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ABSTRACT

Amyloid aggregation involves the spontaneous formation of fibers from misfolded proteins. This
process requires low energy input, results in robust fibers, and is thus of interest from a materials
manufacturing perspective. The effect of glutamine content and hydrophobicity of template
peptides on amyloid aggregation of a template-peptide system involving myoglobin was studied
at near-physiological conditions by Fourier transform infrared spectroscopy, atomic force
microscopy, field emission scanning electron microscopy, and nanoindentation. Hydrophobic
interactions were found to be important for controlled hierarchical fiber growth via a cooperative
mechanism, with the largest effect in myoglobin mixtures. Hydrophobic packing increased for
most systems as aggregation progressed. The largest changes in structure occurred upon drying.
When myoglobin was present with the highest glutamine-containing template (P7), the high
glutamine peptide was not effective as a template, since it appeared to prefer self-catalysis. A
low level of glutamine in some unordered templates was insufficient for amyloid development.
However, templating was more important in glutamine-free templates mixed with myoglobin,
which formed fibers with a surprisingly high elastic modulus. This may have been due to
template patterning. Nanoindentation results confirmed that glutamine blocks were not necessary

for  strong intermolecular interactions and  cooperative  fibril  formation.
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CHAPTER 1: Introduction and Literature Review

Nature encodes in biological molecules a host of mechanisms that strengthen, protect, and power
life on the molecular scale. Natural protein fibers such as keratin, elastin, collagen, fibroin, actin,
tubulin, and viral spikes show a hierarchical organization that permits matching of the survival
needs of the organism to fiber properties on many length scales. These characteristics inspire the
search for engineered biomaterials that can provide useful variations on known natural fibers.
Self-assembled amyloid proteins are one example of a protein-based material with interesting
properties that can be controlled by amino acid sequence. An inspiring example of the potential
for controllable materials comes from spider silk fibers: protein composition and properties are
altered by genetic splicing in response to the environment.! The potential for encoding specific
material properties into biological structures at the level of genetic expression is just beginning to

be tapped.
1.1 Project Objectives
1.1.1 Objective 1

e Synthesize template peptides of varying hydrophobicity, o helix content, and
glutamine content and mix them with myoglobin to define the important features of

the template peptide in spontaneous large fiber formation.
1.1.2 Objective 2
e Directly measure the interaction between template and adder proteins.

1.1.3 Objective 3



e Measure the mechanical properties of spontaneously formed large fibers.
1.2 Literature Review
1.2.1 Protein Folding and Aggregation

1.1.1.1 Amyloid Proteins

In general, protein aggregation is an important phenomena that impacts processing of medical,
food and material products.> Amyloid aggregation is a type of protein aggregation that causes a
number of pathological medical conditions, known together as protein misfolding diseases.®
Protein misfolding diseases all share the common feature of dysfunctional, aggregated proteins
that can be harmful or lethal over time. A few examples are Huntington’s disease, Alzheimer’s
disease, type I1 diabetes, and bovine spongiform encephalopathy.® Such amyloid fiber aggregates
form when a protein unfolds and hydrogen bonds to another unfolded protein segment to form a
beta sheet. A few proteins can form oligomeric or globular beta sheet aggregates, which are the
suspected pathogens in protein misfolding diseases. In other cases, beta sheets can continue to
stack laterally and vertically to produce anisotropic fibrils. In these fibrils, the protein chain axis
is perpendicular to the fibril axis, forming what is known as the “cross-B” structure.*® Amyloids

are durable and resistant to macrophage and enzymatic degradation.

Functional protein fibers based on the beta sheet structure are also important to the
survival of a number of organisms. Some of these functional fibers are formed in the cross-
configuration, such as the adhesive secreted by barnacles for attachment to marine surfaces,’
bacterial curli fimbriae structures used for attachment to biofilms and to inert surfaces,®

glowworm threads used as nests and for catching prey, lacewing fly egg stalk silks used to



suspend and protect eggs from cannibalism,®'® a structural substrate for melanin deposition in
mammals,** fungal hydrophobins,*? and more.***® Typical functional fibers in nature are formed
with beta sheets aligned parallel to the fiber axis, such as high strength spider dragline silks*® and
fish proteins that gel upon freezing and thawing.'” This is from the applied deformation used to
form the fiber, whereas amyloids form spontaneously. The orientation of -sheets in fibrous

proteins may also be transformed by ex situ processing.*®*°

1.1.1.2 Protein Folding and Misfolding

In disease states, protein aggregation occurs when functional proteins unfold and refold into a
biologically inactive 3-dimensional structure. However, the primary purpose of functional
amyloids seems to be to form the stable fiber that results, so they are not misfolded since the
biological preference for fibers may dominate over other forms. Many wild type protein
structures are only marginally stable in their natural state, and usually require a specific set of
temperature, pH, and buffer conditions. Amyloid folding seems to go against many of these
rules, since it occurs over a range of temperatures, pH, and salt concentrations, and the resulting
fiber can be extremely stable in its fully assembled form. In the past, it was generally observed
that proteins are optimized to have maximal biological activity in their specific environment. For

example, stomach enzymes work best at low pH.

When proteins fold, stability derives from the balance between enthalpy and entropy. The
net effect is the free energy of folding. Enthalpy describes the energy of favorable noncovalent
interactions within the polypeptide chain, and is maximized with tighter packing and higher
interaction frequency.?® Entropy describes the opposing energy required to create order when

folding occurs. From the second law of thermodynamics, the natural tendency is for disorder to



increase, which correlates with a higher number of possible protein conformations. However,
when one particular protein conformation dominates, order is increased because the flexibility of
the protein is limited. For the most part, stable proteins have enthalpic gains greater than their
entropic losses, but the magnitude of the difference is often small, on the order of 1-3 hydrogen
bonds.?®#" Some folded states with sub-optimal free energy may be observed most frequently
due to high kinetic accessibility.?> The amyloid state is highly ordered, and thus requires either a
large array of very favorable noncovalent enthalpic interactions or favorable Kinetics. Since
amyloid formation may now be considered a general part of the aging process, fast kinetics are
not expected.?® Therefore, the methods employed were intended to observe the thermodynamic

aspects of aggregation: does it aggregate, or not?
1.3 Experimental Design
1.3.1 Peptide Design

The self-assembly of large amyloid fibers has been observed. The fibers have morphological
features and physical properties similar to natural B-sheet containing fibers like silk. Such fibers
had not been observed previously. Experimental evidence supports a multi-protein process
where at least two proteins with specific but different properties work cooperatively to self-
assemble the large amyloid fiber. In the hypothesized process, a hydrophobic “template” peptide
forms a folded cross- structure which enables hiding of hydrophobic amino acid side groups in
the spaces between the pB-sheets. The template peptide sequence has hydrophobic amino acids
next to one another and thus has some hydrophobic groups exposed to the water on the outer
faces of the folded B-sheets. The “adder” peptide or protein is a-helical and more hydrophilic
than the template peptide. The more hydrophilic adder peptide or protein is stable in aqueous

4



solution and does not individually undergo conformation change or aggregate at the experimental
conditions as measured with FT-IR spectroscopy.?*® However, in the presence of the template,
the hydrophobic groups on the a-helices of the adder prefer the exposed hydrophobic groups of
the template, undergo an o to B transition, and “add” into the template as measured with Fourier
transform-infrared (FT-IR) spectroscopy.”>?® Through AFM and SEM imaging, the progression
of large amyloid fiber aggregation can be defined in terms of four morphological stages. The
initial work was performed with a protein hydrolysate as the template while adder proteins were
varied. In this work, pure engineered peptides were used as templates while keeping the adder
protein constant. The goal of the present work was to quantify the effect of varying the template

peptide on large amyloid fiber formation.

