Eg, or tape, E, elastic (Young’s)
modulus was determined as previously reported.3®*2

Results and discussion

Fibers at constant temperature

Table 1 summarizes the fiber morphologies that result from
various peptide mixtures at various processing conditions. When
incubated at pH 8 and 37 °C, Gd:My solutions resulted in

Table 1 Gd:My and WG fiber morphologies at various solution
conditions”

pH
100 mM
T 4 6 8 10 NaCl
WG ]
22°C
Gd:My ./—
e WG ® o— @ o — mm
Gd:My ./— I ./— | ] ]
WG |
60 °C
Gd:My ‘/—
WG |
80 °C
Gd:My ./ —

“ Note: Gd:My at pH 8 is listed with a mixed morphology at each
temperature to show that is was a tape that gradually twisted from
high 4’ at 22 °C to low /' at 80 °C. The circles depict a cylindrical fiber,
rectangles depict a tape, and both circles and rectangles illustrate that
the system produces both morphologies.

Fig.1 SEM images depicting the measurements for tape width (W), tape
pitch (&), fiber diameter (D), fiber pitch (4y), fibril angle with respect to
the fiber axis (y) and the overall fiber pitch (/).

rectangular cross-section tapes of width, W, while WG solutions
resulted in cylindrical cross-section fibers of diameter, D
(Fig. 1).*® The micrometer-sized tapes and fibers were hierar-
chical and appeared to result from the aggregation of smaller
fibrils. The smaller fibrils formed an angle, v, relative to the tape
or fiber axis and were separated by a distance /4, or /¢ for tapes or
fibers, respectively, which defined the “pitch” 3+354647-5356 T grger
scale twisting of the tapes and fibers was observed resulting in
another level of pitch, /#/. At pH 8 and 100 mM NaCl, WG
formed flat, rectangular cross-section tapes instead of cylinders
(Fig. 2). While purely cylindrical fibers were observed for WG at
pH 4 and 8, a mixed morphology of cylinders and tapes was
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observed at pH 6 and 10. At pH 4, Gd:My fibers had both
rectangular and cylindrical cross-sections. All other Gd:My tapes
at 37 °C had a rectangular cross-section. Fiber production at pH
6 and 10 was less than pH 8 and greatly reduced at pH 4 for both
systems.

Fibers at constant pH

WG produced tapes at pH 8 and 22, 60, and 80 °C. Gd:My
produced tapes that had an increasing twist, or decreasing /', as
temperature increased from 22 °C to 80 °C (Fig. 2b) while &, was
relatively constant. At 60 °C and 80 °C, Gd:My tapes began to
tightly twist into cylinders (Fig. 3). Fiber production was very
low at 60 and 80 °C in both peptide systems.

6 T T T T T T T
a
o o
T 4} _
=
s
& 3} i
<7 WG
5 " Gd:My
& 2 filled symbols: 100 mM NaCl .
1L
0
3
pH
4 . . . : : . 90
b
I WG
351 Gd:My -
r filled symbols: h' |
3| |
= 470
E ~~
= 25 =
<" =
5 2+ 460 =
= S
5 15} a
o L 450
1k
I 440
0.5
0 ! 1 I I I 30

20 30 40 50 60 70 80 90
Temperature, T (°C)

Fig.2 WG and Gd:My pitch at (a) pH’s 4, 6, 8, 10 and 100 mM NaCl at
a constant 37 °C. Red is WG, blue is Gd:My, and filled symbols are
mixtures incubated with 100 mM NaCl; (b) temperatures 22, 37, 60 and
80 °C at a constant pH 8. Red is WG, blue is Gd:My, and filled symbols
are the large scale pitch, /', from Gd:My tapes twisting.

Fiber properties

Simple geometric considerations relate y to A, y(°) =
360x/h.3%35:46:47.556 R ectangular tapes displayed nearly constant
fiber moduli, Ef, with fiber twist angle, yv. However, at y = 23°,
cylindrical fibers formed and modulus increased dramatically
(Fig. 4). Fiber production, morphology, and properties of large
self-assembled amyloid fibers were influenced by processing
conditions. Samples were monitored with FT-IR for 20 days. The
Amide I was deconvoluted into its secondary structure compo-
nents including the cross-B region assigned at 1611-1630 cm ™' .38
The large fibers contained a core cross-f structure that developed
with time. The data plotted in Fig. 5 represent the largest change
in cross-f structure for each sample, with some samples exhib-
iting secondary structure change earlier than others. It was
observed that a gain in cross-f§ was concurrent with a loss of
a-helix.*®

Also shown is a “hydrophobic packing” parameter defined
as the change in the ratio of the symmetric CH; deformation at

Fig.3 SEM images of Gd:My tapes twisting into cylindrical fibers at pH
8 and 60 and 80 °C and pH 4 and 37 °C. Note at pH 4 how the fiber on the
left hand side of the picture is rectangular and the fiber is twisted on the
right hand side of the picture.
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Fig. 4 WG and Gd:My tape and fiber modulus, E; and E;, can be
differentiated by the fibril angle relative to the fiber axis, v.

1365 cm ™!, 6, to the asymmetric CH; deformation at 1410 cem ™!,
0as. In other words, this parameter shows the ability of CHj3
groups on plentiful alanine (A), isoleucine (I), leucine (L), and
valine (V) amino acids (Fig. 6) to interdigitate with one another
so that a positive value is indicative of “packing”.5” The change in
cross-f3 was directly correlated with the change in 64/6,5 showing
cross-f formation was driven by hydrophobic interactions
between the side groups on A, I, L, and V. Some peptide mixtures
showed a slightly negative A(64/0,5). The original construction of
the parameter was to quantify up and down movement of the
CH3; group () compared to side-to-side movement of the CHj3
group (d,s) so that positive A(65/d,5) values showed close packing
or interdigitation. The negative values observed may indicate
that CH3 amino acid side groups interacted weakly in those
systems and there was no “packing” as defined here. This resulted
in low values of cross-p and fiber formation.

Although it has been shown that pure mixtures of the peptides
in previous research formed fibers and ribbons, the crude
mixtures contained a host of peptides, i.e., WG contained
peptides hydrolyzed from Gd, GtL, and GtH while Gd:My
contained peptides hydrolyzed from Gd.?**° Considering all the
peptides in the mixture at each pH, WG and Gd:My were
overwhelmingly positively charged at pH 4 and 6 and negatively
charged at pH 10. However, at pH 8 WG was 84% positively and
16% negatively charged and Gd:My was 39% positively and 61%
negatively charged. The largest secondary structure changes were
found at pH 8 so charge attraction facilitated inter-peptide
interactions. At high or low pH, secondary structure change
decreased as did fiber production. Having a predominantly
positive (low pH) or negative (high pH) charge on the mixtures
caused peptides to repel each other in solution, which hindered
interaction and therefore aggregation and secondary structure
change. The peptides in the mixtures had high aliphatic indices
(AJ) indicative of the amount of A, I, L, and V (Fig. 6).3® The fact
that a small amount of fibers did form at pH values above and
below the pl of the peptide mixtures suggested that the

ao's'l'l'l‘l'l'l'l‘z
| WG, Gd:My
open symbols: cross-f 15
0.4 tfilled symbols: 815 I
T=37°C
41
~ 03¢t
@ s
©
2 1058,
O ~
Z 0.2 [ <
40
0.1+
4-0.5
oL diamonds: 100 mM NaCl
PR SR R NP TR R S NP
3 4 5 6 7 8 9 10 11
pH
05 — . . ; . . . — 2
b T T T T T T T
WG, Gd:My
open symbols: cross- | 15
04 filled symbols: 8 /&
s as
pH=8 1
~ 0Q3F
= R
g {052,
[$] N
= 02t <
40
0.1+
4-0.5
0L
! -1

10 20 30 40 50 60 70 80 90
Temperature, T (°C)

Fig.5 WG and Gd:My values for the overall change in cross-3, A(cross-
B), and CHj hydrophobic packing, A(64/d,s), at (a) pH’s 4, 6, 8, 10 and
100 mM NaCl at a constant 37 °C and (b) temperatures 22, 37, 60 and 80
°C at a constant pH 8. Red is WG, blue is Gd:My, open symbols are
A(cross-B), and filled symbols A(d5/d,s).

abundance of hydrophobic groups could overcome charge
repulsion to aggregate peptides.

To further explore the effect of peptide charge and hydro-
phobic interactions on peptide aggregation within the mixtures,
both WG and Gd:My at pH 8 and 37 °C were incubated in
100 mM NaCl. WG produced tapes instead of cylinders and
Gd:My continued to produce tapes. Hydrophobic interactions
and cross-f formation were greatly decreased in the WG mixture
but were only slightly decreased in the Gd:My mixture (Fig. 5).
The peptides were not salted out at 100 mM NaCl because
hydrophobic interactions decreased and the ionic strength of the
solution was several orders of magnitude greater than the molar
concentration of positive and negative charges on the peptides in
solution thus all peptide charge was screened. Ionic strength did
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Gd20

TFLILALLAI VATTATTAVR

Gd46

SQVLQOSTYQ LLQOELCCQHL WQIPEQSQCQ AIHNVVHAII LHQQOQK

GtL75
AITYSIILQE QQQVQGSIOS QQQOQPQOLGQ CVSQPQQQSQ QQLGOQPQOQ
QLAQGTFLQP HQIAQLEVMT SIALR

My

MGLSDGEWQQ VLNVWGKVEA DIAGHGQEVL IRLFTGHPET LEKFDKFKHL
KTEAEMKASE DLKKHGTVVL TALGGILKKK GHHEAELKPL AQSHATKHKI
PIKYLEFISD AIIHVLHSKH PGDFGADAQG AMTKALELFR NDIAAKYKEL
GFQG

Fig. 6 The amino acid sequences of the template peptide (Gd20) and the
adder peptides Gd46, GtL75, and myoglobin (My) present in the WG
and Gd:My solutions.
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< 15 t i
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5 | Gd:My
f filled symbols: 100 mM NaCl

5 R R (N T LS LR N (S [ R |

3 4 5 6 7 8 9 10 M
pH

Fig. 7 Fiber diameter (D) or tape width (W) for WG and Gd:My
systems at pH’s 4, 6, 8, 10 and 100 mM NaCl at a constant 37 °C. Red is
WG, blue is Gd:My, and filled symbols are mixtures incubated with
100 mM NaCl.

not affect the width of the tapes (Fig. 7) but did decrease total
fiber formation. Na® and Cl~ ions screened charge on the
peptides and did not allow for the facilitation of peptide aggre-
gation that complementary charge provided at pH 8. However,
aggregation still occurred through some hydrophobic interac-
tions and allowed for modest secondary structure change. Other
studies have shown how screening peptide charge can balance
repulsive forces and change the state of aggregation at a given
pH.51’58’59

At pH 4, 6, and 10, WG still formed cylindrical fibers but less
of them compared to pH 8 with pH 6 and 10 forming tapes as
well. Twisting into a cylinder would be consistent with the charge
repulsion model offered by Adamcik and Mezzenga who showed
that already formed amyloid fibrils twisted into cylinders when
placed into low ionic strength solutions but remained flat tapes
when placed in high ionic strength solutions.*® Mixed morphol-
ogies of tapes and cylinders on the same fiber were observed at
pH 6 and 10. At pH 8, there was still some positive charge that

could have influenced twisting of the WG tapes into cylinders.®
At 100 mM NacCl, the charge on WG peptides was fully
neutralized and did not allow the tape to twist. Gd:My produced
tapes at all pH and ionic strength even though it carried a net
positive charge at low and high pH. At pH 4 there was a mixed
morphology of tapes and cylinders, with cylinders resulting from
charge repulsion.

Solution temperature produced the most interesting experi-
mental results. Fiber formation and secondary structure change
were maximized at 37 °C. Amyloid fibril formation has been
shown to maximize at a critical temperature for other aggre-
gating peptide systems so the results in Fig. 5 are consistent with
previous studies.®® Interestingly, WG showed the cylindrical
cross-section only at 37 °C while Gd:My tapes could be induced
to twist into cylinders at high temperature. Higher temperatures
did not promote increased hydrophobic interactions as shown in
Fig. 5. WG and Gd:My peptides formed fibrils and then tapes
through hydrophobic interactions. However, twisting could not
be fully explained by a charge repulsion model because of the
lack of cylinders at conditions where there was a lot of like charge
that would have resulted in repulsion and twisting. Gd:My
cylindrical fibers and flat tapes could be segregated by plotting
the ratio of the »(CN) absorbance at 1016 cm™" to the v,,,(CH,)
absorbance at 1080 cm ™! (Fig. 8a). Thus, final fiber morphology
could be predicted from FT-IR data gathered in solution during
aggregation. Loss of the »(CN) absorbance relative to the
vr.w(CH>) absorbance (a lower ratio) resulted in cylinders. My
contained a significant amount of lysine (K) with some glutamine
(Q), which were amino acids with amines and amides, respec-
tively, in the side group (Fig. 6) and would contribute to
v(CN).%%% So FT-IR analysis suggested that more K and Q
added into the structure and hydrogen bonded to induce twisting
resulting in a loss of »(CN). The conditions where Gd:My twisted
into cylinders would have been sufficiently denaturing to allow
increased straightening of a My chain.’>5¢* Curiously, overall
aggregation was not increased, even at pH 8 and 60 °C and 80 °C,
as evidenced by the lower overall secondary structure change
(Fig. 5) with moderate final cross-p contents of 20% and 19%,
respectively, which were lower than at milder conditions (Fig. 5).
Clearly, temperature had some detrimental effect on overall
aggregation, which was preferred at closer to physiological
conditions.

The same analysis could not be used to predict WG fibers and
tapes. Instead, plotting the ratio of v, (INH,) at 1103 cm~! to
vr.w(CHz) was able to differentiate some, but not all, of the WG
cylinders from the tapes (Fig. 8b). Gd46 and GtL75 peptides
contained significant amounts of glutamine repeat units or
“Q-blocks”. Q-blocks are known facilitators of cross-f8 forma-
tion and are implicated in prion diseases such as Huntington’s
disease.®>* Q-blocks facilitated the addition of WG peptides
into the aggregated structure as shown with FT-IR spectros-
copy.™ Q-blocks have also been shown to positively influence
twisting of cross-B ribbons into helicoids and cylinders.** The
fact that »(CN)/y, (CH;) could not differentiate morphology
suggested that Q aggregation occurred in WG at each condition.
Q contained an amide on the amino acid side group that would
have contributed to v, w(NH;). So the state of the Q amide side
group can better differentiate the morphology, although not
completely. Amides on Q in WG could rock back and forth but
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Fig. 8 Prediction of final fiber morphology from solution FT-IR observations. Gd:My cylinders showed »(CN)/y, (CHb) ratio less than 0.7 at long
time. WG displayed a cylindrical morphology when v, (NH»)/v; (CH,) ratio was greater than 0.9 at long time. Error bars are within the symbols.

not stretch, indicating that cylinders had vertically constrained Q
side groups with some horizontal mobility. This may be because
amide side groups on Q have a preferred hydrogen bonding
direction in the aggregated structure.

Although peptide charge has been shown to influence twisting
of self-assembled B-sheet ribbons, other sequence features can
affect twisting as well.**77> Under certain conditions, Q and K
in the adder protein or peptide could make more adder available
to the template. This would facilitate hydrogen bonding and
potentially hydrophobic interactions on the amino acid side
groups and allow the structure to twist. At pH 8, the lysine was
predominantly positively charged with a pKr = 10.5 of the side
group that may have influenced twisting. Analogous to the Q on
WG peptides, which have no acid—base property, it seemed more
likely that K simply facilitated hydrogen bonding interactions
and induced twisting in the Gd:My system. In addition, the
length of the adder peptide may play a role. My had twice the
molecular weight of GtL75 and three times the molecular weight
of Gd46. Thus, it required more interaction with the template to
straighten and add. There were 7.32 x 10~° moles of My in the
mixture. Fig. 5 shows the gain in cross-f for Gd:My at pH 8 and
37 °C to be 29%, which was the fraction of My added into the
self-assembled structure. Thus, (1 — 0.29)(7.32 x 107%) = 5.2 x
10~° moles of My did not add into the structure. Using a similar
analysis for Gd46 and GtL75 results in 13 and 9.9 times more
unassembled My protein compared to Gd46 and GtL75,
respectively. At pH 4, the conditions were sufficiently denaturing
to perhaps cause a My chain to straighten more than at other
conditions, which was consistent with observed aggregation at
low pH for peptides that did not aggregate at other condi-
tions.3>%%%* However, charge repulsion still hindered overall

Fraction Cross-$, [3c

,107? 10" 10°
10 F T T T AL | ]
. E WG, Gd:My
© L
o
)
(]
=
'g 100 E ]
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=
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Lu"»—
3 open symbols: Raman Shift
b [ closed symbols: f_from FT-IR
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10° 10’ 10° 10°

Intensity of 1665 cm” Raman Shift (a.u.)

Fig. 9 Fiber and tape modulus depended similarly on the B-sheet frac-
tion formed in solution (measured with FT-IR) and the B-sheet fraction
in the final dried fiber or tape (measured with Raman spectroscopy).

aggregation, which was why A(cross-f) was lower than at other
conditions. A model has been presented for how this unassem-
bled chain length impedes twisting.*® The cylindrical cross-
section observed in this study did not result from extrusion
through a spinneret or hair follicle, like silk and keratin fibers,
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respectively. Twisting appeared to be more influenced by an
abundance of Q or K in the adder peptide. Q and K contain
amide and amine groups, respectively, that can further hydrogen
bond. Morphologically, twisted cylindrical fibers showed a high
twist angle, v, and a higher modulus (Fig. 4). Molecularly, the
more twisted fibers contained more B-sheet structure, which
could be observed two ways as shown in Fig. 9. First, the cross-
fraction, B, found through deconvolution of the FT-IR Amide I
absorbance in solution was greater in higher modulus fibers. The
values in Fig. 9 represent the highest cross-B fraction corre-
sponding to the largest A(cross-fB) in Fig. 5. The dried fibers were
also analyzed using Raman spectroscopy and the 1665 cm™
Raman shift, indicative of B-sheet structures, is plotted in
Fig. 9.7 There was good agreement between the two techniques
indicating that a lot of structure formation happened in solution
and that final dried fiber properties could be predicted from the
solution analysis. The difference in scaling between the two
techniques is likely a result of drying. The tape modulus was
independent of y and B-structures indicating that a common
interaction produced the rigidity, such as weaker hydrophobic
interactions, and that higher modulus resulted from enhanced
hydrogen bonding through Q or K that also resulted in the
twisted morphology.

Conclusion

Hydrophobic interactions caused aggregation in template
peptides at very short times. Exposed hydrophobic groups
induced o to B transitions on adder peptides that added onto the
template over longer times, which could be monitored with
FT-IR spectroscopy. Fibrils formed that aggregated into flat
tapes. The self-assembly over these scales appeared to be mostly
driven by hydrophobic interactions that could be enhanced by
complementary charge on peptides in the mixture. Flat tapes had
nearly constant modulus of about E; ~ 0.15 GPa. Peptide charge
during self-assembly was altered by changing solution pH or
ionic strength. Some tapes twisted into cylinders. Repulsive
charge along the flat tapes had at most a secondary effect on
twisting. FT-IR showed that side chains of glutamine and lysine,
which have a large hydrogen bonding potential, primarily
induced twisting. The increased hydrogen bonding resulted in
highly twisted cylindrical fibers of high modulus. The fiber
modulus directly correlated with the fiber twist, which resulted
from increased B-sheet formation. Twisted fibers had moduli
from E; ~ 0.2 to 2.5 GPa. This study showed that it was possible
to produce large, macroscopic fibrous structures with tailored
morphology and properties by altering solution conditions.
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Characterization of Large Amyloid Fibers and Tapes with
Fourier Transform Infrared (FT-IR) and Raman Spectroscopy

Devin M. Ridgley, Elizabeth C. Claunch, Justin R. Barone*
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Amyloids are self-assembled protein structures implicated in a host of
neurodegenerative diseases. Organisms can also produce “functional
amyloids” to perpetuate life, and these materials serve as models for
robust biomaterials. Amyloids are typically studied using fluorescent dyes,
Fourier transform infrared (FT-IR), or Raman spectroscopy analysis of
the protein amide I region, and X-ray diffraction (XRD) because the self-
assembled p-sheet secondary structure of the amyloid can be easily
identified with these techniques. Here, FT-IR and Raman spectroscopy
analyses are described to characterize amyloid structures beyond just
identification of the B-sheet structure. It has been shown that peptide
mixtures can self-assemble into nanometer-sized amyloid structures that
then continue to self-assemble to the micrometer scale. The resulting
structures are flat tapes of low rigidity or cylinders of high rigidity
depending on the peptides in the mixture. By monitoring the aggregation
of peptides in solution using FT-IR spectroscopy, it is possible to identify
specific amino acids implicated in p-sheet formation and higher order self-
assembly. It is also possible to predict the final tape or cylinder
morphology and gain insight into the structure’s physical properties
based on observed intermolecular interactions during the self-assembly
process. Tapes and cylinders are shown to both have a similar core self-
assembled p-sheet structure. Soft tapes also have weak hydrophobic
interactions between alanine, isoleucine, leucine, and valine that facilitate
self-assembly. Rigid cylinders have similar hydrophobic interactions that
facilitate self-assembly and also have extensive hydrogen bonding between
glutamines. Raman spectroscopy performed on the dried tapes and fibers
shows the persistence of these interactions. The spectroscopic analyses
described could be generalized to other self-assembling amyloid systems
to explain property and morphological differences.

Index Headings: Amyloid; Fourier Transform Infrared Spectroscopy; FT-
IR; Raman Spectroscopy; Protein; Amino Acid.

INTRODUCTION

Under certain conditions, peptides and proteins have been
shown to aggregate into structures known as “amyloids.” All
amyloids have one distinct feature: that the constituent peptides
or proteins transform from a non-fB-sheet secondary structure,
i.e., random coil and/or o-helix, to a P-sheet secondary
structure. There is a large body of work on the aggregation
of spontaneously misfolded proteins into amyloids associated
with neurodegenerative “prion” diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases.!?> There is another,
less studied class of amyloid in nature termed the “functional
amyloid” that barnacles, bacteria, and fungi use as a method of
self-preservation by facilitating attachment of the organism to a
substrate or into a biofilm.>~1° It is generally accepted that any
peptide or protein is capable of misfolding into an amyloid given
the right conditions, which are usually denaturing.'3-!'-20 Thus,
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in vitro techniques can be used to mimic nature’s amyloid self-
assembly processes either to study prion disease progression or
to design new biomaterials.?!??

Amyloids can exist as amorphous aggregates, which are
random globules of self-assembled, PB-structured proteins.??
Amorphous aggregates are important to prion disease progres-
sion.? Amyloids can also exist as self-assembled fibrils 2—10
nm wide and >100 nm long.!'!1%16:23-48 These nanometer-
sized fibrils are the most studied amyloid because of relevance
to prion disease progression and potential use as nanomaterials.
In some instances, amyloid tapes and fibers >150 nm wide and
many millimeters long have been predicted and ob-
served.202249-52 From a materials science perspective, the in
vitro self-assembly of amyloid fibrils is interesting because
they have a modulus similar to spider silk and a specific
modulus rivaling steel.>333 Amyloid fibrils can be distin-
guished by the fact that the protein chain axis in the -sheet is
perpendicular to the fibril axis, which can be discerned by
rotating the specimen in an X-ray diffraction (XRD) or
polarized infrared or Raman experiment to reference the chain
axis.>®>? In contrast, native silk and B-keratin fibers containing
B-sheets have the protein chain axis oriented along the fiber
axis.”®>? To differentiate the two, the amyloid fibril B-sheet has
been termed the “cross-B” structure. Chrysopa silk is a protein
fiber with the cross-B structure.’®57-%0 Protein isolated from the
gland of this insect also forms the cross-f structure. However, a
water swollen Chrysopa stalk will align its protein chains along
the axis of deformation when stretched.’® Other proteins have
shown similar behavior.>® Thus, silk and B-keratin proteins are
aligned along the fiber axis because of the pultrusion or
extrusion deformation, respectively, required for fiber forma-
tion.5!

A number of techniques have been employed to study
amyloid structures. In disease pathology, dyes such as
Thioflavin-T, Thioflavin-S, and Congo Red have been used
because they specifically bind to available hydrogen bonding
sites inside B-sheets.33:92:93 Once the dyes bind they are excited
with a laser of a designated wavelength and fluoresce to reveal
amyloid structures in vivo and in vitro.®*%> However, this
technique only reveals the presence of aggregated B-structures
and their location, which is advantageous in identifying disease
pathology. More complete analysis of the amyloid structure
can be performed using XRD, especially on fibrils with
preferential molecular orientation.!!->6:37-59:60.66.67  nfortu-
nately, XRD is not very convenient. Using Fourier transform
infrared (FT-IR) spectroscopy, protein secondary structure can
be determined by studying the amide I absorbance, which is
much more convenient and, when done correctly, can be quite
powerful.®® The protein amide I absorbance describes the state
of the carbonyl in the peptide bond.®*7° The position of the
amide I absorbance has been shown to correspond to the
different protein secondary structures, which are summarized in
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TABLE I. FT-IR amide I secondary structure assignments.

Wavenumber (cm ') Assignment

1605-1625 High strand density B-sheet usually indicative
of amyloid

1615-1625 Range used for single B-structure fit

1625-1635 Low strand density B-sheet usually indicative
of native, non-amyloid B-structures

1635-1644 Random coil

1645-1665 a-helix

1666-1699 f-turn, antiparallel -sheet

Table 1.°%7'-75 These assignments have been confirmed with
XRD and circular dichroism (CD).%%:6776-78 Amyloid forma-
tion can be characterized by a shift in the amide I absorbance
from the random coil and/or o-helix conformation to the B-
sheet conformation, which is a shift to lower wavenumber.'!
Although not absolute, on average, the amide I position
appears at lower wavenumber for amyloids (~1615 cm™!) than
for native B-sheets (~1630 cm™1).78° The difference does not
arise from the amount of B-sheet or the ratio of antiparallel to
parallel B-sheet, but differences in the B-sheet twist angle and
number of protein chains or “strands” per [B-sheet.’>8! The
lower wavenumber position of amide I for amyloids originates
in lower B-sheet twist angle and more strands per [-sheet.””
Secondary structure can also be analyzed using Raman
spectroscopy. Assignments are similar to those found with
FT-IR except for the B-sheet, which appears at a Raman shift of
~1670 cm~'.82-87 Explicit information about the PB-sheet
amyloid core has been obtained using deep ultraviolet
resonance Raman (DUVRR) spectroscopy.®® Hydrogen—deu-
terium exchange DUVRR can isolate the B-sheet core, which
will not have an easy exchange, from chemical groups outside
of the B-sheet that can readily exchange.®® The same technique
showed the influence of peptide amino acid sequence on the
core amyloid PB-sheet structure.’® APss;4> and APj_4o are
peptides important in Alzheimer’s disease. APs4 4> fibrils had
an antiparallel B-sheet structure similar to globular proteins,
while AP 40 had a parallel B-sheet structure significantly
different from globular proteins.”!

Recent research shows that it is possible to spontaneously
self-assemble micrometer-sized amyloid fibers from (1) tryptic
hydrolysates of wheat gluten (WG) and (2) a mixture of
trypsin-hydrolyzed gliadin and unhydrolyzed myoglobin
(Gd:My).2!2255 WG is a combination of gliadin and glutenin
proteins, and the peptides produced from hydrolysis self-assemble
into cylindrical fibers of high modulus. Replacing the hydrolyzed
glutenin fraction with unhydrolyzed myoglobin results in
rectangular tapes of low modulus. By themselves, the glutenin
peptides and myoglobin protein do not self-assemble. The
morphological and property differences result from amino acid
sequence differences that manifest during aggregation in solution
and upon drying. Here, FT-IR and Raman spectroscopy analysis
techniques are described that highlight the amino acid differences
that influence aggregation and final fiber morphological differ-
ences. These systems were chosen because they are able to
spontaneously assemble into micrometer-sized amyloid fibers
at near physiological conditions,?!?>%5 which is 1-3 orders of
magnitude greater than previous reports,3:19:40-42:52.5455 Byr.
thermore, these spectroscopic methods are capable of discern-
ing the role of different amino acids in the self-assembling
peptide mixtures and their contributions that affect the final
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fiber morphology and modulus. Thus, thorough observation of
amyloid formation is possible over many orders of magnitude
of scale, including the small scales relevant to disease
pathology and the large scales important in “functional”
amyloids. The techniques would prove useful to those working
in the field of amyloid formation and prion disease, which
would better highlight protein features important in [-sheet
aggregation.

EXPERIMENTAL

Solutions. We dissolved 25 mg/ml of wheat gluten (WG)
(MP Biomedicals, LLC, Solon, OH) in 80 ml of pure water at
37 °C. We then added 30 mg of trypsin (Type I from bovine
pancreas, Sigma-Aldrich, St. Louis, MO) to achieve a 1:67 (w/
w) enzyme:substrate ratio, and hydrolysis was allowed to occur
for 1 day before FT-IR readings were taken. The solutions were
monitored and frequently adjusted with 1 M NaOH to maintain
a pH of 8 over the first 3 days. After 3 days the hydrolysis was
complete, and the solutions remained at constant pH 8. Buffers
were not used to prevent any effect that they may have on the
self-assembly of large amyloid fibers. Gliadin (Gd, TCI
America, Portland, OR, UniProt P04721) was dissolved in
800 ml of pure water at a concentration of 25 mg/ml. Trypsin
was added at the same ratio, and the solution was maintained at
pH 8 and 37 °C for 3 days to ensure that hydrolysis was
complete. The times have been confirmed as the point of
complete hydrolysis prior to aggregation.?!%:7® Gd was poured
into Teflon-coated aluminum foil trays and allowed to dry at
ambient conditions under a fume hood. The dried, hydrolyzed
Gd was combined with myoglobin (My, from equine skeletal
muscle, Sigma-Aldrich, UniProt P68082) in 10 ml of pure
water at a molar ratio of 0.36:0.64 (Gd:My) and concentration
of 25 mg/ml. Solutions were incubated at pH 8 and 37 °C for
20 days. After 20 days the solutions were poured into Teflon-
coated aluminum foil trays and dried under a fume hood at
ambient conditions, which produces a large amount of
micrometer-sized fibers and tapes. The micrometer-sized fibers
and tapes were manually collected with tweezers, washed
gently with pure water to remove unassembled peptide, and
examined with Raman spectroscopy.

Fourier Transform Infrared Spectroscopy. Attenuated
total reflection (ATR) FT-IR spectra of the incubating aqueous
solutions were recorded daily on a Thermo Nicolet 6700 FT-IR
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA)
with a 45° ZnSe crystal trough. The spectrum of each protein
solution was ratioed against the aqueous solvent background to
reveal the protein absorbance spectrum.”>2>~% Three spectra
were acquired at each point in time, and averages * standard
deviations were reported for each condition. The spectra were
collected and analyzed with OMNIC v8.1 software.