The synthetic peptides studied have a sequence of 20-22 amino acids. The sequences
were varied to simulate key segments for aggregation, focusing on hydrophobicity and glutamine
(Q) content. For all experiments, equine myoglobin (My, 154AA, Uniprot P02144) was used for
“adding” purposes. In wild-type myoglobin at biological conditions, fibrous aggregation is not
known to occur, so any observed aggregation is expected to result from cooperation with a
template.?”*° Myoglobin is a well-studied protein with a 3D structure consisting in 8 o helices

surrounding a very hydrophobic core with a central iron-containing heme group.*®

Sequences of the experimental peptides are shown in Table 1.1. Gd20KK was designed
from the 3-22 tryptic hydrolysate of gliadin, a protein from wheat gluten and the suspected
template in the crude gliadin hydrolysate used as the template in previous work. CB4 is the N-
terminal sequence of a Megabalanus rosa peptide that is characterized by insolubility and

abundant predicted p sheet structure.®® The P4, P7, and P4 analog (P4-AN) templates were



designed to represent extremes of secondary structure, hydrophobicity, and Q content. P4 was
expected to be primarily B sheet with high hydrophobicity, while P7 was predicted to be
primarily o helical with lower hydrophobicity. P4-AN has equivalent hydrophobicity and
predicted B sheet structure to P4, but glutamine residues were replaced by polar residues,
including some with charge. The bioinformatics indices PSIPRED and ExPASy were used to

predict peptide properties in amino acid sequence design.****

Table 1.1 Template peptide properties.

Identity |Sequence Q%) GRAVY %o %3 pl '(\g/;lor:iol\)N t
Gd20KK [MKTFLILALLAIVATTATTAKK 0 1.820 90 0 10.3 2320
CB4 SLGGVVAYLQLANIQQAVFISRI 13 1.022 0 83 8.5 2461
P4 LVLVQQQQLVLVQQQQLVLV 40 1.0 0 90 5.52 2317
P4-AN |LVLVKEHELVLVNHKHLVLVY 0 1.005 0 90 7.03 2332
P7 QQQQQQLVLVLVOQQQOQQQ 70 -1.25 90 0 5.52 2317

1.3.2 Basic Research Approach

In this study, we mixed the peptides and myoglobin in water, adjusted to pH 8, incubated at
37°C, and monitored the liquid for aggregation behavior over a period of 20 to 35 days. This
experimental timeline lines up very well with the time scales observed in the past for complete
sedimentation of polyglutamine repeats.*>*® To characterize the template-adder interaction, time-
resolved FTIR was used to measure the alpha helix to beta sheet transition and hydrophobic
packing. Secondary structure was calculated using an accepted Amide | peak deconvolution
technique. Spectroscopic studies of hydrated protein structure paired well with morphological
studies using microscopy techniques. Atomic force microscopy (AFM) imaging was done at

discrete points during the incubation period to provide a developmental snapshot of the hydrated




aggregate. The morphology of the fully assembled final product was observed using field
emission scanning electron microscopy (FESEM). Dried fiber chemistry and elastic strength

were studied using solid FTIR and nanoindentation.
1.4 Factors Affecting Aggregation
1.4.1 Precedent for Synthetic Peptide Studies

In other studies of synthetic peptides, many relied on high temperature, shear, charge effects, or
denaturing pH for fibrillation to occur.**° Those techniques were avoided in order to focus on
biologically relevant conditions to specifically note the effects of the 2 proteins only. Most other
studies of synthetic peptides also limited the peptide length to 4-10 amino acids, which coincides
with the typical length of single B sheets that stack in amyloid aggregates.>”**** The length of
the peptides used here requires that some folding interactions must occur due to a

thermodynamic need to increase stability in water.
1.4.2 Peptide Sequence Determines Structure and Function

This research, like much of the work preceding it, aimed to further explain the link between
amino acid sequence and protein behavior.?* The side chain chemistry and arrangement of the
amino acids themselves were expected to have a great contribution to the final amyloid structures

observed. Interactions that stabilized the growing fibrils are described in the following chapters.

The important structure-determining characteristics of the template peptides were
glutamine repeats (P4 and P7), hydrophobicity (all peptides), the presence of charged amino
acids (Gd20KK, CB4, P4-AN), and amphiphilicity (all peptides). Minor contributions may have

been made by aromatic cation-t and m-m interactions (Gd20KK, CB4, P4 analog).** The
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hydrophilic regions of the de novo peptides consist in either a block of glutamine residues (P4
and P7) or randomly selected polar amino acids that resulted in identical secondary structure

predictions (P4 analog). See Table 1.1 for the exact template sequences.
1.4.2.1 Hypothesized Role of Glutamine Repeats

Glutamine repeats are an important factor in prion disease development, such as in Huntington’s
disease, and are also highly conserved in some functional amyloids.*>*® A higher number of
glutamine repeats correlates to faster progression of disease symptoms in affected individuals. In
studies of Pseudomonas genomics, codons for glutamine are highly conserved in species that
display amyloid curli proteins which enable life-sustaining functions wherein microbes can
flocculate and adhere to surfaces. Thus, the presence of Q in the protein amino acid sequence is
associated with amyloid fiber formation from a variety of proteins. The glutamine composition
of the templates tested in this research (P4, P7) is far below known disease thresholds, so the
cooperative amyloids studied were therefore of primary interest for their materials properties.*
However, in vitro studies show that Q repeats of less than 35 residues can form amyloid fibrils.*’
Poly-glutamine repeats have formed the basis for many engineered peptide systems and they
continue to shed light on the impact of side chain chemistry on amyloid protein aggregation

processes and mechanical properties.***>*®

From X-ray diffraction studies, the polyglutamine structure shows tightly packed side
chains locking together with a high frequency of hydrogen bonds.*® Because of the structural
regularity and chemical complementarity of glutamine to itself and to the peptide backbone,
these repeats cause a large stabilizing influence on [ sheet structures in water. Each

propionamide moiety of the side chain has two oppositely-charged dipoles, which form two



possible hydrogen bonds per pair of interacting glutamines. Glutamine can also form a regular,
repeating pattern of two hydrogen bonds per Q residue with the peptide backbone at the C=0 and
N-H groups.®® Although this mode of interaction is thought to be critical to the stacking of
amyloid tapes into larger structures, the presence of repeating Q side chains enables monomeric
addition to either the backbone or to the side chain face of a growing fiber, so it is especially
flexible. This flexibility may explain why Q-based aggregation is thermodynamically favored.
However, Q blocks exert their effect on the larger system, so it follows that the sequence context
for Q blocks has a large impact on stability, solubility, and aggregation.®* Other amino acids such
as asparagine (N), serine (S), and threonine (T) in Gd20KK, CB4, and P4-AN can also form
enthalpically favorable hydrogen bonds, but N has similar structure to Q and may therefore

interact in an analogous way to Q in CB4 and P4-AN templates.
1.4.2.2 Hypothesized Role of Hydrophobicity