Fourier Transform Infrared Amide I Analysis. Most
proteins are not purely of one secondary structure, and thus the
amide I absorbance is formed through contributions from all of
the secondary structures present. It is possible to “deconvo-
lute” the amide I absorbance into its secondary structure
components by representing it as a sum of peaks assigned to
each structure.””-?3=8 The area of each peak is representative of
the molar concentration of that particular secondary structure.
The spectral region from 1720 to 1580 cm™! was isolated and
manually smoothed with the Savitzky—Golay algorithm using
9-13 points. Next, the second derivative of the amide I spectral
region was taken without filtering to identify the individual
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random coil (green), o-helix (blue), and B-turn, antiparallel B-sheet (brown). (¢, d) The change in protein secondary structure as amyloid aggregation proceeds can be
monitored with time.

amide I components. Fourier self-deconvolution (FSD) was The spectra were then concave rubberband baseline corrected
performed with Happ—Genzel apodization by setting enhance- for a small amount of observed fluorescence. Spectra were
ment to 2-3 and adjusting the bandwidth until absorbance analyzed with OPUS version 6.5 software.
maxima matched the second derivative minima.”-’**° Using
the “Peak Resolve” feature of OMNIC version 8.1, the amideI =~ RESULTS AND DISCUSSION
absorbance was fit to a series of Gaussian/Lorentzian peaks
matching the FSD. The peak resolve feature uses the Fletcher—
Powell-McCormick algorithm to fit the peaks.'® Amide I
fitting was perf’or‘rr'led with a constant baselipe, a target noise of teins. 1945101102 Congistent with other amyloid studies, the
10.0, and an initial full width at half-height of 3.857. The amide T absorbance maximum shifts from 1640—1650 cm-!
goodness of fit, in the form of an F-value, was less than 0.5%. (Fig. 1a at 0 h) to 1610-1620 cm~! (Fig. 1b at 480 h) as
Raman Spectroscopy. Raman spectroscopy was performed  ooore0ation proceeds.2'65 Deconvolution of the amide I
on single dried WG and Gd:My fibers and tapes, respectively,  apgorbance into its principal secondary structure components
with a Senterra dispersive Raman spectrometer and confocal  cap quantitatively reveal individual protein secondary structure
microscope (Bruker Optics, Billerica, MA). WG fibers were  changes. Figures la and 1b show the amide I absorbance as a
analyzed with a 785 nm laser at 100 mW (approximately 20 gym of Gaussian/Lorentzian curves matching the FSD, whose
mW at the fiber), 50X objective, and 1000 X 25 pm aperture.  gym presents a good fit to the experimental curve. Based on its
Gd:My tapes were analyzed with a 532 nm laser at 5 mW  position, each curve is assigned to a secondary structure
(approximately 2 mW at the tape), 100X objective, and 50 um  component (Table I). It has been shown that anomalous
aperture. These conditions produced the least amount of noise dispersion (AD) effects can occur from the choice of ATR
and required the least amount of baseline correction. The laser  internal reflective element, sample concentration in solution, or
was intrinsically polarized, and polarization experiments were  sample thickness in the solid state. These AD effects can cause
performed on single amyloid fibers or tapes by rotating the  slight differences in the amide 1 absorbance position and
amyloid fiber or tape 0°, 45°, and 90° relative to the laser  shape.'® The dilute solution conditions used, low observed
polarization. Multiple measurements were taken at each absorbances, and high bandwidths minimize those anomalous
condition. Raman spectra were cut to exclude the regions effects. Assuming that each protein secondary structure has the
below 200 cm~! and above 3200 cm~! because of excess noise. same molar absorption coefficient, &, the area of each

Fourier Transform Infrared Spectroscopy. Conformation
change from random coil and o-helical structures to [-
structures is a hallmark of amyloid formation in pro-
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FiG. 2. Spectra of (a) Gd:My and (b) WG solutions at early and end times illustrating the change in symmetric CH; deformation, 8(CH3), at ~1360 cm~' and
asymmetric CH3 deformation, 8,,(CH3), at ~1410 cm™!. (¢) Comparison of hydrophobic packing, 8,(CH3)/8,5(CH3), in WG and Gd:My solutions over 480 h.

absorption curve, A;, can reveal the molar fraction of each
secondary structure component, y;

(1)

n

where Z;Ai is the sum of the areas of n secondary structure
components.!%4195 However, it is possible that the molar
absorption coefficients of each secondary structure are
different, making the analysis only semiquantitative.'%® Here,
the gain or loss of each component is monitored with respect to
time as amyloid aggregation proceeds (Figs. lc, 1d). Below
1635 cm™!, two distinct peaks appear in the amide I second
derivative and FSD: one in the range of 1605-1625 cm~! and
one in the range of 1625-1635 cm™!, consistent with
assignments of high strand density and low strand density -
sheets, respectively (Table I and Figs. la, 1b shown as
Gaussian/Lorentzian peaks used in the fit).”” However, the
relative contribution from each varies at different times. For
example, the data collected from O to 100 h show the
contribution from each is nearly equal, but the data from 260 to
300 h show the higher strand density B-structure dominates
(Fig. 1d). Thus, subtleties in the amide I deconvolution require
more examination to extract meaningful data. In Fig. Ic, “total
B-structures” is the sum of the two B-structure contributions
shown individually in Fig. 1d. As a test of the summation, the
[-sheet region is manually fit using a single, larger B-structure
peak centered in the range 16151625 cm~! (Table I; Fig. 1c).
There is good agreement between the manual, single peak
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procedure and the sum of the two individual B-structures for
cases when the two individual B-structure peaks are about
equal (i.e., 216 h) or when they are disparate (i.e., 240 h). The
Gd:My peptide mixture displays a consistent decrease in o-
helix with an approximately equal increase in [-structures,
which is observed for WG and Gd:My peptide mixtures studied
under a variety of conditions, while other secondary structure
components remain relatively constant.?! It can then be
concluded that o to § conformational transitions are important
in amyloid formation for the peptide mixtures studied here and
that properties of the protein o-helices influence the process.*

The amide I absorbance primarily originates from the
peptide bond carbonyl stretch, v(C=0) and is commonly used
to assign protein secondary structure.*® As shown above, the
overwhelming majority of studies on proteins, and specifically
protein aggregation, have involved analysis of the amide I
absorbance. However, FT-IR spectroscopy gives information
about the state of other chemical groups in proteins and may
help to delineate amino acids important in amyloid formation.
Part of the problem may originate in a lack of meaningful
literature data assigning absorbances to specific amino acid
side chains in the region below 1500 cm™!.'7 For WG and
Gd:My mixtures, it is also observed that the 1360 cm™!
absorbance progressively increases relative to the 1410 cm™!
absorbance (Figs. 2a, 2b). The 1360 cm™! absorbance can be
assigned to the CH; symmetric deformation, ds(CHs3), and the
1410 cm™! absorbance to the asymmetric CH3 deformation,
8as(CH3), on the side groups of the hydrophobic amino acids
alanine (A), isoleucine (I), leucine (L), and valine (V) also
summarized in Table I1.09-108.109 A T L., and V are
predominant in the o-helices of WG peptides and myoglobin



TABLE II. FT-IR absorbance assignments for amino acid side groups.

Wavenumber (cm~!)? Assignment

1410 s 8as(CH3): CH3 asymmetric deformation on A, I, L, V
1360 s Os(CH3): CH3 symmetric deformation on A, I, L, V
1103 w v:(NH3): NH, rock vibration on Q

1080 m-s V(CN): CN stretching vibration on Q, K

1016 s v(C-C): C-C stretch on Q, K

%5 = strong; m = medium; w = weak.

according to secondary structure predictions using
PSIPRED.!97-108,110 Considering 8,(CH3) as a measure of up
and down movement and 3,,(CH3) as a measure of side to side
movement of the CH3; amino acid side groups, the increase in
the ratio d84(CH3)/8,s(CH3) indicates that A, I, L, and V side
groups are laterally constrained in the amyloid structure
because they are more able to vibrate up and down relative
to side to side (Fig. 2c). Previous reports support this
conclusion.?!% This would indicate that hydrophobic interac-
tions are an important driving force in protein conformation
change and amyloid formation.

While WG and Gd:My systems both display a core
aggregated B-sheet amyloid structure and hydrophobic inter-
actions, there are structural differences in their full self-
assembled structures that need to be explored.®> At pH 8 and
37 °C, WG results in 10-20 um diameter cylindrical fibers,
whereas Gd:My results in 10-20 pm wide and 5 pm thick
rectangular tapes.®> Amyloid fibrils of tape and twisted tape
morphologies have also been observed.*!244-2 This raises the
question of whether there are other amino acid contributions

that can differentiate self-assembled protein structures. The FT-
1

IR spectrum reveals changes in the 950-1150 cm™ region
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(Figs. 3a, 3b). The absorbance around 1080 cm™' can be
assigned to the CN stretching absorbance, V(CN), and the
absorbance around 1016 cm™! can be assigned to the C-C
stretching absorbance, v(C-C), both on amino acid side
chains.!%19% Rocking of NH,, v.(NH,), can be assigned
around 1103 cm™' (Figs. 3a, 3b).!%% These assignments have
also been shown in the Raman spectrum,'!! and the similarities
between the Raman and FT-IR spectra for amino acids have
been directly shown.!!'? Gd:My mixtures of the same molar
ratio have been studied under various solution conditions, and
the ratio v(C—C)/v(CN) could differentiate the final morphol-
ogy of the amyloid structure early in the self-assembly process
(Fig. 3c).?! Rectangular cross-section tapes show an increase in
Vv(C—C)/v(CN) before reaching an asymptote of 0.8—1. Twisted
Gd:My tapes, some twisted so tightly that they result in a
cylindrical cross-section, show an approximately constant, low
value of v(C-C)/v(CN) = 0.4. On the other hand, the ratio
v(C-C)/v(CN) for WG at pH 8 and 37 °C oscillates between
1.5 and 3 over all time and results in a cylindrical fiber (Fig.
3d). The different behavior for v(C—C)/v(CN) in each system,
especially in describing cylindrical fiber morphologies, inti-
mates these absorbances originate in different amino acids.
Wheat gluten peptides contain a large amount of glutamine
repeats or “Q-blocks” and are 38% Q overall, whereas
myoglobin contains no Q-blocks and is 4% Q overall.
Glutamine contains an amide group at the end of its side
group connected to the peptide bond by two CH, groups.
Myoglobin contains 12.3% lysine (K), while WG proteins,
gliadin (1.5% K), low molecular weight glutenin (0.7% K,
UniProt P10386), and high molecular weight glutenin (1.2% K,
UniProt P10387) contain very little lysine. The lysine side
group has a primary amine connected to the peptide bond by
four CH, groups. Given the amounts in each mixture, v(C-C)
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Spectra of (a) Gd:My and (b) WG peptide solutions at pH 8 and 37 °C illustrating the change in CN stretching, v(CN), at ~1080 cm~! and C—C stretching,

v(C-C), at ~1016 cm™!. Rocking vibration of NHa, y,(NH,), at ~1103 cm™! is also observed in this region. (¢) Comparison of the v(C—C)/v(CN) ratio in Gd:My
solutions at 37 °C can predict final morphology. (d) Glutamine repeat units appear important to WG peptide self-assembly early in the process.
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TABLE III. Raman shift assignments.

Raman shift (cm™")? Assignment

~1665 m Amide I: B-sheet!??

~1650 m Amide I: o-helix®?122

1614 s V(C=C): aromatic C=C stretch on tyrosine (Y)'??

1610 s V(C=C): aromatic C=C stretch on phenylalanine
(F)$2:87.123

1475 s 3(CH,): CH, deformation on A, I, L, V side groups®?

1410 s 3(CHs): CH3 deformation on A, I, L, V side groups®?

1230-1280 m-s Amide III: C-N stretch, v(CN), and N-H bend, 5(NH),
on Q, K side groups®3104

~1100 m-s V(CN): C—N stretch of Q, K side group®?

# s = strong; m = medium; w = weak.

and v(CN) originate in lysine and glutamine for Gd:My and
WG mixtures, respectively. Rocking of NHj, v.(NH,), is
discernible in WG probably because the amide on the Q cannot
change its protonation state, but NH, on lysine can, and its
absorbance position can change. The data in Fig. 3c would
suggest that as the NH"; on the lysine side chain is more
protonated at decreasing pH, lysine side chains gain enough
positive charge to repel each other and twist the self-assembled
structure into a cylinder. The charge repulsion mechanism has
been shown to twist amyloid tapes into cylinders.*? Charge
repulsion keeps the C-N group at the end of the lysine side
chain from hydrogen bonding, so it is able to vibrate more
relative to the (CHy)4 portion of the side chain, resulting in a
lower v(C—C)/v(CN) ratio. The limited vibration of the (CH»)4
portion is probably from pH-insensitive hydrophobic interac-
tions, which are important in amyloid self-assembly, as shown
here and in previous literature.?!#24465:113 The importance of
hydrophobic interactions on lysine in B-sheet formation has
been shown for a lysine substituted ,-microglobulin peptide at
near physiological conditions.!'* Screening the positive charge
on lysine for a series of KL-containing peptides also shows the
importance of lysine hydrophobic interactions in [-sheet
aggregation.!'>11® For WG the large v(C—-C)/v(CN) ratio
suggests that the C-N group at the end of the glutamine side
chain does not vibrate as much as the (CH,), portion of the side
chain (Fig. 3d). The y.(NH)/v(CN) ratio increases for the first
100 h then reaches an asymptote. It is also observed that the
0s(CH3)/0.5(CH3) ratio decreases for the first 100 h of WG self-
assembly before increasing (Fig. 2¢). Taken together, this may
suggest that hydrogen bonding of the end of the glutamine side
chain is more important than hydrophobic packing in WG self-
assembly at early times and that most of the hydrogen bonding
is through the carbonyl on the amide because NH, is able to
vibrate more relative to C—N. The increase of v(C-C)/v(CN)
and 03(CH3)/8,5(CH3) and constant y(NH,)/v(CN) from 100 to
480 h indicates that hydrophobic packing is more important to
self-assembly at long times. Instead of charge repulsion, the
amyloid fiber is twisted from Q—Q hydrogen bonding. Indeed,
Q-Q hydrogen bonding in Q-blocks has been shown to
facilitate amyloid B-sheet formation and is implicated in prion
diseases such as Huntington’s disease.?*!17~120 An engineered
peptide containing Q-blocks has been shown to be highly
twisted relative to an engineered peptide of the same length
without Q-blocks.>!

Raman Spectroscopy. After 20 days, incubating peptide
and protein mixture solutions are dried and the resulting fibers
(WG) and tapes (Gd:My) studied with Raman spectroscopy.
The confocal microscope on the dispersive Raman spectrom-
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Fic. 4. Raman spectra of WG and Gd:My dried amyloid fibers and tapes with
the fiber or tape at 0° to the polarization direction depicting the deformation of
CH,, 8(CH,), at ~1475 cm™!, deformation of CH, §(CH), and CH, on Fand Y
at ~1380 cm™!, vibration of CN, v(CN), at ~1140 cm™". The amide III peak is

used to determine the secondary structure: o-helix at ~1280 cm™!, random coil

at ~1244 cm™!, and B-sheet at ~1216 cm™!.

eter allows for focusing along the ~10 um width of the fibers
and tapes. Gd:My tapes display good sensitivity and little noise
when excited at 532 nm. However, WG fibers show significant
noise at 532 nm. A good signal is obtained at 785 nm. The
amide I and III regions are sensitive to protein conformation.
However, aromatic groups on amino acids phenylalanine (F),
tryptophan (W), and tyrosine (Y) have intense Raman shifts in
the region 1600 cm™! to 1620 cm™! that can obscure the amide
I signal (Table III).37-!2!-123 To more accurately compare
protein secondary structure differences between the self-
assembled fibers and tapes, amide III between 1200 and
1300 cm™! is used. Historically, the amide III region has not
been used to assign protein secondary structure as much as the
amide T region.®®124-128 More recent research has shown that
the amide III can be used to accurately assign protein
secondary structure changes in silk as it is deformed or
processed. 27132 The DUVRR amide III is very sensitive to the
protein structure because of the dihedral angle dependent
coupling between (C)C,H and NH bending vibrations'?? and
has been used to study protein secondary structure including
that of amyloids.3%-2%134135 WG fibers show a small peak and
Gd:My tapes show a shoulder at ~1216 cm™! indicative of the
high strand density B-sheets found in amyloids.”! Peaks at
~1280 cm™! and 1244 cm™! are assigned to o-helices and
random coil structures, respectively.38-21:129:130 Comparison of
the B-sheet Raman intensity at ~1216 cm™! to the o-helix
Raman intensity at ~1280 cm~! shows B/o = 0.56 for Gd:My
and 0.12 for WG indicative of more o-helix converting to -
sheet in the Gd:My mixture, which is also observed using FT-
IR (Fig. 4).95 Although the final large structure is not obtained
until drying, the final secondary structure can be predicted
using the aggregation behavior in solution as characterized
using FT-IR. Raman favors covalent bonding and groups of
low dipole and high polarizability so more hydrocarbon
information is obtainable. The CH, deformation, 8(CH»), is
distinct at ~1475 cm™!, while other CH, modes are obscured
because of contributions from the aromatic rings on F and Y
(Fig. 4).13° The higher Q content in WG compared with K in
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Gd:My is apparent in the larger v(CN) intensity relative to
other Raman shifts (Fig. 4).

Polarization experiments can be performed with Raman
spectroscopy to note the direction of chemical groups and
secondary structure in protein fibers.!30:132.137.138 ‘When the
amyloid fiber axis is aligned perpendicular to the laser
polarization direction (90°) the spectrum shows the highest
ratio of B-sheet intensity (~1665 cm™') relative to CH; and
CH, deformation intensity (1420 cm™! and 1475 cm™!,
respectively), which is indicative of the B-sheet or protein
chain axis being oriented perpendicular to the fiber axis (Fig.
5). As the polarization direction is rotated 45° and 0° relative to
the fiber axis the ratio decreases. This shows that side groups of
amino acids A, I, L, and V (CH3 and CH, deformations at 1420
cm~! and 1475 cm™!, respectively, but the 1420 cm~!' Raman
shift is obscured by F and Y) and phenylalanine and tyrosine
(1420, 1610, and 1614 cm™') are oriented perpendicular to the
B-sheet axis (Fig. 5; Table III) revealing that the self-assembled
WG and Gd:My fibers and tapes have a cross-3 structure.

CONCLUSION

By using FT-IR and Raman spectroscopy, B-sheet formation
in self-assembled amyloid structures can be monitored over
time in aqueous solution and in the final structure upon drying.