Hydrophobicity is expected to be a major driving factor for small peptide-templated aggregation
since it is widely influential in protein folding and unfolding. In the templates tested, Leucine (L)
and valine (V) are the primary contributors to calculated hydrophobic tendency (positive
GRAVY), but methylene skeletons of amino acids with longer side chains enable additional
hydrophobic interactions.®® L and V are expected to have a greater propensity to form B sheets
compared to alanine (A) and glycine (G),> perhaps due to size and shape factors.** However,
charged, polar lysine (K) has also been found to lend thermodynamic stabilization in inter-sheet
interactions with L via hydrophobic interactions of the methylene skeleton. Lysine can also

interact with aromatic residues with its e-methylene group.*

Hydrophobic interactions are also prominent in therapeutic efforts to prevent and treat
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protein misfolding diseases. In the peptides associated with Alzheimer’s disease, Ap40 and
AB42, hydrophobic interactions are key to toxicity and its antithesis, therapeutic treatment.
Hydrophobic interactions are also critical to the function of a flexible, ligand-binding molecular
tweezer designed to bind specifically to the butylene moiety of the side chain of K. In the
molecular tweezer, hydrophobic interactions combine with amino group electrostatic interactions
to bind the lysine target between two flexible arms.> Such molecular tweezers illustrate the
power of utilizing side chain chemistry in designing systems to control protein behavior. Also in
AB research, antibodies with grafted hydrophobic Ap peptides on the complementarity-
determining regions interact in a sequence-specific way with AB and inhibit amyloid formation
and toxicity.>> Hydrophobicity is important to self-assembly of fibers in the presence or absence
of a disease context. Increased hydrophobicity leads to a transfer of fibrillogenesis after 20 days

in a transplant of 6 amino acids from a fibril-generating protein to a non-fibrillating protein.

Hydrophobicity has an impact on the overall protein folding process by biological surface
interactions and protein-ligand binding as well as functional protein binding energy.>’ For
example, in protein synthesis in the endoplasmic reticulum, quality control of nascent proteins by
chaperone molecules is done via interactions localized to hydrophobic peptide surfaces.*® Lipid
membranes provide an important context for determining the role of hydrophobic cellular

surfaces in protein folding and aggregation.*
1.4.2.3 Hypothesized Role of lonic Interactions

The aqueous solvent had minimal ionic strength, so ionic interactions between amino acid side
chain moieties were expected to play a more dominant role in inter-protein associations involved
in fiber assembly. In mixtures with Gd20KK and Q-free P4-AN, K may be an important factor in

10



fibrillation due to its charge and ability to interact with glutamic acid (E) and other negatively
charged and electron-rich side chains via Coulombic interactions. In studies of K to A point
substitutions in AP, loss of ionic bonding ability resulted in a change of morphology to shorter,
fatter fibrils with lower toxicity.®® Lysine also participates in critical salt bridges with aspartic
acid (D) in the quenched hydrogen/deuterium exchange NMR-derived 3D model of the 3 sheet
structure of residues 17-42 of Ap(1-42).%* Both K and histidine (H, in the sequence of P4-AN)
have a charged ammonium ion that may either form salt bridges or enable stabilizing cation-n

interactions with aromatic residues in My, such as tryptophan () or phenylalanine (F).**
1.4.2.4 Hypothesized Role of Amphiphilicity

Alternating hydrophobic and hydrophilic primary structure is a feature of some peptides that
gives them a particular amphiphilicity that may enable interactions with fundamentally different
protein domains. Amphiphilicity may also lend proteins enhanced thermal stability.®* In one
example from Alzheimer’s disease, fibrillar AP derives from an amphiphilic fragment of the
transmembrane amyloid precursor protein (APP) that has been abnormally cleaved by two
different enzymes.®® Another similar example is the mammalian structural protein Pmell7,
which provides a substrate for melanin deposition.®* This glycoprotein becomes fibrillogenic
when enzymatically cleaved, leaving a fragment containing both a transmembrane sequence and
a cytoplasmic sequence, similar to APP.®*®® Such amphiphilic fragments are both potent
fibrillators, but they also share an innate ability to insert into amphiphilic lamellae. Other
functional amyloids display a similar pattern, with hydrophobic residues playing an important
role in aggregation. The barnacle protein Mrcp-100k employs alternating hydrophobic and

hydrophilic amino acids in a strong, insoluble protein-based marine surface adhesive.” The self-
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aggregating yeast protein zuotin, known to bind to Z-DNA, contains a repetitive sequence in
which hydrophobic residues alternate with oppositely charged hydrophilic residues.®® Peptides
from the monomeric elastin precursor tropoelastin contain alternating hydrophobic and
crosslinking domains that display distinct roles, wherein hydrophobicity promotes self-

aggregation and protein extensibility.*-¢7:

1.4.3 Hypothesized Self-Assembly Process

The exact molecular mechanism for self-assembly of amyloid fibers is not yet established.®®
Researchers have modeled the kinetics in different ways, reviewed elsewhere.” Most
mechanisms are commonly dependent on amyloid nucleation, similar to crystallization and other
regulated biological processes.®®®"* In a general aggregation process, a small number of single
proteins in an abnormal, energetically disfavored state form aggregated oligomers at a very slow
rate until assembly has proceeded so much that solubility is no longer favorable.”* The insoluble
fibers that result are responsible for both strong mechanical properties and neurological
dysfunction found in disease states. The cooperative template-adder assembly process proposed
in the present research may be able to explain assembly of small catalytic peptide fragments into

a large fiber.”

There are many examples of cooperative protein-peptide interactions that behave in a
similar way to the present system. In a-lytic protease, the stable unfolded protein is induced to
fold to the native form only in the presence of a shorter prosegment. The mechanism in that case
is a kinetic mechanism in which the prosegment significantly accelerates the rate-limiting step.”*
In curli fimbriae assembly in gram-negative bacteria, cooperative assembly was demonstrated.