40

Secondary structure change and development can be accom-
plished through analysis of the amide I region originating from
stretching of the carbonyl on the peptide bond. Beyond simple
analysis of the amide I region, analysis of the behavior of
plentiful amino acids with hydrophobic side groups, A, I, L,
and V, illustrates the role of hydrophobic interactions in
driving secondary structure change and B-sheet formation.
Further, Q in WG mixtures and K in Gd:My mixtures can be
isolated in the FT-IR and Raman spectra and their influence on
the self-assembled structure delineated. Through polarization
of the Raman excitation, the molecular orientation of amino
acid side groups relative to the protein chain axis in the -
sheets and fiber axis can be determined. Techniques such as
these could be generalized to other amyloid systems to show
the effect of hydrophobic interactions and specific amino acids
on aggregation behavior.
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Evolution of the Amyloid Fiber over
Multiple Length Scales
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ABSTRACT The amyloid is a natural self-assembled peptide
material comparable in specific stiffness to spider silk and steel.
Throughout the literature there are many studies of the nanometer-
sized amyloid fibril; however, peptide mixtures are capable of self-
assembling beyond the nanometer scale into micrometer-sized
fibers. Here, atomic force microscopy (AFM) and scanning electron P
microscopy (SEM) are used to observe the self-assembly of the
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peptide mixtures in solution for 20 days and the fibers upon drying. Beyond the nanometer scale, self-assembling fibers differentiate into two

morphologies, cylindrical or rectangular cross-section, depending on peptide properties. Microscopic observations delineate a four stage self-assembly

mechanism: (1) protofibril 2—4 nm high and 15—30 nm wide) formation; (2) protofibril aggregation into fibrils 6—10 nm high and 60—120 nm wide; (3)

fibril aggregation into large fibrils and morphological differentiation where large fibrils begin to resemble the final fiber morphology of cylinders (WG

peptides) or tapes (Gd:My peptides). WG large fibrils are 50 nm high and 480 nm wide and Gd:My large fibrils are 10 nm high and 150 nm wide; (4)

micrometer-sized fiber formation upon drying at 480 h resulting in 18.0 «m diameter cylindrical fibers (WG peptides) and 14.0 xm wide and

6.0 m thick flat tapes (Gd:My peptides). Evolution of the large fiber morphology can be rationalized on the basis of the peptide properties.

KEYWORDS: self-assembly - protein - cross- structure - amyloid - fibril - fiber

myloids are self-assembled protein
Amaterials containing fB-sheets.' ™

There is a large body of work
focused on amyloids in pathogenic “prion”
diseases such as Alzheimer's, Parkinson's,
and Huntington's Diseases." > Self-assembly
begins when a protein molecule “misfolds”,
straightens out, and hydrogen bonds to an-
other misfolded, straight protein molecule
to build the S-sheet. Thus these diseases are
also termed “protein misfolding diseases”. It is
now believed that this small S-sheet aggre-
gate is the pathogenic structure in disease
pathology. These small 3-sheet aggregates
can continue to aggregate into protofibrils
with diameters of 1—10 nm and lengths of
>100 nm. Several protofibrils can then aggre-
gate together into the prion “plaques” ob-
served in advanced prion disease.® In amyloid
fibrils, the protein chain axis is perpendicular
to the fibril axis and thus the f(-sheets are
termed “cross-f3” sheets. In contrast, the pro-
tein chain axis and resulting S-sheets in nat-
ural silk and pS-keratin fibers are aligned
along the fiber axis. This is because of the
applied deformation required to form the
silk or p-keratin fiber, that is, spinning or
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extrusion. The cross-f structure can be dif-
ferentiated from f-sheets aligned along the
fiber using vibrational spectroscopy or X-ray
diffraction.”®

Not all amyloids are detrimental struc-
tures. Nature is able to produce a class of
beneficial self-assembled structures known
as “functional” amyloids meant to proliferate
life.>*1° Barnacle cement has been shown to
be a rigid, strong, and tough adhesive be-
cause it is a composite of insoluble cross-3
fibrils in a protein matrix."'~'> The bacter-
ium Streptomyces coelicolor and fungus
Neurospora crassa self-assemble proteins
into extracellular amyloid fibrils and hyphae,
respectively, for adhesion and biofilm forma-
tion.'®'® Escherichia coli will secrete curli
proteins CsgA and CsgB to form fibrous
amyloids on the cell surface.'” 2" Cell adhe-
sion proteins on Candida albicans form rigid
amyloid fibers.?? Insects of the Chrysopidae
family form cross-f silks to suspend their
eggs for protection.>2*

The fibrous amyloid is similar in rigidity
to other f3-sheet containing protein fibers
and the specific modulus approaches that
of steel.?> 27 Thus, very rigid materials are

AMRTAN TS

45

* Address correspondence to
jbarone@vt.edu.

Received for review August 2, 2012
and accepted December 23, 2012.

Published online December 26, 2012
10.1021/nn303489a

©2012 American Chemical Society

1006

WWwWWw.acsnano.org



formed from a host of weak hydrogen bonds. It has
been shown that -sheets confined to a few nanome-
ters achieve higher modulus, strength, and toughness
than larger S-sheets?® The smaller S-sheets, about
3 nmin size, give a stick—slip shear response to applied
deformation, whereas larger f-sheets, about 7 nm in
size, bend. Young's modulus calculated from molecular
dynamics and density functional theory yield values of
22.6 and 36.5 GPa, respectively, which agree well with
experiment.®® Thus the size and hierarchy of S-sheet
structures in the amyloid influences the properties.
Amyloid fibrils have also shown great solvent and
temperature resistance, and the fact that no known
cure exists for prion disease is a testament to the
robustness of the self-assembled f-sheet structure.?
The outstanding physical properties and observed
functional role of amyloids in nature serve as inspira-
tion to use the self-assembled structures as high
performance biomaterials in unique nanodevices and
nanocomposites.3°~34

Nanometer-sized amyloid fibrils can spontaneously
self-assemble from a host of proteins and pep-
tides.>*%35743 Ppast studies have documented the
growth and morphological development of the nan-
ometer-sized amyloid fibril under various condi-
tions.>*3743769 |t is generally accepted that any protein
is capable of self-assembling into an amyloid fibril
given the right conditions, which are usually extremely
denaturing.>* Several studies have implicated a nu-
cleation site or seed in order for amyloid formation
to occur.”®”" Amyloid fibril size is dependent on the
peptide or protein used and has been shown to be
about 2—10 nm wide with some larger structures form-
ing through aggregation of smaller structures.*®¢37273
Solution conditions can also affect the amyloid fibril
size and morphology.”*~”® Adamcik et al. were able
to self-assemble multiple fibrils into twisted tapes
with adjustable pitches based on the solution NaCl
concentration.®* The highly studied AS(1—40) peptide
implicated in prion disease can aggregate into /-struc-
tured polymorphs ranging from amorphous aggregates
to fibril morphologies by varying NaCl, Zn*", and SDS
concentrations in the incubating solutions.””

Fibers larger than nanometer-sized fibrils have been
predicted in several studies.*>”88° Tapes composed
of fibrils can be self-assembled up to approximately
150 nm in width.3' Recent research has shown that it is
possible to self-assemble micrometer-sized amyloid
fibers from peptide mixtures.3>3%7> This mechanism
is similar to a previous hypothesis that requires a
nucleation site or seed for initiation of cross-f formation
and fibril growth.”%#283 Extensive research into the self-
assembly of fibrils on the nanometer scale has been
performed; however, little is understood about the
mechanism of self-assembly beyond the nanometer
scale, especially in terms of how self-assembling peptide
systems can morphologically differentiate beginning at
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smaller scales and how the morphology persists to
higher scales. Here, two peptide mixtures, hydrolyzed
wheat gluten (WG) and hydrolyzed gliadin:unhydro-
lyzed myoglobin (Gd:My), are monitored in solution
for 20 days with atomic force microscopy (AFM) and
upon drying with scanning electron microscopy (SEM)
to elucidate the mechanism for self-assembly of amyloid
fibers from the molecular to the micrometer scale.
Differences between the peptides in the two mixtures
manifest at the nanometer scale and continue through
the hierarchy to produce micrometer-sized fibers
and tapes with different properties and morphologies.
Hierarchical micrometer-sized fibers are the structural
material of choice in nature. This research shows that
peptide systems can be designed at the molecular level
to produce useful, large-scale biomimetic materials that
are predictable and controllable.

RESULTS AND DISCUSSION

Trypsin-hydrolyzed wheat gluten and gliadin pro-
duce a mixture of peptides that can be used for self-
assembly over several orders of magnitude of scale.
Wheat gluten is a combination of gliadin and glutenin
proteins and replacing the hydrolyzed glutenin frac-
tion with unhydrolyzed myoglobin produces a tape
rather than a fiber.3> Although the hydrolysis produces
several peptides, only certain peptides in the mixture
have a propensity to self-assemble.3>”> Those peptides
have since been individually synthesized and mixed
together and with myoglobin producing similar results
to the crude mixture.3® In the proposed mechanism,
a hydrophobic “template” peptide forms a cross-$
template to hide hydrophobic amino acid side groups
in spaces between 3-sheets. The template peptide has
hydrophobic amino acids residing next to one another
and thus has some hydrophobic groups exposed to the
water on the outer faces of the -sheets (Scheme 1,
Stage ). Hydrolyzed gliadin produces the template
peptide, Gd20.3> The “adder” peptide or protein is
a-helical and less hydrophobic than the template
peptide. A glutenin peptide, GtL75, acts as the adder
in the WG system and myoglobin acts as the adder
protein in the Gd:My system. The more hydrophilic
adder peptide or protein is stable in aqueous solution
and does not individually undergo conformation
change or aggregate at the experimental conditions
as measured with FT-IR spectroscopy.®>3® However, in
the presence of the template, the hydrophobic groups
on the o-helices prefer the exposed hydrophobic
groups of the template, undergo an o to 3 transition,
and “add” into the template as measured with Fourier
transform-infrared (FT-IR) spectroscopy.>>”® Through
AFM and SEM imaging, the progression of large amy-
loid fiber aggregation can be defined in terms of four
morphological stages.

Stage I: Protofibril Formation (ca. 0—264 h). WG peptides
aggregate into protofibrils H = 2.5 £+ 0.5 nm high and
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Scheme 1. Four-stage mechanism for peptide mixture aggregation over multiple length scales. In Stage |, the adder peptide
is shown adding to the upper 5-sheet length and adding to the lower 5-sheet height, which are both possible. Morphological
differentiation and growth to the micrometer-scale occur in Stages Il and IV.

W =16.5 + 45 nm wide. Gd:My peptides aggregate
into protofibrils with H=4.3 £ 1.0nmand W=31.6 +
3.2 nm with a large protofibril depicted in Figure 1c.
X-ray diffraction results show that the protofibril is
2 f3-sheet layers high and the distance between sheets
is mediated by the largest amino acid side chains.®
My (17083 g/mol) has a larger molecular weight
than GtL75 (8,465 g/mol), and the unassembled chain
length also contributes to the observed larger pro-
tofibrils.”> WG protofibrils separate from larger glo-
bules while Gd:My protofibrils appear spontaneously
(Figure 1c,d). The largest molecular secondary struc-
ture transitions occur in Stage | in both WG and Gd:My
peptide mixtures.3®

Stage II: Protofibril Aggregation into Fibrils (ca. 240—
360 h). Protofibrils aggregate to form larger structures
termed fibrils. WG fibrils have H=6.7 = 2.0 nmand W =
82.9 &+ 26.1 nm (Figure 2a). Gd:My fibrils are H = 8.6
2.3 nm high and W=101.0 & 28.8 nm wide (Figures 1c
and 2b). FT-IR spectra also reveal an increase in the
ratio of the symmetric CH; deformation, ds, to the
asymmetric CHs deformation, d,, throughout the
four-stage mechanism. An increase in d,/0,5 suggests
that hydrophobic interactions between peptides play a
significant role in conformation change and further
self-assembly.3* Thus, exposed hydrophobic groups on
protofibrils continue to hide from water and drive self-
assembly. The width of the fibril is composed of 4—8
and 2—4 protofibrils aggregating laterally in the WG and
Gd:My systems, respectively. Measured fibril heights are
consistent with 1—2 protofibrils aggregating vertically
and twisting. Protofibril and fibril formation appear
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consistent with what has been observed by others where
tapes ~2 nm high and 4—10 nm wide form from 2 nm
diameter protofibrils aggregating horizontally and
twisting®%* or “protofilaments” assembling into fibrils
in the same manner that protofibrils assemble into fibrils
as shown in Figures 1 and 2.7>73818485

The Gd:My fibril structure in Figure 2b resembles
the “nanoracket” predicted for AB(1—40) fibrils.® Gd:My
fibrils (also shown in Figure 3) appear to have a lower
persistence length, I, than WG fibrils and can bend
onto themselves. Hydrophobic interactions near the
ends of the fibril produce the nanoracket. An estimate
of the persistence length for WG and Gd:My Stage I
fibrils yields lowe = 1681 & 494 nm and /p ggmy = 1074 £
304 nm. Adamcik et al. formed fibrils from the same
peptides and found persistence length to scale with
the fibril height with thicker fibrils giving a longer per-
sistence length.5® In Stage Il, WG fibils are narrower and
thinner than Gd:My fibrils but possess a longer persis-
tence length, indicating that WG peptides self-assemble
into a tighter and more rigid structure. The persistence
length is directly proportional to the Young's modulus of
the fibril, and thus the Stage Il persistence lengths show
that property differences between the two systems begin
to manifest early in the self-assembly process.

Stage lIl: Fibril Aggregation into Large Fibrils and Morpho-
logical Differentiation (ca. 288—480 h). Fibrils aggregate
into larger structures termed “large fibrils”. WG fibrils
twist around each other to form a large fibril with
H=51.5+58nmand W=483.5 £ 30.3 nm (Figure 3a).
The WG large fibril in Figure 2a has H = 14.0 nm and
W = 200.0 nm and shows an intermediate structure
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Figure 1. Stage I: (a,b) AFM tapping phase images showing WG aggregated fibrils composed of individual protofibrils of
H=2.8 nm and W= 18.0 nm (black). (c) AFM topographical image of a large Gd:My protofibril of H = 6.0 nm and W =32.0 nm
(blue) and fibril of H = 14.0 nm and W = 110.0 nm (red). (d) AFM tapping phase image of WG fibrils composed of individual
protofibrils separating from large globules at very early time.
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Figure 2. Stage Il: AFM topographical images of (a) WG fibril (green) and large fibril (red) and (b) Gd:My fibril (blue).

between Stages Il and Ill. The cross-section is still The final rectangular cross-section of large Gd:My
anisotropic but the beginnings of the final twisted fibers begins in solution and persists upon drying. This
morphology appear in solution at late times. Gd:My is the predominant structure in Stage lll.

fibrils have limited aggregation into large fibrils with Morphological differentiation occurs in Stage llI

H=9.8+ 1.2 nmand W= 155.7 + 23.2 nm (Figure 3b). where about 4—8 WG fibrils twist into a large fibril
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Figure 3. Stage lll: AFM topographical images of (a) WG fibrils twisting around each other to form large fibrils and (b) Gd:My
fibrils that do not aggregate as frequently or to the same scale as WG fibrils.

with a pitch h & 1410 nm. The twisting is observable in
the AFM image and is confirmed by a large height
increase. The WG large fibril is about an order of
magnitude smaller than its final fiber dimensions
with a pitch about half the length of the final pitch.
In Stage lll, there is limited Gd:My fibril aggregation
into large fibrils resulting in a tape structure with
dimensions about an order of magnitude smaller than
the final dried tape. Figure 3 shows that Gd:My fibrils
have limited lateral aggregation at a stage where WG
fibrils begin to twist into a larger structure. Although
the morphology of amyloid fibrils at the nanometer
scale has been extensively studied, little is known
about the continued self-assembly and morphological
differentiation at larger scales, which show striking
features that can be related to the peptides in the
mixtures.®!

Stage IV: Micrometer-Sized Fiber Formation (>480 h). The
final micrometer-sized structure forms upon drying at
480 h. WG peptides form cylindrical fibers of 18.1 +
9.5 um in diameter (Figure 4) while Gd:My peptides
form flat tapes of H = 5.7 & 0.6 um and W = 144 +
2.2 um (Figure 5). Previous studies using X-ray diffrac-
tion and Raman spectroscopy show the WG fibers
and Gd:My tapes to contain the cross-3 secondary
structure.>>3%7> The final fibers are 10°—10% um long.**
Evidence of earlier stage structures exist: WG forms
tightly twisted cylindrical cross-section fibers composed
of W = 300—800 nm wide large fibrils and Gd:My forms
rectangular cross-section tapes with W = 20 nm proto-
fibrils and W= 190 nm large fibrils observed showing the

RIDGLEY AND BARONE

Figure 4. WG fiber of D = 14.0 um composed of twisted
large fibrils of 300—800 nm diameter. Arrows indicate
where large fibrils twist on top of one another.