Hierarchical curli assembly proceeds when a small nucleator peptide, CsgB, acts on a larger
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protein subunit, CsgA.® In vivo, this effect is mediated by 4 to 5 chaperone proteins which
coordinate the amyloid attachment between the membrane surface and the environment.™
Interestingly, the nucleator protein CsgB is not specific to bacterial species. Nucleators expressed
in one species cause curli assembly and attachment in their species homologs, which indicates
that only certain structural elements are necessary for aggregation. Complete DNA and protein
sequence homology may not be required. There also exists a disease-related protein pair that has

hydrophobic patterning and size characteristics analogous to the present system: Huntingtin

protein Htt"" and Htt-associated protein 1, HAP1.”

In amyloid folding, a hierarchy of self-assembly is followed by some fibers. Hierarchical
construction is present in many naturally-occurring structures and it controls properties from the
smallest to the largest scales. Humans depend on a hierarchical structure for hard tissues, such as
bone; elastic tissues, such as ligaments; and soft tissues, such as skin. In protein solutions, if
conditions are right, peptides can self-associate to form structures starting with individual
molecules with dimensions measured in angstroms, up to nanometers, that associate and build to
micrometer scale, and even to millimeter scale on drying.”®"® After proteins are expressed and
folded, hierarchical self-assembly provides a stepwise path for construction of rigid, organized,
degradation-resistant fibers.” In the present system, the cooperative mechanism may not be
specific to the “adder” protein sequence. Therefore, it may be possible to generate amyloids with
a range of material properties over varying length scales by pairing an appropriate designed

template with families of similar proteins.
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CHAPTER 2: Effect of Hydrophobicity and Glutamine Content on Cooperative Protein

Aggregation

2.1 FTIR Analysis of Aggregation-Induced Structural and Chemical Changes in Templated

Amyloid Fibers
2.1.1 Introduction

Protein secondary structure changes were observed using time-resolved Attenuated Total
Reflectance Fourier Transform Infrared spectroscopy (ATR FTIR) in both liquid and solid phase
samples. This method uses a radiant energy source to excite the bonds of analyte molecules with
energy at a range of wavelengths in the infrared light spectrum, from 2.5 to 25 um or 4000 to
400 wavenumbers (cm™). Wavenumbers are directly proportional to the radiation frequency,
which is calibrated with a laser. The remaining energy, after molecular absorption, is measured
by a thermal detector designed for high throughput. The FTIR software reports the energy
detected as transmittance as a function of wavenumber. Molecular absorbance is related to
transmittance by the following equation (1), where T is transmittance, | is the energy intensity
reaching the detector after interacting with the sample, Iy is the intensity of radiation from the
source, and A is absorbance.® Both | and Iy must be nearly monochromatic, or representing a

narrow spread of wavelengths.

T = f,f[D =104 (1)

When molecular absorbance occurs, quantized amounts of energy are used for vibrational

and rotational energy transitions resulting in a change in dipole moment at a frequency that is
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also quantized, corresponding to the exact energy difference of the transition. Transition energy
is observed at fundamental frequencies, overtones, combination bands, or as resonance splitting
bands, depending on the vibrational interactions occurring. FTIR has the advantages of
flexibility, high sensitivity, and quick response time, but it lacks the atomic resolution provided
by X-ray or NMR techniques, so information regarding position and noncovalent interactions of
individual amino acid residues must be inferred.? In addition, FTIR provides more information
than circular dichroism, since changes in molecular absorbance may be observed in the other
regions of the spectrum, such as the fingerprint region. At room temperature, FTIR is sensitive to
liquid concentrations of 10 mg/mL or more, which could be pertinent to protein processing

applications.
2.1.1.1 Infrared Absorbances of Interest

Several regions of the infrared spectrum were studied because they characterize the chemical and
structural changes occurring in the aggregating protein. The primary absorbances studied were
Amide I, Amide I, hydrophobic packing, and the fingerprint region. The Amide | region has
been best correlated with crystalline structures of model proteins.® Between 1700 and 1600 cm™,
Amide | appears as a very strong vibration due to the asymmetric carbonyl stretch of the peptide
bond, coupled to in-phase N-H bending and C-N stretching.* These vibrations are sensitive to
secondary structure because of the large mass contributed by this particular vibration, i.e. this
stretch occurs at least once per amino acid, which combines with many simultaneous interactions
such as dipole hydrogen bonding or coupling between transition dipoles.® The result is an IR

absorbance that has varied position, compound shape, and intensity.® As a part of Amide I, a

helix absorbance is typically observed near 1650 cm™, while B sheet absorbances are typically
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split between a low frequency vibration, 1610-1630 cm™, and a weaker, high frequency vibration

circa 1685 cm™ that is difficult to distinguish from random coil and B turn conformations.*®*

Many authors have sought to correlate IR findings to other methods to make time-
resolved detection of protein structure a straightforward, reliable technique. However, there are
many complications that arise from the nature of complex protein macromolecule vibrations that
make this particularly challenging. Absorption frequencies and intensities can vastly differ at
different solution pH or ionic strength levels due to charge-induced dipoles and protein folding
changes. Proteins that are assembled into configurations involving multiple associated units have

more complex spectra. Amyloid fibers are an interesting example of this phenomenon.*

Changes observed in the Amide I vibration reflect changes in the protein structure. In the
past, a number of experiments have sought to link Amide | changes to intramolecular
interactions important to secondary structure, such as hydrogen bonding. A high degree of
hydrogen bonding is expected to result in a lower Amide | frequency.™ Other bond vibrations
may absorb in the same wavenumber range as Amide |. Dried samples are expected to have
lower frequency than liquids by 20-40 cm™, with additional downshifts accounted for by
hydrogen bonding.*? Primary amines are expected to vibrate at 1615 cm™, which could affect all
of the templating peptides, since they have high Q, N, and K content, with expected intensity in
order of P7 > P4 > P4 analog."* Strong amino acid side chain vibrations, such as glutamine, may
contribute a fraction of the total Amide | intensity, so there is potential for interference when
using Amide | to quantify secondary structure during self-assembly."®* Aromatic amino acids also
have strong absorbances near the  sheet peak. Folding of some amyloids and B hairpins has

been shown to depend on aromatic interactions for energetics and directionality, but such
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contributions could not be determined with the methods used in this study.***°