Figure 5. An SEM image of a Gd:My tape (W = 15 um,
H = 6 um) where (a) protofibrils and (b) large fibrils are
apparent.

micrometer-sized fibers and tapes to be hierarchical. Upon
drying the Gd:My solution, large fibrils of W= 190—900 nm
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VOL.7 = NO.2 = 1006-1015 = 2013 A@@L%{\) 1010

49 WWW.acsnano.org



solution dried
a 105 264 h 336h 480h >480 h
e i D ] T
P LB WG
L L b s
wil o -
VNG
S S
; X—> B &
£ ', Pl L
= 10° | Df'%:;\:} 1 isotropic cylindrical
< F [ =t ! ! cross-section
t i ! :
R 5 TR ' : O Stage |
10'L O Stagell
o P & Stage Il
! : & Stage IV
100 il .;‘...\ i coanl PETH T
10° 10’ 10° 10° 10° 10°
Height, H (nm)
b solution dried
264h 336h 480h >480 h
W
Eo i Gd:My
wtl 3
X—>f | : | 1
— 3 [ E
E 10 3 1 :49 E
2 i A
= Y °f e —> ]
5 102 L ' | anisotropic rectangular |
g E : : cross-section
Xt_"f : ' ' O Stage |
10' b ; 0 Stagell 4
P ' ! < Stage Il
o : : A Stage IV ]
10° Lol i i L

10° 10' 10° 10° 10 10°
Height, H (nm)

Figure 6. Growth of large self-assembled (a) WG peptide
fibers and (b) Gd:My tapes with dimensions measured using
AFM and SEM.

are observed in the dried tapes that are not observed
in Stage lll in solution (Figures 5 and 6b).

Micrometer-Sized Fiber Morphology. It is clear from the
SEM images that fibers and tapes form from aggre-
gates of large fibrils formed in Stage Ill. The large fibrils
are oriented at an angle, v, relative to the fiber or tape
axis (Figure 4). At pH 8 and 37 °C, WG has y = 34° and
Gd:My has y = 22° showing WG fibers to be more
twisted and tightly packed (Figure 4). Therefore, the
lateral aggregation of Gd:My fibrils induces a smaller
twist than in WG. A transition from a tape to a cylinder
morphology occurs at y &~ 23° and WG large fibrils can
be prevented from twisting with changes in solution
conditions.”®

Concurrent with the orientation angle of the large
fibrils is a pitch, h; and h,, for fibers and tapes,
respectively.**62~646678=80 £or WG and Gd:My at pH
8and 37 °C, h=2900 nm and h; =300 nm, respectively,

O WGpH A WG lowt € Gd:Mycomp
[0 WGNaCl ® WGpH A WGT
<> Gd:My comp B Gd:MypH X GdMyT

-
o
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Figure 7. Fibers (h;) and tapes (h;) formed from WG and Gd:
My peptides under various conditions separate based on
morphological characteristics.

which defines the distance between large fibrils along
the length of the micrometer-sized fiber or tape.
Simple geometric considerations relate y to h, y(°) =
360x/h.*0626466.78-8086 Maasuring y and h for WG and
Gd:My mixtures studied under various experimental
conditions shows that a plot of v versus h segregates
the resulting fibers and tapes by morphology regardless
of peptide type or experimental condition (Figure 7).3>7°
In some cases, micrometer-sized fibers and tapes show
very large scale twisting defined by a larger pitch, h'.”?
Fitting the data in Figure 7 to y(°) = 360x/h results in
X, =28 nm, x; = 320 nm, and X' = 3.9 um. The length x,
is approximately equal to the protofibril width, which
is the smallest discernible feature in the Gd:My tapes
(Figure 5). x¢ is approximately equal to the large fibril
width, which is the smallest discernible feature in the
WG fibers (Figure 4). It has been shown for protofibrils
that the distance, x, is the distance between two pep-
tides in the cross-f structure?®#%*788¢ The peptides
extend lengthwise across the width of the protofibril
and when stacked side-by-side comprise the length of
the protofibril. Protofibrils (in Gd:My) and large fibrils
(in WG) organize side by side at an angle, y, relative to
the tape or fiber axis, respectively, thus x describes the
smallest discernible feature comprising the tape or fiber
length. X' is approximately equal to the final micrometer-
sized fiber diameter and tape width. The x values span
2 orders of magnitude of scale (10'—10° nm) and are
length scales characteristic of the hierarchical nature of
the self-assembly of micrometer-sized fibers and tapes.

In the simplest incarnation of the proposed multi-
scale self-assembly mechanism, hydrophobic interac-
tions initiate template formation, the adder peptide
addition, and aggregation of protofibrils into larger
structures.>>”® This is the path followed by Gd:My.
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Myoglobin has large sequences of hydrophobic groups
in its a-helices producing an a-helix hydrophobic
content of 76%. Myoglobin only aggregates through
hydrophobic interactions in certain portions of the
protein which limits its solution phase aggregation
to fibrils/large fibrils of dimensions H = 8—10 nm
and W = 100—150 nm. Loosely bound protofibrils
and fibrils are observed in the final dried Gd:My tapes,
which have a Young's modulus of only E; ~ 0.15 GPa.
Lara et al. observe fibril aggregation similar to
Stage Il aggregation.®! These “giant amyloid ribbons”
resemble the Gd:My structures observed here and
form from hydrolysates of hen egg white lysozyme
and fS-lactoglobulin with peptide molecular weights
less than 6500 g/mol.2 It is entirely possible that these
hydrolysates contain peptides that meet “template”
and “adder” definitions. That study also highlights the
role of hydrophobic interactions in the lateral growth
of the large tape.®®

Myoglobin and GtL75 have similar aliphatic indices
(Al), a measure of the molecular hydrophobicity.>
However, glutenin peptides, specifically GtL75, contain
glutamine repeat units or “Q-blocks” that are known
facilitators of cross-8 formation.**#”~%° Myoglobin
contains 4% Q without any Q-blocks. At short time,
more protofibrils and fibrils form from WG globules
than spontaneously form in Gd:My solution (Figure 1).
Q-blocks appear to facilitate more early stage aggrega-
tion in WG through amide—amide hydrogen bonding
on the amino acid side groups as measured with FT-IR
spectroscopy.>®”> This results in the more compact
structure with smaller protofibril and fibril dimensions
and higher rigidity manifesting as a longer persistence
length in early stages. Experiments with short peptides
containing Q-blocks have shown the resulting amyloid
protofibrils to be more twisted than protofibrils formed
from peptides of the same length without Q-blocks.”®
The Q-blocks facilitate twisting of the WG structures as
seen in the AFM and SEM results and are responsible
for morphological differentiation and a much higher

METHODS

Wheat Gluten (WG) and Gliadin (Gd) Hydrolysis and Self-Assembly. WG
and Gd solutions were prepared in the same manner as
previously described.”> WG solution conditions were main-
tained at pH 8 and 37 °C for 20 days with samples collected
periodically for AFM analysis.

Gd:My Solution. Gd:My solutions were made in the same
manner as previously described.”® Solution conditions were
maintained at pH 8 and 37 °C with samples collected periodi-
cally for AFM analysis.

Atomic Force Microscopy (AFM). An amount of 50 ulL of each
solution was spin-coated on freshly cleaved mica at 4000 rpm
for 1 min. Other studies have dried and washed their samples
to reveal the amyloid fibrils on the mica surface. Spin-coating
was used to immediately stop the self-assembly process
and reveal the resulting amyloid structures to avoid a finite
drying time that could have affected results.*¢®' Images
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Young's modulus of £~ 2.5 GPa.3>”> WG fibers have a
longer pitch than Gd:My tapes. This appears to result
from the more extensive formation of wider and
thicker large fibrils in WG compared to Gd:My in Stage
Il and upon drying. Protofibrils and fibrils are as-
sembled and twisted tightly in the WG large fibrils
and are thus not the smallest discernible feature in WG
fibers, unlike Gd:My tapes. The weaker hydrophobic
interactions and lack of Q-Q bonding in Q-blocks do
not allow twisting in the Gd:My system producing soft
tapes rather than stiff cylinders.

CONCLUSION

Peptide mixtures can self-assemble into the often-
studied nanometer scale amyloid protofibril and
fibril. However, peptide mixtures with “template” and
“adder” properties continue to assemble to the micro-
meter scale in a four-stage mechanism (Scheme 1).
Hydrophobic adder proteins lacking Q-blocks, like My,
have delayed and less extensive aggregation that
rarely progresses past W = 150 nm in solution. Adder
peptides with Q-blocks, like GtL75, facilitate aggrega-
tion through all four stages and cause twisting of the
aggregating structure most notably at lengths greater
than 100 nm. Most interestingly, the two peptide
mixtures differentiate into two different morphologies.
Differences in protofibril size and fibril persistence
length appear in Stages | and Il while stark morpholo-
gical differences appear in Stages Ill and IV: a twisted
cylindrical morphology for WG, containing GtL75, and
a flat tape morphology for Gd:My. The twisted mor-
phology from Q-blocks results in a fiber with a modulus
1 order of magnitude higher than that of the flat Gd:My
tapes, which are built through weaker hydrophobic
interactions only. An understanding of the peptide
properties that dictate the progression and morphol-
ogy of the large amyloid fiber indicates that it is
possible to design a robust structure tailored to a
specific function that exists on a length scale that lends
itself to pragmatic engineering applications.

were obtained with an Innova AFM (Bruker, Santa Barbara, CA)
with a 0.01-0.025 Ohm-cm antimony-doped Si probe
(Bruker, Part: MPP-1123-10) in tapping mode with a scan rate
of 0.3 Hz. Images and measurements were evaluated using
NanoScope Analysis v1.40 software. For dimensional measure-
ments, the same image processing was performed for each
figure. However, image contrast and clarity were enhanced
with NanoScope Analysis v1.40 and Adobe Photoshop CS4 for
the purposes of presentation. Dimension measurements of
protofibrils (WG = 8, Gd:My = 11), fibrils (WG = 10, Gd:My = 18),
large fibrils (WG = 5, Gd:My = 3) and fibers (WG, Gd:My = 3) were
taken, and the averages + standard deviations were reported.
Multiple (at least 3) measurements were made on completely
and partially separated protofibrils, fibrils, and large fibrils so
that accurate heights and widths were reported. Fibers were
measured once because of the uniformity of the cross-section
and consistency with a more extensive previous study of fiber
dimensions.®®
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Persistence length measurements were made as described
previously.®®> Contour length and the angle between the tan-
gents to both ends of the contour length were measured from
the AFM images using ImageJ v1.46. The persistence length
estimates were made on 17 WG and 13 Gd:My Stage |l fibrils
with averages =+ standard deviations reported.

Scanning Electron Microscopy (SEM). WG and Gd:My solutions
were dried on Teflon-coated aluminum foil under the fume
hood at ambient conditions after 20 days. Fibers and tapes
formed from dried solution were mounted onto aluminum SEM
stubs with double-sided tape. Scanning electron micrographs
were obtained using a LEO 1550 field-emission SEM (Zeiss,
Peabody, MA) with a 4—6 mm working distance, 5 kV accel-
erating voltage, and an In-lens SE-detector.
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ABSTRACT: It has been found that a short hydrophobic
“template” peptide and a larger a-helical “adder” protein
cooperatively self-assemble into micrometer sized amyloid
fibers. Here, a common template of trypsin hydrolyzed gliadin
is combined with six adder proteins (a-casein, a-lactalbumin,
amylase, hemoglobin, insulin, and myoglobin) to determine
what properties of the adder protein drive amyloid self-
assembly. Utilizing Fourier Transform-Infrared (FT-IR) spec-
troscopy, the Amide I absorbance reveals that the observed
decrease in a-helix with time is approximately equal to the

Adder Protein

>

Template Peptide

increase in high strand density -sheet, which is indicative of amyloid formation. The results show that the hydrophobic moment
is a good predictor of conformation change but the fraction of aliphatic amino acids within the a-helices is a better predictor.
Upon drying, the protein mixtures form large amyloid fibers. The fiber twist is dependent on the aliphatic index and molecular
weight of the adder protein. Here we demonstrate that it is possible to predict the propensity of an adder protein to unfold into
an amyloid structure and to predict the fiber morphology, both from adder protein molecular features, which can be applied to

the pragmatic engineering of large amyloid fibers.

Bl INTRODUCTION

Over the last few decades there has been extensive research
focused on understanding the cause and mechanism of a
debilitating class of neurodegenerative diseases termed “prion”
diseases.'~” Prions are formed from the spontaneous
misfolding of a protein into f-sheets that in some cases can
further self-assemble into an amyloid fibril."® Amyloid fibrils are
characterized by a high strand density f-sheet secondary
structure oriented perpendicular to the fibril axis.® High strand
density fB-sheets typical of amyloids have a lower twist and
more protein strands per f-sheet compared to native f-sheets
found in silk or B-keratin.’ As a result, the Amide I absorbance
of high strand density f-sheets as measured using Fourier
transform infrared (FT-IR) spectroscopy appears at lower
wavenumbers, <1625 cm™, than native S-sheets, 1625—1635
em ™' Prior to misfolding these proteins are stable and serve a
variety of biological functions. Some unknown event initiates
misfolding and in some cases the proteins undergo an a-helix to
P-sheet secondary structure transition.'”™'® It is generally
accepted that any protein is capable of misfolding into an
amyloid fibril given the right conditions, which are usually
denaturing.”” Indeed, a host of proteins and peptides such as
myoglobin, f#,-microglobulin, and insulin have formed amyloid
fibrils at primarily denaturing conditions.""” =’

While the accidental misfolding of proteins can have
debilitating effects in disease, certain organisms in nature
produce “functional” amyloids as materials to sustain life."
Acorn barnacle Megabalanus rosa cement contains amyloid
fibers that make it one of the most robust adhesives in

v ACS Publications  © Xxxx American Chemical Society

nature.’*™>> Escherichia coli and Streptomyces coelicolor bacteria
produce amyloid fibrils for surface-to-surface adhesion to create
a matrix that can lead to bacterial biofilms.**** Hydrophobin
protein secreted from the fungus Magnaporthe grisea produces
an amyloid hyphae that allows the fungus to attach to
hydrophobic surfaces.’*~*' Atomic force microscopy (AFM)
can be used to measure nanofibril cross-section and topography
to calculate bending rigidity and moment of inertia. Using this
technique, Knowles et al. found elastic moduli of E = 2—14 GPa
for nanofibrils of “regular” morphology and E = 0.14—0.40 GPa
for nanofibrils of “irregular” morphology.*> AFM force
spectroscopy yielded E = 3.3 & 0.14 GPa for insulin amyloid
fibrils.** Peak force quantitative nanomechanical AFM found E
= 37 + L1 GPa for pactoglobulin amyloid fibrils."*>**
Molecular simulations predict amyloids to have E = 2.34 GPa at
small strains and E = 12.43 GPa and 18.05 at large compressive
and tensile strains, respectively.'®*® These values approach the
moduli of silk fibers but silk requires spinning to form the fiber
while amyloid fibrils form spontaneously.""*>*’~3" The
functional role, high modulus, and easier production compared
to other fibers like silk make amyloids an interesting motif for
high performance biomaterials.'*>*~>*

Recent studies have focused on using the amyloid fibril as an
engineered biomaterial. Adamcik et al. produced f-lactoglobu-
lin amyloid tapes of approximately 20 nm wide with adjustable
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pitches based on the solution ionic strength.>> Later studies
produced large ribbons of approximately 150 nm wide with hen
egg white lyzozyme and f-lactoglobulin.*® Li et al. synthesized
amyloid fibril reinforced graphene composites that were
conductive, biodegradable, and inexpensive. 7 Previous research
demonstrated that it was possible to form micrometer-sized
amyloid fibers at near physiological conditions with hydrolyzed
wheat gluten (WG) or hydrolyzed gliadin (Gd) combined with
myoglobin (My) or amylase (Am).""** The morphology and
structural properties of the fibers could be manipulated as a
function of solution conditions and the composition of the
protein mixtures.'”'* A four stage hierarchical mechanism of
assembly from the nanometer to the micrometer scale was
reported where (1) proteins self-assembled into protofibrils
10—30 nm wide, (2) protofibrils self-assembled into “fibrils”
60—120 nm wide, (3) fibrils self-assembled into “large fibrils”
150—480 nm wide, and (4) large fibrils assembled into “large
amyloid fibers” 10—20 ym wide.”" Further in vivo studies have
shown that proteins expressed extracellularly self-assembled
into large amyloid fibers demonstrating that the assembly of
amyloid fibers can be genetically encoded.*”

The key to hierarchical self-assembly of large amyloid fibers
is to create mixtures of “template” and “adder” proteins.'"®
Template proteins are high in aliphatic amino acids alanine (A),
isoleucine (I), leucine (L), and valine (V), which makes the
protein very hydrophobic and unstable in an aqueous
environment. When using trypsin-hydrolyzed gliadin as the
template, the template peptide, Gd20, is enzymatically released
from the soluble full protein and is in very high concentration
so that it quickly finds other template peptides.”” The template
peptides stabilize themselves by forming a f-sheet elementary
unit where hydrophobic groups hide within the layers between
the sheets.’’ So two template peptides each with two
predominantly hydrophobic faces minimize surface energy by
forming a sheet so that the number of exposed hydrophobic
faces is reduced to two, three template peptides hide four faces
with two remaining exposed, and so forth. This stacked S-sheet
structure is termed the “template” and still has some
hydrophobic groups exposed to the hydrophilic environment.
The exposed faces of the template can minimize surface energy
by interacting with another protein termed the “adder” protein.
An adder protein is soluble in water, highly a-helical, and will
not undergo conformation change unless perturbed. When
brought into contact with one another, the a-helix on the adder
protein will unravel on the template surface and “add” into the
[-sheet structure and this addition seems to be crucial to self-
assembly over several orders of magnitude of scale."" Indeed, it
has been shown that a-helical proteins will readily undergo a to
S transitions on hydrophobic surfaces and Af3,, has been shown
to do the same on cell surfaces.**~®* FT-IR spectroscopy shows
that the decrease in a-helix is approximately ec!‘ual to the
increase in high strand density p-sheets.' @' 1#635* However,
the change in a-helix content is always observed to be lower
than the total a-helix content of the protein."’ In addition,
changing the adder protein will send the self-assembly down
different paths resulting in large amyloid fibers of different
morphology and properties and this seems to be related to the
hydrophobicity of the adder protein.'*>! It is hypothesized that
the change in the oa-helical content is related to the
hydrophobic character of the a-helices on the adder protein
and in turn this affects the conformation change and larger scale
self-assembly. In this paper, adder proteins of varying a-helix
content and hydrophobicity are mixed with a common template
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to explore the role of adder protein a-helix hydrophobicity in
conformation change and self-assembly.

B EXPERIMENTAL SECTION

Materials and Methods. Calculation of Protein Parameters.
Adder protein secondary structures were found using PSIPRED.*~¢”
From the secondary structure, the a-helical fraction of the protein, n,,
and the A, I, L, and V fraction of the a-helices, ¢, was calculated.
Protein molecular weight (MW) and aliphatic index (AD®® were
computed with the ProtParam tool of the ExPASy Bioinformatics
Resource Portal.*” The mean relative hydrophobic moment, myyy ., of
each a-helix was calculated with the Peptide Sequence Analysis Tool
created by Alex Tossi and Luca Sandri using the Kyte-Doolittle
hydrophobicity scale.”~”> Table 1 and Supporting Information Table
S2 list the adder protein properties.

Table 1. The UniProt ID, Number of Amino Acids (#aa), a-
Helix Fraction (n,), Fraction of Aliphatic Amino Acids
within the a-Helices (¢,), and Mean Relative Hydrophobic
Moment (myty ;) for the Six Adder Proteins Used in This
Study

adder protein UniProt ID #aa Ty be MUy o
a-casein (Ac) P02662 214 045 0.3 0.38
alactalbumin (Al) P00711 142 038 038 041
amylase (Am) P06278 512 025 0.36 041
hemoglobin (Hm) P01958 142 0.69 0.41 0.34
insulin (In) P01308 110 0.44 0.55 0.31
myoglobin (My) P68082 154 076 036 0.39

Protein Mixtures. Hydrolyzed Gliadin (Gd, UniProt P04721, 30
403 g/mol) was prepared as previously reported and is used as the
template.11 To achieve a Gd/adder molar ratio of 0.36:0.64, 4.11
umoles of Gd was mixed with 7.31 ymoles of the adder protein (Ac,
Al, Am, Hm, In, or My) in 10 mL of pure water, which was consistent
with previous studies.""'**" Amylase was mixed at a 0.39:0.61 (Gd/
Am) molar ratio to be consistent with a previous study but is very
similar to the other molar ratios."" In order to reduce the stabilizing
disulfide bonds within insulin and @-lactalbumin, a 1:1 molar ratio of
P-mercaptoethanol (f-ME)/disulfide bond was used. For instance,
insulin contained six cysteine amino acids that form three intra-
molecular disulfide bonds. Thus, 7.31 umol of insulin*3 = 21.93 pmol
of f-ME needed. -ME is 78.13 g/mol and 1.114 g/cm?, thus 1.5 L of
S-ME was added to the solution. Control solutions were made in the
same manner without the addition of Gd. All solutions were well
mixed and maintained at pH 8 and 37 °C for twenty days. FT-IR scans
were taken daily as previously described."" The solutions were
vortexed before each FT-IR scan to ensure the solution was
homogeneous. Otherwise the solutions were maintained at pH 8
and 37 °C for twenty days without stirring. At the end of twenty days,
the solutions were poured into Teflon-coated aluminum foil trays and
allowed to fully dry at ambient conditions under a fume hood, which
takes about one day. Amyloid fibers were manually collected with
tweezers and scanning electron microscope (SEM) images were
acquired as previously described.""*"

Analysis. Secondary structure fractions were determined through
deconvolution of the FT-IR Amide I absorbance usin§ Omnic v7.3
software and the procedure is described elsewhere.'’ The overall
change in a-helix, A(a-helix), and high strand density f-sheet, A(f-
sheet)yyp,, were determined by the Amide I regions around 1650 cm™
and <1625 cm™!, respectively, as previously reported, and the values
are represented as the maximum change over a 20 day period.'*”
Multiple repeats of each solution were performed to get averages +
standard errors: Gd/Ac (6), Gd/Al (S), Gd/Am (6), Gd/Hm (6),
Gd/In (S), Gd/My (4). Statistical analysis was performed with JMP
v10.0 software.
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Figure 1. FT-IR spectra of the six protein mixtures (Gd/Am, Gd/Al, Gd/Ac, Gd/In, Gd/My and Gd/Hm) at early and late times showing the
secondary structure transition from a-helix at ~1650 cm™ to (f-sheet)yyp at <1625 cm™ over 20 days.

B RESULTS

Fourier Transform-Infrared Spectroscopy (FT-IR). FT-
IR spectroscopy is a common method to characterize
amyloids.""'*7>~7% The Amide I absorbance region (1600—
1700 cm™) has been used to characterize the secondary
structure of proteins.’”” In earlier work on the template and
adder protein mechanism, a clear trend was noticed where the
loss in a-helix was approximately equal to the gain in (f-
sheet);;p upon deconvolution of the Amide I absorbance.'" It
was hypothesized that this conformation change largely
occurred in the adder protein because the template protein is
highly hydrophobic, unstable, and likely to undergo any
conformation change quickly as it assembled into the template.
To prove this hypothesis, the conformation change of a series
of adder proteins with a common template, trypsin-hydrolyzed
gliadin (Gd), were studied. Early and late time spectra reveal an
Amide I absorbance shift from ~1650 to ~1620 cm™" for five of
the six protein mixtures, which clearly indicates an a to
conformational change (Figure 1). Gd/Am has an increased
absorbance at 1620 cm™" at 480 h compared to 0 h indicating
that there is increased high density f-sheet content within the
protein mixture while the a-helix fraction remains constant.
This indicates that Am undergoes minimal @ to # conformation
change and the high density f-sheet gain is coming at the
expense of other secondary structures.

In an effort to quantify the conformational changes within
the protein mixtures, the Amide I absorbance was deconvoluted
into Gaussian—Lorentzian peaks assigned to each of the
secondary structure components.'® Using the typical assump-
tion for the Amide I deconvolution, which is equal molar
absorptivity of each secondary structure component, each peak
represents the approximate secondary structure molar fraction
(random coil, a-helix, low density f-sheet, and high density -
sheet).”>”®” The decrease in a-helix and the increase in (f-
sheet)yy, with respect to time can be observed and quantified in
the same manner as previously reported.'® This method was
utilized to assess the maximum secondary structure change of
the 6 protein mixtures over a 20 day period. It is observed that
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A(p-sheet),yp is approximately equal to —A (a-helix) (Table 2).
This is consistent with previous reports.'"'**" The control

Table 2. The Maximum Secondary Structure Change over a
20 Day Period for the 6 Protein Mixtures”

protein mixture —A(a-helix) A(f-sheet)yp
Gd/Ac 0.17 + 0.022 0.21 + 0.028
Gd/Al 0.15 + 0.054 0.20 + 0.120
Gd/Am 0.002 + 0.021 0.10 + 0.011
Gd/Hm 0.32 + 0.022 0.39 + 0.016
Gd/In 0.23 + 0.022 0.25 + 0.015
Gd/My 0.29 + 0011 0.36 % 0.006

“The averages + standard errors are reported.

solutions (identical to the mixtures without Gd) showed some
conformational change, however the magnitudes were less than
the protein mixtures (Figure 2).

0.4 —
A Gd:adder protein mixture s
® adder protein only Pl %
0.3 3 -
— y=-0.6875+1.0456x r'=0.947 -~
X02 - :
2 -
2 oMy 5
7 0.1 /// -
P
B Hm @,
7 In
0.0 1 ¢ °
Ac
-0.1 . ;
0.0 0.1 0.2 0.3 0.4

A(B-sheet),,

Figure 2. The average A(f-sheet)yy, and A(a-helix) of the six protein
mixtures and control solutions plotted with respect to each other. The
error bars represent the standard error.
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Figure 3. Scanning electron microscope (SEM) images of micrometer sized amyloid fibers formed from the 6 Gd/adder solutions upon drying after

20 days of incubation at pH 8 and 37 °C.

Scanning Electron Microscopy (SEM). Each of the
protein mixtures self-assembled into micrometer-sized amyloid
fibers upon drying (Figure 3). The fiber morphologies varied
depending on the adder protein used. Solutions containing
insulin and a-lactalbumin had intramolecular disulfide bonds
reduced by f-mercaptoethanol. The loss of the disulfide bonds
made it easier for the insulin and a-lactalbumin control
solutions to form high density f-sheets (Figure 2) and these
proteins have been shown to form amyloids under denaturing
conditions.”>**%!

B DISCUSSION

Adder Protein Conformation Change. Many proteins
have shown the ability to self-assemble into amyloid fibrils but
usually under the denaturing conditions necessary to destabilize
protein molecules and allow them to form [-sheets.'”***
Natural “functional” amyloids and pathogenic prion proteins
must take advantage of their surroundings to do the
same.>*3%%0283 At the relatively mild solution conditions of
pH 8 and 37 °C, peptides from hydrolyzed gliadin, Gd, initiate
protein misfolding within six adder proteins (Ac, Al, Am, Hm,
In, and My) resulting in self-assembly of large amyloid fibers.
Five of the six protein mixtures undergo an a-helix to B-sheet
conformational change (Figures 1 and 2). However, not all of
the a-helix in the adder protein converts to fB-sheet. Figure 4a
shows that for any given adder protein, less than half of the
total protein a-helix fraction (n,) converts to f-sheet. Thus,
portions of the a-helix must unravel into f-sheets. Previous
research has shown that hydrophobic interactions between
template and adder proteins appear to be important in self-
assembly.'"'* This has been observed in the FT-IR spectrum as
an increase in the ratio of the symmetric CH; deformation to
the asymmetric CH; deformation, §,(CH;)/6,,(CH;), during
self-assembly, which indicates “hydrophobic packing” or
interdigitation of CHj, groups on A, I, L, and V."° Each protein
mixture shows an increase in &,(CH;)/6,(CH;) and the

increase correlates to the loss of a-helix in S of the 6 mixtures
(Figure 4b, Am is omitted from the linear fit and this is
discussed below). Thus a second hypothesis is that hydro-
phobic portions of the a-helices are the most likely to unravel
onto the partially hydrophobic surface of the template.

One way to describe the hydrophobic character of an a-helix
is using the “hydrophobic moment.”**® Hydrophobic moment
measures the asymmetry of the hydrophobicity of the a-helix. A
large hydrophobic moment means that the a-helix is
predominantly hydrophobic on one side or face and
predominantly hydrophilic on the other side or face. Two a-
helices in a soluble protein usually have their hydrophobic
moments pointing toward each other (and away from water) to
stabilize the protein. Similarly, a-helices in surface proteins will
have high hydrophobic moments so that the hydrophobic side
faces an apolar phase while the hydrophilic side faces a polar
phase. If adder protein a-helices unravel onto hydrophobic
template surfaces and convert to S-sheets, then the extent of
the a to f conversion should correlate with the hydrophobic
moment of the a-helix. The relative mean hydrophobic
moment for each a-helix in the protein, myiy,,; is the mean
hydrophobic moment normalized to a perfectly amphiphilic
protein made up of isoleucine and arginine, the most
hydrophobic and hydrophilic amino acids, respectively, in the
Kyte-Doolittle scale.** Multiplying the relative mean hydro-
phobic moment for each a-helix in the protein by the fraction
of the adder protein that the particular a-helix comprises, n,;
(note n,=)n,;) will yield the fraction of hydrophobic “faces” in
the adder protein, ) (myiy e *n,,), where the hydrophobic
moment contribution of each a-helix is summed over the entire
protein. There is a good correlation (r* = 0.65) between the
loss in a-helix and the fraction of hydrophobic faces (Figure Sa)
suggesting that the hydrophobic regions of the a-helix are the
portions that change conformation.

Hydrophobic moment considers the directionality or spatial
variation of the hydrophobicity of the a-helix and takes into
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of (f-sheet)y plotted against the observed hydrophobic packing,
5,(CH;)/6,(CH,), for the six protein mixtures. The error bars
represent the standard error.

account all of the amino acids in the helix. However, not all of
the helix fraction in each adder protein unravels so either a
portion of each helix unravels or only some of the helices
completely unravel. It is possible to argue for either happening.
First, consider a portion of each helix in the adder protein
unraveling. The amino acids that would contribute the most to
the adder protein conformation change would be those with the
most accessible hydrophobic groups to the template’s surface
exposed hydrophobic groups, which are rigidly held in place as
part of the f-sheet template structure. The thermodynamic
impetus to unravel the a-helix would be

[5:2)

IREIE

i 4 2 (1)
where Gy is the hydrophobic contribution to the free energy of
the o-helix, H; is the hydrophobicity of the ith amino acid
(approximately in kcal/mol) for transfer from a hydrophobic to
a hydrophilic phase, and A;/A, is the fraction of the surface of
the ith amino acid available to solvent or the surrounding
environment.***> The free energy to unravel the a-helix is
favorable, that is, Gy is negative, when the hydrophobic amino
acid side chains in the adder protein a-helix are high accessible
to the template and transfer from a hydrophilic to a
hydrophobic environment, that is, from water to the f-sheet
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Figure S. (a) The average decrease of a-helix plotted against the
fraction of hydrophobic “faces” in the adder protein, Y (mptg e *7s);
for the six protein mixtures. (b) The average decrease of a-helix
plotted with respect to the a-helix fraction, n,; multiplied by the
fraction of A, I, L, and V, ¢,;, within the a-helices of each adder
protein. The error bars represent the standard error.

template surface. A correlation has been established between
conformation chan%e and the change in CH; groups on A, L, L,
and V (Figure 4b).">'"'* When presented with a hydrophobic
environment, it appears most likely that CH; groups on the end
of amino acid side chains would be the most likely to prefer the
template because H; and (A;/A,) would both be high in eq 1.
For other amino acid side groups, for instance, lysine, there is a
long hydrophobic chain capped by a very hydrophilic primary
amine. Spatially, the hydrophobic portion of the side chain is
not very accessible to the template surface relative to the
primary amine. Taking ¢, ; as the fraction of A, I, L, and V in
each a-helix and multiplying by #n,,, the total a-helix fraction in
the protein, yields the fraction of the a-helices capable of
undergoinig conformation change based on the preceding
argument. A strong (1* = 0.92), nearly 1:1 correlation is found
suggesting that not just hydrophobic regions but those
containing template accessible CH; groups in the a-helices of
adder proteins drive conformation change (Figure 4b).

Next, consider the case of some of the a-helices in each
protein completely unraveling. PSIPRED predicts multiple a-
helices in each adder protein (Supporting Information Table
S1). Each has a different hydrophobic moment so some a-
helices would be more likely to prefer the exposed hydrophobic
groups on the template over others. Taking the number of
amino acids in the a-helices of each protein, N, and
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multiplying by the overall change in the molar fraction of a-
helix, A(a-helix), yields the number of amino acids that
undergo conformation change in the protein, Aa*N, (Table

3).