2.1.1.2 Other Absorbances

Some regions not traditionally studied in protein applications show interesting correlations with
fibrillar aggregation. The Amide 11 vibration band is an out-of-phase combination of in-plane N-
H bend deformations and the C-N stretch, with small contributions by C=0 in-plane bending, C-
C stretch, N-C stretch.** It is informative in protein secondary structure changes, especially in
amyloid formation and liquid to solid transitions.***"*® Both Amide | and Amide Il bands were
used together in the present experiments for structural analysis. This combined approach was
optimal when used in the past for protein structure modeling that included myoglobin as a
calibration protein.'® The peak width of Amide Il was expected to increase with increasing
hydrogen bonding, which was tracked during time-resolved FTIR and after drying.'* A shifting
of the Amide 11 peak to higher frequency by 5-20 cm™ was expected, with additional upshifting

due to hydrogen bonding differences.*

Weaker vibrations such as the Amide Il1 vibrations are also sensitive to protein secondary
structure and relatively free of interference from water vibrations, but the weak intensity limits
the use of this region for structural prediction.?’ This vibration is generally found at or near
1270-1290 cm™ and corresponds to the in-phase combination of the C-N stretch, the in-plane N-
H bending vibration, the CHs-C stretch, and the C,-C stretch.®?*# Other vibrations at
frequencies less than 1500 cm™, in the so-called fingerprint region, can differ greatly for similar
molecules. This difference occurs because of the influence of subtle steric or electronic effects,
especially on single bonds.** Coupling of vibrations is specific to each carbon skeleton. Although

proteins have a repetitive backbone in the amide linkage, many amino acid side chains contain
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short carbon skeletons that can exert an aggregate effect.

Other IR vibrations analyzed include those corresponding to alkyl groups, especially
vibrations of methyl groups and the methylene skeleton of side chains. These absorbances can
reflect subtle changes in the organization of hydrophobic amino acids during folding and
aggregation. Packing of methyl groups associated with the hydrophobic protein core was
observed by our group in the past to be a critical metric for assembly as fibers stabilize and
elongate.”® The 1360 cm™ absorbance can be assigned to the CH; symmetric deformation,
8s(CH3), and the 1410 cm™ absorbance to the asymmetric CH3 deformation, 8,(CHs), on the side
groups of A, I, L, and V.***?* Considering 8(CHs) as a measure of up and down movement
and 0,5(CHs3) as a measure of side to side movement of the CH3 amino acid side groups, the
increase in the ratio ds(CH3)/8.5(CH3) indicated that A, I, L, and V side groups were laterally
constrained in the amyloid structure because they were more able to vibrate up and down relative
to side to side, which was termed “hydrophobic packing”. Previous reports supported this

conclusion.?®%

Protein FTIR spectra can sometimes show peaks at unexpected frequencies due to a
unique quaternary structure, such as the coiled coil conformation seen in keratin, tropomyosin,
and some spider silks.?’ Careful analysis must be conducted to avoid false positives due to
assumptions about an unknown protein system. Although structurally built from o helices, the
coiled coil Amide | vibration contains two additional absorbances in lower wavenumbers that
overlap the region that is usually characteristic of B sheet structures.”® This happens because of
fundamental differences between hydrogen bonding in single o helices compared to multiple o

helices, such as coiled coils. In coiled coils, backbone C=0 and N-H hydrogen bonds are
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mechanically distorted as a requirement to form the helix pitch necessary for coil association.?
Coiled coil structures may also show FTIR developments in the hydrophobic packing region,

since they contain hydrophobic interactions that form a tightly-packed core between helices.?®
2.1.2 Experimental
2.1.2.1 Sample Preparation

Pure proteins and 1:1 molar mixtures of the synthetic proteins (P4 (2.3 mg/mL), P7 (2.4 mg/mL),
and P4-AN (2.3 mg/mL) with myoglobin (My) (17.6 mg/mL) were dissolved in water, adjusted
to pH 8 with small volumes of NaOH, and incubated at 37°C in centrifuge tubes and monitored
for 35 days (P4 and P7) and 20 days (P4-AN). Pure Gd20KK (0.96 mg/mL), CB4 (1.02
mg/mL), and a 0.36:0.64 mol/mol mixture of each with My (12.5 mg/mL) were prepared in a
similar way. Molar ratio has been shown to have a small influence on Kinetics, with large excess
of adder protein slowing kinetics. However, between template:adder molar ratios of 0.7:0.3 and
0.3:0.7, insignificant differences in Kkinetics were observed with no change in the size or
properties of the final structures. Mixtures volumes were 10 mL and 5 mL. At the end of 35
days, liquid mixtures were dried at room temperature on Teflon®-coated aluminum foil in a

fume hood.
2.1.2.2 Fourier Transform-Infrared (FTIR) Spectroscopy

Attenuated total reflectance (ATR) FTIR spectra of the incubating aqueous solutions were
recorded daily on a Thermo Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA) with a 45° ZnSe crystal trough and a deuterated triglycine sulfate (DTGS)

detector at a resolution of 4 cm™. Samples were mixed on a vortex mixer just prior to FTIR
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scanning. The aqueous solvent was subtracted from the acquired spectrum to reveal the protein
spectrum.’®*® Three spectra were acquired at each point in time and averages and standard
deviations reported for each condition. Dried mixtures were scraped with a spatula and analyzed.
Three spectra of the dried mixtures were recorded at each point in time with a Smart Orbit
diamond ATR accessory using a flat tip and averages and standard deviations reported. The
spectra were collected and analyzed with OMNIC v8.1 software.

2.1.2.3 FTIR Amide I Analysis

Most proteins are not purely of one secondary structure and thus the Amide | absorbance is
formed through contributions from all of the secondary structures present. It is possible to
“deconvolute” the Amide I absorbance into its secondary structure components by representing it
as a sum of peaks assigned to each structure.®*®*32 The area of each peak is representative of
the molar concentration of that particular secondary structure. The spectral region from
1720-1580 cm™ was isolated and manually smoothed with the Savitzky-Golay algorithm using
7-11 points.®® Next, the second derivative of the Amide | spectral region was taken without
filtering to identify the individual Amide I components. Fourier self-deconvolution (FSD) was
performed with Happ-Genzel apodization by setting enhancement to 2-3 and adjusting the

bandwidth until absorbance maxima matched the second derivative minima.334%°

Using the
“Peak Resolve” feature of OMNIC v8.1, the Amide I absorbance was fit to a series of 6-7
Gaussian/Lorentzian peaks matching the FSD.*® The Peak Resolve feature uses the Fletcher-
Powell-McCormick algorithm to fit the peaks.>” Amide | fitting was performed with a constant
baseline, a target noise of 10.0, and an initial full width at half-height (FWHH) of 3.857. There
was some overlap of absorbance between Amide | and Amide Il, due to amino acid COO"

asymmetric stretch and/or NH," deformation vibrations,® which was accounted for as an edge-
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effect peak in the deconvolution fitting procedure. This overlapping area was excluded from
secondary structure calculations. Model fitting was conducted with a null hypothesis of no
significant difference between the spectra and the peak fit, corresponding to an F value of 0. All
fits conformed to an F value of less than 0.006.

2.1.2.4 Amide Il Vibrations

The peak width at half height (FWHH) of the Amide 1l absorbance was calculated using the
built-in peak tool in OMNIC, measuring the width at half of the uncorrected peak absorbance.
This procedure assumed that baseline absorbance was 0, which was confirmed by a flat line at

0.0 significantly beyond the Amide 11 region on either side.
2.1.2.5 Hydrophobic Packing

Peak intensities were recorded manually from OMNIC spectra at peaks representing symmetric
and asymmetric methyl deformations ca. 1365 cm™ and 1410 cm™, respectively. The
hydrophobic packing ratio 65(CH3)/8.5(CH3) was calculated from peak intensity readings. The

averages and standard deviations were reported for each condition.
2.1.3 Results and Discussion
2.1.3.1 Amide I Solution FTIR

Amide | vibrations showed a progression in (3 sheet development over the course of 35 day
incubations for CB4 peptide mixtures. CB4 was predicted to be 74% a-helical, but a significant
B sheet peak was present in the FTIR spectra right after mixing (Figure 2.1.1a). This showed

high instability of CB4 in water due to monomer hydrophobicity. The o helix was lost by 25
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hours due to inter- and intra-molecular rearrangement of the many hydrophobic side chains away

from solvent as 3 sheets formed. CB4:My had high initial § sheet and o helix absorbance,
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Figure 2.1.1. Amide | spectra of CB4(a), CB4:My (b), Gd20KK (c), and Gd20KK:My (d) during the
incubation. CB4 (a) and Gd20KK:My (d) showed a clear decrease in a helix relative to § sheet peak area.
The B sheet formed by template Gd20KK showed less development than CB4, which correlated with a
lack of fibrils in AFM and SEM. CB4 showed development into a highly organized p sheet in water (a).
The presence of the large adder protein seemed to stabilize the cooperative system in the case of
Gd20KK:My (d), though structural developments seemed to stop after 6 hours. CB4:My (b) and Gd20KK
(c) showed an initial B sheet, which decreased in intensity over time. CB4 may have been more effective
in the self-templating configuration than with My, while Gd20 seemed to rely on the adder protein for

stability.
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corresponding to the CB4 and My components, respectively. After 3 hours, the [ sheet
absorbance broadened, especially in the lower wavenumber region, which would indicate the
formation of the high strand density 3 sheets characteristic of amyloids. Some self-templating
may have occurred, but a lack of significant o helix rearrangement indicated that myoglobin
most likely remained in a near-native conformation. Similar CB4 and CB4:My SEM

morphologies confirm the lack of rearrangement (Figure 2.2.4).

Gd20KK was predicted to be 90% o helix. Pure Gd20KK showed significant 3 sheet
formation just after entering solution (Figure 2.1.1c), which developed more slowly over longer
times as evinced by the loss of the 1650 cm™ shoulder (a helix) relative to the 1625 cm™
absorbance and 1610 cm™ shoulder (B sheet). Gd20KK had the highest GRAVY score, with high
GRAVY indicative of higher hydrophobicity, so it was expected to be highly unstable in water,
even with the addition of two lysine residues. B sheet formation is typical of the formation of a
template peptide that has the intrinsic capability to aggregate together with an adder protein. No
pure Gd20KK fibers were observed in AFM or SEM. Micelles of pure Gd20KK may lack the
water stability to assemble to larger, anisotropic B structures. In the presence of Myoglobin,
Gd20KK acted as an effective template for cooperative [ sheet assembly (Figure 2.1.1d). My
provided enough water stability for further assembly, while interacting cooperatively with the
template to transition from o to  structure. Both Gd20KK and CB4 contain aromatic residues
that enable m-mt stacking, whether pure or mixed with My. However, the wavenumber of

24
I,

phenylalanine and tryptophan residues overlaps with Amide so those particular absorbances

could not be distinguished. That particular class of noncovalent interactions was therefore
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excluded.

Even though clear 3 sheet development occurred, at the end of a 20 day incubation, the
Amide | peak of Gd20KK:My still showed considerable absorbance in the o helical range, near
1650 cm™ (Figure 2.1.1d). Unaggregated My content may have been present in the mixture,
which would cause a helical absorbance in Amide I. In the past, experiments with hydrolyzed
gliadin and My showed that the 0.36:0.64 template to adder molar ratio had the largest
conformation change. The base sequence of Gd20KK was the most hydrophobic peptide
fragment resulting from tryptic hydrolysis of gliadin. It was also the most hydrophobic of all
template peptides tested. These results indicate that other tryptic hydrolysis products of gliadin

are important in conformation change and fiber formation when mixed with My.%

Amide | spectra for synthetic peptides P4, P7, and P4-AN and mixtures with My showed
developments during the incubations that correlated with other findings. Pure P7 (Figure 2.1.2¢)
showed the most distinct 3 sheet development. P7 was predicted to be largely a-helical and upon
initial solubilization P7 had a partially a-helical IR spectrum. Within just 5 days, the large B
sheet absorbance began to split into two distinct peaks, representing low strand density B sheets
(1622 cm™) and high density B sheets (1608 cm™).>***® The shift to lower frequency in the
higher strand density [ sheets was due to the effect of strong hydrogen bonding on the C=0
stretch, which is typical of amyloid materials.’® A lowered restoring force reduced the dipole
energy, especially in the case of close packing.?* The bimodal form of the f peak could have
indicated a partitioning of backbone hydrogen bonds into stronger bonds that were interior to the

growing fibril, and less dense bonds on the exterior that interacted with solvent and associating

32



@ [«}]
Q o
[= =
(1] ©
Ko} L0
[ [
o o
] w
Q Q
< <
Lo \ ‘ I ! ‘
1700 1675 1650 1625 1600 1575 1700 1675 1650 1625 1600 1575
-1 "
Wavenumber (cm’ ) d Wavenumber (cm ')
480 hr
/\’M
360 hr
g 2
© 240 hr @©
8 /\M—v 5 240 b
[ —
g~ ~jw g
g 2 120 hr
4 hr
4 hr
1700 1675 1650 1625 1600 1575 1700 1675 1650 1625 1600 1575
A -1
Wavenumber (cm ) Wavenumber (cm')
576 hr
[0} ()
Q Q
o c
(1] ©
£ £
2 @
o] el
=z <
4
Caa | \ ‘ . \ .
1700 1675 1650 1625 1600 1575 1700 1675 1650 1625 1600 1575
-1 -
Wavenumber (cm ') Wavenumber (cm 1)

Figure 2.1.2. Amide | spectra of P4 (a), P4:My (b), P4-AN (c), P4-AN:My (d), P7 (e), P7:My(f) during
the incubation. Of the pure peptides, P7 (e) showed the most distinct development of absorbance in the b

sheet region, 1626 cm™. Templated peptides with My (b), (d), and (f) all showed loss of o helix
absorbance at 1650 cm™ relative to lower frequency vibrations, with the most dramatic changes in in

P4:My (b) between 4 hr and 240 hr and. P7:My (f) also shows clear 3 sheet development between 4 hr
and 240 hr.
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peptides as fiber elongation proceeded. Hydrogen bonding was due to an attractive force between
oppositely charged dipoles, and was stronger at small distances, as in Coulomb’s law. Stronger
intermolecular attractions led to a stronger, densely packed core. Dipole-dipole attraction only
occurs down to a certain distance until nuclear repulsion dominates. It seems that Q-Q hydrogen
bonds in P7 probably stayed in the attractive regime since a crystalline morphology was

observed (Figure 2.1.1).