Table 3. Number of Amino Acids Undergoing Conformation
Change in Each Adder Protein

protein N, A(a-helix) Aa*N,
Ac 85 0.17 14.45
Al 49 0.15 7.35
Am 126 0.002 0.25
Hm 96 0.32 30.72
In 49 0.23 11.27
My 117 0.29 33.93

Highlighted in Supporting Information Table S1 are the
highest mean relative hydrophobic moment a-helices, myy
(and by definition the highest myy;; a-helices) for each adder
protein discounting the 2 amino acid a-helices predicted by
PSIPRED. Comparing Aa*N, to the length of each a-helix, L,
italicized in Supporting Information Table S1 shows that
perhaps some of the individual a-helices completely unravel.
For instance, the eighth a-helix, ag, of Ac is 15 amino acids
long, has the highest hydrophobic moment, and Aa*N, =
14.45 for Ac. Thus it is highly probably that a; of Ac is the a-
helix that completely unravels. Similarly, a, of Al, a, + o, of
Hm, a5 or ag of In, and a3 + a5 + a; of My are the most likely
to unravel based on a similar comparison. The lack of
conformation change is curious in Am because it contains 10
a-helices and several with a high hydrophobic moment.
However, it has the lowest a-helix molar fraction at n, = 0.25
and the highest molecular weight, 58 549 Da (512 amino acids)
suggesting that hydrophobic groups within a-helices are not
easily accessible at the solution conditions in the study and are
buried within the protein. Am shows a gain in high-density f-
sheet and a gain in §,(CH;)/8,,(CH;) and results of the Amide
I deconvolution show the loss in random coil structures to be
0.11 =+ 0.02, which is very close to the measured gain in high-
density f-sheet. Thus, conformation change in Am occurs at
hydrophobic amino acids residing in more easily accessible
random coil regions. It would be interesting to study amylase at
various solution conditions to see if the a-helices can be coaxed
to unravel onto a f-sheet template.

The six adder proteins tested have different molecular
weights, a-helix molar fractions (n,), A, I, L, and V
compositions (¢,), mean relative hydrophobic moments
(Mt p;), and isoelectric points (pI). But, when combined
with a template (Gd) adder proteins tend to undergo a near 1:1
a-helix to (f-sheet)yp conformational change as long as
hydrophobic regions on the a-helices are accessible. The extent
of conformational change within the adder proteins can be
predicted by utilizing the mean relative hydrophobic moment
or the fraction of A, I, L, and V within the a-helices, multiplied
by n, or by comparing Aa*N,, to the a-helices in the adder
protein with the highest hydrophobic moments. Therefore, it is
possible to predict the propensity of an adder protein to unfold
onto a template into an amyloid structure utilizing the intrinsic
properties of the adder a-helices and to note spatially within
the protein where conformation change is happening. Thus,
proteins could be designed to unfold and self-assemble into S-
sheets of very specific size with unassembled portions in
between. The size of the -sheets has been shown theoretically

61

to influence the properties of the material and controlling
unassembled portions in between would gortend a further level
of control in protein materials design.*””*®

Fiber Morphology. Each template/adder protein mixture
self-assembles to the micrometer scale and obtains a different
fibrous morphology (Figure 3). Previous research has shown
that different adder lproteins alter the morphology of the large
amyloid fibers.'"'*>" To determine which factors contribute to
each morphology, fiber morphological features are quantified
(see Figure 1 in Ridgley et al.)."* The pitch of the large fibrils
(ca. 100—200 nm wide), h,, that self-assemble into and wrap
around the fiber is found to be dependent on the overall pitch
of the fiber, h’ (Figure 6a). In addition, h, is dependent on the
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Figure 6. Measurements of morphological features of self-assembled
Gd/adder protein amyloid fibers showing (a) correlation between h,
and 4’ and (b) h, and the Al and MW. All fitted lines are statistically
significant, P < 0.05.

Al and MW (Figure 6b). The relationship between h, and h’
shows a self-similarity between the two largest scales of the self-
assembly. The pitch observed at the large fibril stage (h,)
influences the pitch at the highest scale, which is the large fiber
(h").**%5° This is a strong indication that the molecular
interactions that drive large fibril wrapping on the nanometer
scale are conserved to fiber wrapping on the micrometer scale.
On the molecular level, overall hydrophobicity appears to be
important to how smaller scale structures, like large fibrils, self-
assemble into the final large fiber. A higher Al results in large
fibrils assembling with a tighter twist as measured by a lower h,
showing hydrophobic interactions not only influence con-
formation change but higher scale self-assembly and morphol-
ogy development (Figure 6b). h, is inversely proportional to the
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MW, which supports a previous model that shows an adder
protein of higher molecular weight has portions of the protein
that remain unassembled and hinder the twisting of a fiber.""
These results demonstrate that it is possible to predict the
morphology of a large amyloid fiber based on molecular
features of the adder protein.

B CONCLUSION

This study compared six diverse adder proteins to discern what
properties of an adder protein drive conformation change and
self-assembly into large amyloid fibers in the presence of a
hydrophobic and highly unstable template. The results showed
that for S of the 6 proteins studied, the loss of a-helix is nearly
equal to the increase of high-density f-sheet content, which was
indicative of amyloid formation. However, not all of the a-helix
unfolded into f-sheets. It was observed that adder protein
conformation change correlated with changes in hydrophobic
amino acids during self-assembly. The adder protein a-helix
fraction, n,, fraction of A, I, L, and V within the a-helices, ¢,
and the mean relative hydrophobic moment of the a-helices,
miy ., were capable of predicting the conformation change.
Adder protein hydrophobicity, as measured by Al and MW,
could predict large scale fiber morphology features. This study
demonstrates that it is possible to engineer large amyloid fibers
utilizing the template and adder mechanism of amyloid self-
assembly by controlling the intrinsic properties of the adder
protein. Furthermore, this study may offer some insight into a
common mechanism of amyloid self-assembly in nature.
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Chapter 7.
Genetically Encoded Self-Assembly of Large Amyloid Fibers

Ridgley, D. M., B. G. Freedman, P. W. Lee, and J. R. Barone. 2014. Genetically Encoded Self-
Assembly of Large Amyloid Fibers. Biomater. Sci. 2(4):560-566. - Reproduced with
generous permission of the Royal Society of Chemistry.

Note: The Supporting Information referred to in Chapter 7 is located in Appendix B.
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“Functional” amyloids are found throughout nature as robust materials. We have discovered that “tem-
plate” and “adder” proteins cooperatively self-assemble into micrometer-sized amyloid fibers with a con-
trollable, hierarchical structure. Here, Escherichia coli is genetically engineered to express a template
protein, Gd20, that can initiate self-assembly of large amyloid fibrils and fibers. Through atomic force
microscopy (AFM) we found that expression of Gd20 produces large amyloid fibrils of 490 nm diameter
and 2-15 pm length. Addition of an extracellular adder protein, myoglobin, continues self-assembly to
form amyloid tapes with widths of ~7.5 um, heights of ~400 nm, and lengths exceeding 100 pm. Without
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myoglobin the amyloid fibrils are metastable over time. When myoglobin is present, the amyloid fiber
continues self-assembling to a width of ~18 pm and height of ~1 pm. Experimental results demonstrate
that large amyloid fibers with a tailored stiffness and morphology can be engineered at the DNA level,

www.rsc.org/biomaterialsscience spanning four orders of magnitude.

Introduction

Amyloid fibrils are usually studied in the context of neuro-
degenerative diseases." “Functional” amyloids used by organ-
isms for survival are being discovered, such as in the barnacle
cement of Megabalanus rosa.** The functional nature, high
specific modulus, and ability to be self-assembled from a
variety of proteins make amyloids interesting designer
nanomaterials.”” There are many studies of the nanometer-
sized amyloid fibril, which displays consistent morphology
and properties when produced from a variety of proteins.®™°
The amyloid fibril is composed of high strand density p-sheets
that are oriented perpendicular to the fibril axis."'* Recent
research has demonstrated that it is possible to grow large
amyloid fibers with tailored morphology (circular or rectangu-
lar cross-sections) and modulus (0.1-2.5 GPa) in vitro by utiliz-
ing a “template” and “adder” protein mixture."® The large
amyloid fibers form from nanometer fibrils that continue to
interact to the micrometer scale.* Different amyloid fibers can
be self-assembled by altering solution conditions, template to
adder protein molar ratios, or adder protein length and
sequence.'>'® Template proteins are capable of conformation
change on their own but adder proteins are not. The

Biological Systems Engineering, Virginia Tech, 203 Seitz Hall, Blacksburg, VA 24061,
USA. E-mail: jbarone@vt.edu; Tel: (+1 540) 231-0680

tElectronic supplementary information (ESI) available: A table of the intrinsic
properties of Gd20 and myoglobin as well as their respective amino acid
sequences, cross-sectional measurements of the X fibril and XMy fiber at
72 hours. See DOI: 10.1039/c3bm60223k
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predominantly hydrophobic template protein assumes the
B-sheet as the lowest energy state to hide most hydrophobic
groups between the sheets. For a population of template pro-
teins, most hydrophobic groups are hidden inside the p-sheets
but the template still has hydrophobic faces. Hydrophobic
groups on the a-helices of predominantly hydrophilic adder
proteins prefer the exposed hydrophobic groups on the tem-
plate, undergo an o to f transition, and “add” into the struc-
ture to form larger B-sheets and fibrils. It is the “addition”
event that allows further self-assembly beyond the stable nano-
meter template scale and is what makes this system unique.
The conformational changes resulting from addition allow a
large entropy gain by the water relative to template formation
alone. Further assembly involves a competition between hydro-
phobic and hydrogen bonding interactions that differentiates
morphology and properties based on adder protein properties.

Observation of a controllable, hierarchical protein self-
assembly process fostered the notion that large structures of
varying shape and modulus could be encoded at the genetic
level. For instance, a cylindrical fiber 20 pum across and 10* pm
long with a 1 GPa modulus could be built simply by inserting
the DNA of the correct template and adder proteins into a cel-
lular expression system. The fiber could be constructed into a
composite by expressing a third, non-assembling protein or
polymer to act as a matrix. Silk-like copolymers and recombi-
nant collagen have been produced by expressing the desired
protein(s) in E. coli or P. pastoris."®"” Unfortunately, the target
protein(s) must undergo substantial post-expression proces-
sing to assemble the protein fiber."®'® Scheibel et al. used Sac-
charomyces cerevisiae to express the Sup35p prion determinant

This journal is © The Royal Society of Chemistry 2014
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protein that self-assembled into amyloid fibril templates to
form conducting nanowires.> Here we investigate the poten-
tial for genetically encoded self-assembly through the
expression of our template protein, Gd20, in E. coli with and
without the extracellular addition of the My adder protein.

Materials and methods
DNA insertion

All chemicals were obtained from Thermo Fisher Scientific
unless otherwise specified. All bacteria were grown on LB
media supplemented with 100 mg L™" ampicillin or 15 g L™"
agar where appropriate.”" All Escherichia coli strains, plasmids,
and enzymes were purchased from New England BioLabs
(Ipswich, MA, USA). The oligopeptide sequence of Gd20 (Start-
TFLILALLAIVATTATTAVR-Stop-Stop)  was  optimized  for
expression in E. coli strain K12 using the JCat program®* and
the resulting double-stranded DNA was ordered from Inte-
grated DNA Technologies (Coralville, IA). The gene fragment
was amplified by PCR (Eppendorf, Hauppauge, NY) with oligo-
nucleotide primers Forward (5-GGTGGTCATATGAC CTTCC-
TGATCCTGGC-3") and Reverse (5-GTGGTTGCTCTTCCGCA-
TTATTAACGAACA GCGGTGGT-3') which included Ndel and
Sapl restriction sites for entry into vector pTXB1 (New England
BioLabs). The resulting plasmid, pTXGd20, was transformed
into E. coli NEB5-alpha by standard protocols®" and verified by
PCR. The plasmid DNA was purified by miniprep (Gerard
BioTec, Oxford, OH, USA) and transformed into the protein
expression E. coli cell line ER2566.

Gd20 expression

Cells containing the Gd20 plasmid were grown up in LB-Amp
to an optical density at 600 nm (0Dgqg) of 0.5. Isopropyl f-p-1-
thiogalactopyranoside (IPTG) was added at a concentration of
0.4 mM to X and XMy to induce expression of Gd20. Myo-
globin (My, from equine skeletal muscle, Sigma-Aldrich,
St. Louis, MO, UniProt P68082) was added to NXMy and XMy
at a concentration of 12.5 mg ml™', which was simply the con-
centration used previously and was expected to be sufficient to
allow addition into any Gd20 template produced.”

Fourier-transform infrared (FT-IR) spectroscopy

The four cell cultures were dried on Teflon coated aluminum
foil after 43 and 72 hours of incubation. Spectra of the dried
cultures were acquired on a Thermo Fisher Scientific, Inc.
(Waltham, MA) 6700 FT-IR with a Smart Orbit diamond attenu-
ated total reflectance (ATR) accessory. Spectra were acquired
using Omnic v8.0 software in the same manner as previously
reported.”"® The spectral region from 1720-1580 cm™" was
isolated and manually smoothed with the Savitzky-Golay
algorithm using 9-13 points. The second derivative of the
Amide I spectral region was taken without filtering to identify
the individual Amide I components.

This journal is © The Royal Society of Chemistry 2014
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Atomic force microscopy (AFM)

AFM was performed on an Innova AFM (Bruker, Santa
Barbara, CA) after 37 hours (X, NX, XMy) and 72 hours (X, NX,
XMy and NXMy) with samples prepared, imaged, and
enhanced in the same manner as previously reported.'
Nanoindentation of the large fibrils (X) and fibers (XMy) was
performed in contact mode with a 0.01-0.025 Ohm cm anti-
mony-doped Si probe (Bruker, part: MPP-31123-10, R: 8 nm
and k: 0.9 N m™"). The deflection-displacement curves were
obtained with NanoDrive v8.01 software using the Point Spec-
troscopy mode with 512 points taken at a 0.5 pm s~ approach/
retreat rate. The curves were converted to a force-displacement
curve utilizing the probe’s spring constant according to the
manufacturer.>® Young’s modulus was extrapolated according
to Guo et al. with Poisson’s ratio taken as 0.3, which has been
used in previous amyloid studies.>**® 11 indentations were
performed on 2 XMy fibers (XMy) and 6 X large fibrils (X) each
at 37 hours. 7 indentations were performed on 1 XMy fiber
and 4 X large fibrils each at 72 hours. The averages + the stan-
dard errors are reported.

Results and discussion

Four cell cultures are analyzed with atomic force microscopy
(AFM) and Fourier transform-infrared (FT-IR) spectroscopy to
determine the presence of amyloid fibrils or fibers and their
structure: (1) cells without expression of Gd20 (NX), (2) cells
without expression of Gd20 but My addition (NXMy), (3) cells
with expression of Gd20 (X), and (4) cells with expression of
Gd20 and My addition (XMy).

The four cell cultures (NX, NXMy, X, XMy) are analyzed with
AFM to assess fiber formation in the presence or absence of
Gd20 or My. The NX culture shows coalesced, partially lysed
E. coli with no fibrous structures (Fig. 1a). When Gd20 is
expressed in the X culture several fibrous structures appear
throughout the solution. X produces large amyloid fibrils of
490 nm diameter and 2-15 pm length (Fig. 1b-d) similar to
the large fibrils observed in vitro previously."* Closer examin-
ation of the fibrils reveals that E. coli is attached to the surface
(Fig. 1c). The small molecular weight and high hydrophobicity
of Gd20 (ESI Table 11 and Fig. 1) may cause some of it to
embed in the cell lipid bilayer and become partially exposed
outside the cell surface, acting as a bridge between the cell
and the self-assembled amyloid fibril (Scheme 1).

Previous studies have indicated that a template and an
adder protein are necessary for the formation of large amyloid
fibers at near physiological conditions.'® Extracellular My is
added to the cultures to determine how a proven adder protein
affects the formation of amyloid fibers. The NXMy culture tests
how My interacts with E. coli in the absence of Gd20. NXMy
does not form fibrous structures and the My appears to
coalesce along with E. coli, similar to what is observed in the
NX culture upon spin coating (Fig. 1e). On the other hand,
XMy self-assembles into large amyloid tapes with width of
~7.5 pm, height of ~400 nm, and lengths exceeding 100 pm
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Fig. 1 AFM topographical images and cross section graphs of (a) NX cell culture showing coalescence of E. coli cells, (b,c,d) X cell culture showing
E. coli cells attached to the surface of large amyloid fibrils with a diameter of 490 nm, (e) NXMy cell culture showing My coalescence in the absence
of a template protein and (f,g) AFM tapping amplitude images of XMy amyloid fibers of W = 7.5 pm and H = 0.4 um with (h) the corresponding cross
section. All solutions are imaged after 37 hours of incubation with the exception of NXMy (72 hours).

(Fig. 1f-h). The tape is composed of large fibrils of widths
400-900 nm (Fig. 1g) that resemble those in Fig. 1b and c from
the X culture and previous studies."* This process largely
mimics the self-assembly of protein mixtures in vitro where
Gd20 and My aggregate into (a) ~30 nm wide protofibrils, (b)
protofibrils aggregate into ~100 nm wide fibrils, (c) fibrils
aggregate into 400-900 nm wide large fibrils of elliptical cross-

562 | Biomater. Sci, 2014, 2, 560-566
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section that then (d) aggregate extensively laterally and limit-
edly vertically into ~7.5 pm wide tapes of rectangular cross-
section.”® ™ Protofibrils have been shown to have an intrinsic
twist due to the left-handed chirality of the amino acids within
the high density p-sheet core.?® This was confirmed with WG
and Gd:My template and adder systems in vitro with AFM."*
Spectroscopic studies have indicated that hydrophobic

This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Genetic encoding of the Gd20 template protein into an E. coli plasmid results in the self-assembly of amyloid fibrils and fibers spanning

four orders of magnitude.
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Fig. 2 (a) AFM topographical image of X after 72 h and (b) AFM tapping amplitude image of XMy after 72 hours. (c) FT-IR Amide | 2"® derivative spectra
of the four cell cultures (X, NX, XMy, and NXMy) at 43 hours. (d) Young's modulus of large fibrils (X) and fibers (XMy) indented at 37 and 72 hours.
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interactions promote self-assembly of smaller structures into
larger structures, which is what drives aggregation to higher
scales here as well (Scheme 1 and Fig. 3)."**” For Gd:My, the
twist at the protofibril stage does not persist to higher stages.

X and XMy cultures are imaged after 72 hours to determine
if the amyloid structures continue to self-assemble over
time. Fibrils from the X culture are of smaller width,
~200 nm (Fig. 2a and ESI Fig. 27), than at 37 hours, ~490 nm
(Fig. 1b-d). The decrease in width suggests that the 490 nm
large fibril is metastable or not fully compacted at early times.
Indeed, few studies have been able to surpass the ~100 nm
width barrier for amyloid fibrils or tapes formed after
long incubation times.”®** So the metastability of a larger
structure may be intrinsic to certain amyloid forming
proteins, especially systems that have only 1 assembling
protein. After 72 hours XMy assembles into a tape similar to
early times but with a larger width of ~18 pm and height of
~1 pm (Fig. 2b and ESI Fig. 2t) suggesting that unassembled
proteins in a mixture of template and adder proteins continue
to interact as time progresses to grow toward an equilibrium
structure.
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Analysis of the Amide I absorbance obtained from Fourier
transform-infrared (FT-IR) spectroscopy can be used to deter-
mine protein secondary structure.**?' NX does not contain
any significant structure (Fig. 2c and 3a). Expression of Gd20
(X) shows the presence of a-helices (~1650 cm™*), the predomi-
nant structure of Gd20 as predicted with PSIPRED,**> and
B-sheets (1610-1630 cm™ ') as the template forms, including
high strand density p-sheets found in amyloids at
<1625 cm™".** X p-sheets appear metastable as the ratio of the
area of the p-sheet region to the o-helix region decreases from
2.1 at 43 hours to 1.8 at 72 hours (Fig. 3a). The addition of My
is evident from increased a-helical content, the predominant
My secondary structure. f-sheet formation occurs when My is
exposed to E. coli (NXMy) or E. coli that express Gd20 (XMy) at
times coincident with the AFM data in Fig. 1. Native My is
79% o-helix with no p-sheet content. We have observed consist-
ent « to B transitions in our in vitro fiber-forming systems with
My as the adder protein and this would appear to be the case
with NXMy and XMy. NXMy does not show fibril or fiber for-
mation but My can self-assemble into amyloid fibrils under
the right conditions.®® Here, My forms p-sheets, the

3

3" as
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Fig. 3 (a) Amide | absorbance 2" derivative at 72 h. (b) Ratios describing interdigitation of CHz groups on A, |, L, and V (1350 cm~/1400 cm™) and
exposure and interaction of C—O and C-N groups (1150 cm~%/1080 cm™) during self-assembly. FT-IR 1000-1300 cm™* spectral region for

(c) 43 and (d) 72 h.
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elementary amyloid structure, probably on the hydrophobic
cell surface, which mimics our template protein characteristics
to allow the a to p transition but not fibril formation. Proteins
have been shown to undergo o to p transitions on hydrophobic
surfaces.'**> XMy displays the largest p-sheet content and con-
sistent large fiber formation indicating that the Gd20 template
can influence p-sheet formation and is important to fiber for-
mation. XMy has the highest ratio of §4(CH;)/8,5(CH;) at
1350 cm™'/1400 em™*, which we term “hydrophobic packing”
and describes the interdigitation of alanine (A), isoleucine (1),
leucine (L), and valine (V) amino acid side groups as one
driving force for self-assembly of large amyloid fibrils and
fibers (Fig. 3b)."”” More importantly, XMy has dramatic
changes in the 1250-1050 cm™" region, which is quantified by
the ratio of ©(CO)/v(CN) at 1150 cm™"/1080 cm ™" (Fig. 3b-d).*®
Gd20 contains 4 threonine (T) and My contains a significant
amount of amino acids with CO and CN in the side groups
(ESI Fig. 11) so the profound increase in y(CO) and v(CN)
would indicate these amino acids release from My a-helices
and aggregate with each other.

Modulus results for X large fibrils and XMy tapes, obtained
from AFM nanoindentation in contact mode, support the con-
clusion that XMy continues self-assembly into a stable large
tape with an increasing modulus, while X forms a metastable
large fibril as evidenced by a decreasing modulus over time
(Fig. 2d). These moduli are much lower than previously
reported results for fibrils, fibers, and tapes.">'*?*” The in vivo
formed XMy tapes (Fig. 2b) show that the large fibrils are not
fully aggregated together and thus do not produce as cohesive
a tape as observed from in vitro systems."* ** This could be for
several reasons: (1) some portion of the Gd20 template protein
remains embedded in the cell membrane while the remainder
allows for limited self-assembly with itself or My (Scheme 1)
and (2) the molar concentration of fully excreted Gd20 may be
sufficient to initiate My conformation change and addition
into the self-assembling structure but that addition is limited
due to a limited Gd20 concentration because the template :
adder molar ratio has been shown to play a role in the self-
assembly of large amyloid fibers."?

Conclusion

By utilizing E. coli to express an amyloid-forming template
protein it is possible to grow micrometer sized amyloid tapes
upon addition of a suitable adder protein. XMy forms tapes of
the same size, morphology, and fibrillar hierarchy as observed
in vitro."* These tapes can vary in modulus and can be coaxed
to twist into cylinders to change morphology and properties.'®
By understanding self-assembly from the molecular to the
macroscopic scale, it is possible to build fibers of predictable
cross section, from rectangular to circular, and modulus, from
soft to rigid, by controlling the type and amount of template
and adder proteins. Since protein amino acid sequence can be
controlled at the genetic level, it is then also possible to
encode the properties of a macroscopic structure at the genetic

This journal is © The Royal Society of Chemistry 2014
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level in a predictable and controllable manner. It is envisioned
that large-scale structures for use in engineering applications
could be encoded at the genetic level. The scheme also shows
that it is possible to program cells to build their own fibrous
scaffold, making the self-assembly process a unique tissue
engineering motif. Furthermore, this method could be used to
reconstruct the cell cytoskeleton or to recompartmentalize
cells to make more robust organisms for industrial bioproces-
sing. It is hopeful that this study will provide the basis for
future genetic engineering of spontaneously forming macro-
scopic biomaterials.
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Chapter 8. Conclusion

Functional amyloids have demonstrated that self-assembling amyloid fibers have potential
applications as industrial biomaterials. This study introduces a cooperative template and adder
mechanism which utilizes a variety of proteins that interact to self-assemble into amyloid fibers
with morphological and structural properties determined by the composition of the protein
mixtures. A short hydrophobic “template” peptide initiates conformation change within a highly
a-helical “adder” protein to self-assemble into B-sheets that continue to assemble from the
molecular level to form micrometer sized amyloid fibers. As is the case with most materials,
processing conditions play an integral role in the structural characteristics of the end product.
The amyloid fibers formed here are no different. Altering solution pH, temperature, ionic
strength and protein mixture yield fibers of varying morphology. Interestingly, near
physiological processing conditions (pH 8 and 37°C) formed the greatest fiber quantities and the
highest Young’s Modulus for their respective protein mixtures which suggests that the template

and adder mechanism may be the method that nature employs for amyloid self-assembly.

The results show that aliphatic amino acids initiate amyloid self-assembly and polyglutamine
repeats (Q-blocks) form Q hydrogen bonds to reinforce the structure, creating a cylindrical
amyloid fiber of higher modulus. The influence of these amino acids has been shown with
spectroscopy and microscopy over long times to reveal the hierarchical self-assembly process of
amyloid fibers within the differing protein mixtures. The work performed here demonstrates that
it is possible to produce large amyloid fibers of a tailored modulus and morphology by
manipulating the processing conditions and the adder proteins within the protein mixture.
Furthermore, the aliphatic amino acid content of the a-helices is a determining factor in the

amount of high density B-sheet aggregation within the protein mixture. Thus, it is possible to

72



predict the propensity of a protein to undergo conformation change and spontaneously assemble
into an amyloid structure based on the secondary structure and amino acid composition of the
protein. Furthermore, the molecular weight and aliphatic index of the adder protein was shown
to be a good predictor of amyloid fiber morphology. These results introduce the possibility of
engineering amyloid fibers of tailored properties simply by altering the amino acid sequence of
the adder proteins. Again, this could offer substantial insight into naturally occurring amyloid

forming systems.

The in vitro methods used for most of this thesis are not cost effective techniques for large scale
industrial production of amyloid fibers. Gd20 was expressed in E. coli and combined with
extracellular myoglobin to form micrometer sized amyloid fibers. Consequently, it is possible to
genetically engineer a robust biomaterial over four orders of magnitude of scale. This study
opens up several potential applications for the genetically encoded 3D printing (GET Print) of
amyloid structures as tissue scaffolds, method for cell compartmentalization, biosensors or the

immobilization of E. coli on a surface for metabolic processes.

This thesis provides the basis for future production of amyloid fibers as an industrial biomaterial
by identifying the template plus adder mechanism of self-assembly, effect of processing
conditions, the hierarchical self-assembly and the amino acids that dictate the structural
properties of the fibers. Finally, this study has introduced a cost effective method for the genetic
engineering of large amyloid fibers. It is the hope of this author that this research will provide the

foundation for future industrial biomaterial applications for large amyloid fibers.
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Appendix A.

Supporting Information: The Role of Protein Hydrophobicity in Conformation Change
and Self-Assembly into Large Amyloid Fibers

Ridgley, D. M., E. C. Claunch, P. W. Lee, and J. R. Barone. 2014. The Role of Protein
Hydrophobicity in Conformation Change and Self-Assembly into Large Amyloid Fibers.
Biomacromolecules, DOI: 10.1021/bm401815u. - Reproduced with the generous
permission of the American Chemical Society.
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Table S1. Hydrophobic moment parameters using Kyte-Doolittle scale: muy rer i, mugyi, mH;, L.

Protein o1 oL o3 oy s
Ac 0.05, 0.14, 3.00, 13 | 0.56,1.61,-0.11,5 | 0.42,1.22,-0.86, 10 | 0.29, 0.84,-1.31,17 | 0.78, 2.24, -3.50, 2
Al 0.16,0.47,2.17,14 | 0.86,2.49,-1.01,8 | 0.46,1.34,0.53, 11 0.38, 1.09, 0.71, 8 0.40, 1.17, -0.65, 8
Am 0.22,0.64,0.96, 19 | 0.45,1.29,-1.09, 13 | 0.47, 1.36, -0.53, 13 | 0.40, 1.16, -0.82, 17 | 0.56, 1.61, -0.75, 14
Hm 0.12,0.35,-0.39, 14 | 0.36,1.05,0.01,15 | 0.32,0.93,0.18,19 | 0.46, 1.33,0.26,12 | 0.80, 2.29, -3.55, 2
In 0.15, 0.43, 1.86, 16 0.40, 1.15, 1.80, 2 0.45,1.31,1.24,12 | 0.14, 0.40,-0.38, 10 | 0.68, 1.95, 2.80, 2
My 0.32,0.92,-0.58,16 | 0.43,1.23,0.58,15 | 0.78,2.24,-1.36,6 | 0.19,0.56,-1.44,5 | 0.48, 1.40, 0.07, 20
Protein o o7 olg olg oo
AcC 0.41,1.18,-0.75,15 | 0.43,1.24,-1.33,8 | 0.56, 1.63, -0.41, 15
Al
Am 0.53,1.52,0.56, 8 0.23,0.67,-0.38,8 | 0.75,2.18,-0.45,7 | 0.27,0.78,1.25, 11 | 0.50, 1.45, -0.83, 16
Hm 0.2,0.59,1.18, 15 0.48, 1.37,0.71, 19
In 0.59, 1.70, -0.78, 7
My 0.17,0.49,-0.82,14 | 0.58,1.69, 1.21,15 | 0.66,1.92,-2.35,2 | 0.27,0.80, -0.5, 24

My reri 1S the mean relative hydrophobic moment of the a-helix (hydrophobic moment normalized to a perfectly amphiphilic a-helix),
muy i is the mean hydrophobic moment of the a-helix, mH; is the mean hydrophobicity of the a-helix using the Kyte-Doolittle scale,
L; is the length of the a-helix in # of amino acids. a-helices go from N- to C-terminus in the prediction. Italicized data are for the
highest mean relative hydrophobic moment a-helices discounting the 2 amino acid a-helices predicted by PSIPRED.

Table S2: The fiber morphology, molecular weight (MW), aliphatic index (Al), grand average hydropathicity (GRAVY) score, and
isoelectric point (pl) for the six adder proteins used in this study.

Protein | Morphology | MW (kDa) | AI | GRAVY | pl
Ac Flat 24.53 85.19 | -0.481 |4.98
Al Ellipse 16.25 91.27 | -0.169 |4.92
Am Flat 58.55 69.55 | -0.607 | 6.33
Hm Ellipse 15.25 93.45 0.013 |8.72

75




In

Twist

11.98

102.91

0.193

5.22

Ellipse

17.18

88.77

-0.381

7.20

76



Appendix B.
Supporting Information: Genetically Encoded Self-Assembly of Large Amyloid Fibers

Ridgley, D. M., B. G. Freedman, P. W. Lee, and J. R. Barone. 2014. Genetically Encoded Self-
Assembly of Large Amyloid Fibers. Biomater. Sci. 2(4):560-566. - Reproduced with
generous permission of the Royal Society of Chemistry.
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Table I: Comparison of template (Gd20) and adder (myoglobin) protein properties.

Protein #amino | mol. wt. pl GRAVY Al a (%) TANGO
acids (g/mol)
Gd20 20 2060 9.4 1.820 171.0 85 1477
Myoglobin 154 17083 7.2 -0.381 88.77 79 207

mol. wt. is the molecular weight in g/mol; pl is the isoelectric point; GRAVY is the grand
average of hydropathicity; Al is the aliphatic index; a is the percent a-helix predicted from
PSIPRED; TANGO is an algorithm that predicts the potential for the protein to form an amyloid
structure. Gd20 has a high propensity for amyloid formation and myoglobin a low propensity.

Gd20

Myoglobin

TFLILALLAT VATTATTAVR

MGLSDGEWQQ VLNVWGKVEA DIAGHGQEVL IRLFTGHPET LEKFDKFKHIL KTEAEMKASE

DLKKHGTVVL TALGGILKKK GHHEAELKPL AQSHATKHKI PIKYLEFISD AIIHVLHSKH
PGDFGADAQG AMTKALELFR NDIAAKYKEL GFOQOG

Figure 1: Amino acid sequences of Gd20 and myoglobin.
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Figure 2: Cross sections of (a) X large fibrils and (b) XMy tapes at 72 hours. These graphs
correspond to the AFM images of Figure 2a and 2b in the manuscript. The individual large
fibrils comprising the XMy tape can be identified in the cross section.
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