Pure P4 showed an initial B sheet peak which decreased in intensity somewhat over time.
However, no distinct fibrils were observed for P4 in AFM or SEM. P4 peptides most likely
formed globules stabilized by Q-Q bonds that were unable to self-assemble to a larger structure.
The absorbance of the Q side chain may have contributed to a shoulder of the large B sheet peak
observed for pure P4 and P7 at all times. However, the My mixture data is more consistent with
changes in the peptide bond C=0O stretch. P4-AN peptides showed a high initial B sheet
absorbance when mixed in water, as predicted in PSIPRED. However, the P4AN spectra quickly
became indistinct due to a lack of strong, regular hydrophilic interactions such as hydrogen
bonding or salt bridging. Hydrophobicity was high in P4-AN, but the other hydrophilic residues
were irregular in structure and in dipole strength, so side chain-side chain bonds and side chain-
backbone bonds were unable to outcompete solvent-amino acid interactions, i.e. dissolution
occurred. Some assembly progressed for PAAN peptides upon drying, but tapes were thin and

required drying for intramolecular interactions to dominate other interactions (Figure 2.2.8a).

All My mixtures (Figure 2.1.2b, d, and f) showed increase in  sheet formation, which
was observed as a loss of a helix absorbance at 1650 cm™ relative to lower frequency B sheet

vibrations. The most dramatic changes occurred between 4 hours and 240 hours for P4:My
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(Figure 2.1.2b) and P7:My (Figure 2.1.2f). P4:My developed from equal amounts of o and
structures to mostly B sheet structure. This is most likely due to a slow, progressive unfolding
and cooperative aggregation of the larger, more stable My adder protein. In the dried fibers, very
little o helix seems to remain (Figure 2.1.6 and Figure 2.2.7). The Amide | absorbance showed a

progressive increase in the 1628 cm™ absorbance and the appearance of a shoulder at 1606 cm™

Thus, B sheet aggregation occurred but there was more low strand density  sheet than high
strand density 3 sheet. However, P7:My retained mostly o helical structure. This tendency
seemed due to dominance by My, which was in stark contrast to the high initial p sheet content
of the template spectra. P7 appeared to exclude bonding with My in preference for template-
template interactions. By self-assembly in solution, P7:My developed a degree of [ sheet
structure, which was retained upon drying. P4-AN:My was relatively unchanged throughout

incubation, except for fluctuations which might have indicated local rearrangements or

intermediate structures.
2.1.3.2 Amide Il

The peak width of the Amide Il vibration, centered near 1550 cm™, was found to increase
significantly for certain liquid mixtures as aggregation proceeded (Figure 2.1.3). The mixtures
were strong fibril formers (P4:My, P4-AN:My, P7:My, Gd20KK:My, and CB4:My) and showed
a strong linear increase in the Amide Il FWHH over the entire time of observation (up to 35
days). The only pure peptide to display similar behavior was P7 (Figure 2.1.3b). Good linear fits
were obtained for those six species for long time incubations, as shown below. Additional

species are shown in A.3. The best fits were obtained for My mixtures with amphiphilic
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sequences, while much lower R? values were obtained for CB4 and Gd20KK. This indicated that
FWHH increase may require some degree of amphiphilic patterning. P4 and P4-AN had similar
GRAVY scores to CB4, so hydrophobicity could not be implicated in FWHH increase. The

linear fits of FWHH vs. time may be used for prediction of aggregation progress.

P4-AN:My had sufficient template hydrophobicity to assemble with My via the
cooperative mechanism. These mixtures formed fibrils with a surprisingly high elastic modulus
(Figure 2.2.9). Nanoindentation results confirmed that Q blocks were not necessary for strong
intermolecular interactions and cooperative fibril formation. Higher FWHH may be a simple

consequence of high 3 sheet character, or it could be due to increased conformational
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Figure 2.1.3. Amide Il FWHH. This peak showed a strong increase especially in aggregation over long
times. Samples are @ P7, (1 P7:My, O P4:My, <> P4-AN:My, [J CB4:My, B Gd20KK:My. In long time
trials (b), relatively good linear fits allow prediction of FWHH based on aggregation progress. For P7,
FWHH = 60.0 + 0.016 t (r°=0.89); for P7:My, FWHH = 46.5 + 0.013 t (r’=0.86); for P4:My, FWHH =
56.6 + 0.0095 t (r* = 0.73); for P4-AN:My, FWHH = 57.3 + 0.016 t (r>=0.91); for CB4:My, FWHH = 41.0
+ 0.013 t (r’=0.31); and for Gd20KK:My, FWHH = 42.9 + 0.018 t (r>=0.22). In short time trials (a), a
smaller slope is apparent compared to long time trials (b). For short time line fits, P7 FWHH = 55.9 +
0.039 t (r* = 0.81); P4:My FWHH = 53.0 + 0.019 t (r* = 0.33); and P4-AN:My FWHH = 55.2 + 0.01 t (r?
= 0.40).
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flexibility.**® The assembly process is a flux of molecules toward a thermodynamically
favorable structure, which requires breaking less favorable interactions with solvent molecules
and between amino acid side chains and sequestration of hydrophobic groups in order to
overcome the unfavorable entropy of the ordered structure. The assembly process may be

characterized by vibrational heterogeneity, at least while fibers are not yet in equilibrium.
2.1.3.3 Hydrophobic Packing

CB4:My mixtures showed hydrophobic packing, which appeared as an increase in the ratio of
symmetric to asymmetric methyl deformation vibrations, & (CHs),sym/d (CH3) asym (Figure 2.1.4).
Gd20KK:My showed a very strong increase in hydrophobic packing during incubation, which
was evidence of an increase in favorable enthalpy of  sheets. Conformational changes were not
as pronounced as hydrophobic packing of these systems. The final product of hydrophobic

packing interactions was shown in the dried fibers.
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Figure 2.1.4. CB4:My O and Gd20KK:My M showed strong hydrophobic packing as assembly
proceeded. Both templates had a high degree of aliphatic amino acid side chains in their sequence, which
were distributed randomly, which meant that there was a higher likelihood of packing between each beta
strand, compared to the amphiphilic patterned sequences of the synthetic peptides.
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Synthetic protein mixtures did not show nearly as much gain in hydrophobic packing as
Gd20KK and CB4 systems, except for P4-AN (Figure 2.1.5, right ordinate). Although P4 and
P4-AN had identical hydrophobic amino acid content and arrangement, P4-AN showed 7-fold
hydrophobic packing increase while P4 showed almost no change. This indicated that the
hydrophilic region had a large effect on folding in P4-AN. The Q-Q hydrogen bonds of P4
interacted mainly with each other, while the hydrophilic amino acids of P4-AN seemed to assist
in hydrophobic sequestering and hence packing, perhaps by interacting with solvent molecules to
exclude them from hydrophobic blocks. The difference in hydrophobic packing could indicate
an important role for polar hydrogen bonds in stabilizing the outer structure while hydrophobic
interactions stabilized the core. However, without the regular structure of Q-Q hydrogen
bonding, P4-AN was greatly affected by the variability of the amino acids in its hydrophilic

region, which led to a large variability in the hydrophobic packing peak intensities.
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Figure 2.1.5. Hydrophaobic packing of P4 @, P4:My O, P7 B, P7:My [, and P4-AN:My <> (plotted on
the left ordinate) and hydrophobic packing of P4-AN @ (plotted on the right ordinate). Although most
mixtures showed developments between 0.3 and 1, P4-AN showed much higher values, but with much
higher variability, perhaps due to high tendency of charged stabilizing side chains to rearrange. P4-
AN:My shows asymmetric packing dominance after 200 hours, showing the impact of non-Q amphiphilic
residues on packing.
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The hydrophobic packing behavior of P4-AN:My showed a large initial jump in packing,
presumably as B sheets formed to exclude water from hydrophobic regions. Interestingly, P4-
AN:My showed a decrease in hydrophobic packing after 200 hours of assembly progress, which
meant that self-assembly of cooperatively templated structures proceeded differently in systems
without Q. Asymmetric bending, ie. the side-to-side deformation, may have been more important

in packing rearrangements that occurred as PAAN:My fibers assembled.
2.1.3.4 Fingerprint Region

The region containing vibrations associated with single bonds occurs at lower frequency due to
the lower energy of their dipole transitions.'' In both P7 and P7:My, aggregation progress
occurred simultaneously with an increase in the intensity of a band at 1315 cm™ (Figure 2.1.2¢
and f). That vibration was probably due to skeletal wagging or rocking of glutamine-associated
methylene groups, y4(CH,),!" perhaps as a counter to movement of carbon-carbon stretching
during rearrangement of Q residues to achieve optimal hydrogen bonding. However, P7:My had
additional absorbances that correlated with self-assembly progress at 1417 cm™ corresponding to
methylene deformations, 8(CH,).>* That was likely another indicator of hydrophobic packing of
neighboring carbon skeletons, which could have involved all amino acids in P7 and My. A
vibration at 1250 cm™ decreased with aggregation, which might correspond to 8(CH),** which
indicates decreased tertiary carbon movement as beta sheets form and stabilize. This was
probably due primarily to aggregation in the main chain. In P4-AN, vibrations at 1339 cm™
increased with time. P4-AN:My showed a similar vibration at 1349 cm™. This vibration may
have been due to histidine (H) ring stretching due to packing or interactions.** P4-AN:My also

showed B-sheet aggregation at all times with a progressive shifting of the 1400 cm™ absorbance
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to 1410 cm™ with time, and a concurrent loss of the 1365 cm™ absorbance. The 1400 cm™
absorbance was assigned to vs(COQ") and the behavior would indicate ionic bonding through
glutamic acid (E) on P4-AN.***® Absorbances from and NH*" deformation vibrations were also
expected for salt bridging with charged lysine residues, but their loci at 1525 cm™ (asymmetric)
and 1625 cm™ (symmetric) overlapped with the stronger Amide I and Amide II vibrations.**

2.1.3.5 Dried Aggregate Spectra

The greatest changes in absorbance occurred between the incubating solution and dried fiber.
Dried P7 showed greatly reduced CH and CHj absorbances at 1400-1300 cm™ relative to 1200
cm” and 1130 cm™ absorbances, and a new absorbance appeared at 1180 cm™ (Figure 2.1.6d).
Dried P7:My had reduced absorbance at 1315 cm™ and 1250 cm™ relative to those at 1200 cm™
and 1145 cm™ (Figure 2.1.6k). For both P4-AN and P4-AN:My, all absorbances were greatly
reduced relative to those at 1200 cm™ and 1140 cm™ and a new absorbance appeared at 1180 cm’
! (Figure 2.1.6f and n). P4-AN did not contain Q therefore the new absorbance at 1180 cm™
observed in P4-AN, P7, and P4 was assigned to CH deformations. All dried, My-containing
mixtures showed a dominant, new absorbance at 1200 cm™, which was most likely the C,-C
stretch, shifted down in frequency due to strong hydrogen bonding which lowered the restoring
force of the stretch.>** Although this stretching vibration occurred in all dried mixtures, it was
only developed in the My mixtures upon drying. This vibration probably indicated a degree of
tension between the backbone and side chains, which may be a result of packing to accommodate
the aggregated amyloid structure. Varying degrees of torsion are shown in SEM images of
twisted dried fibers (Figure 2.2.4 - Figure 2.2.8). For My mixtures, drying appeared to be an

important part of the cooperative aggregation process. The templating mechanism was supported
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by the presence of the fingerprint region vibrations in the synthetic peptides before the drying
process, at the end of their self-assembly in solution. Templates were self-assembled by this time
in the twisted, aggregated conformation. However, in solution, My was recruited by these

templates but could not fully assemble to them without an additional thermodynamic input,
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Figure 2.1.6. Dried (blue) and liquid (red) FTIR spectra show large changes occurred during drying of
aggregates. Shown are P4 day 35 (a), P4 dried (b), P7 day 35 (c), P7 dried (d), P4-AN day 20 (e), P4-AN
dried (f), P4:My day 35 (g), P4:My dried (h), P7:My day 35 (j), P7:My dried (k), P4-AN:My day 20(m),
and P4-AN:My dried (n). Upon drying, the intensity of absorbances increased greatly in the fingerprint
region. This was a new development for My-containing mixtures, which indicated that drying was
necessary to complete self-assembly with the cooperative mechanism.

which occurred during drying. Gd20KK:My and CB4:My showed less distinct changes in drying

(Figure 2.1.7). Fingerprint region vibrations were reduced relative to the vibration near 1400 cm’
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! This could indicate dominance of the asymmetric methyl vibration, which might imply that the
geometry of inter-sheet hydrophobic interactions were in a head-to-head configuration once

solvent was excluded.

Changes in Amide | and Amide Il in drying were also distinct. P7 retained a distinct high
density B peak showing Q-Q hydrogen bonding at 1603 cm™, which was a few wavenumbers
lower than the solution spectra (Figure 2.1.6¢ and d). Both Q-containing templates P4 and P7 had
a distinct peak at 1660 cm™ that most likely corresponded to an organized structure, such as B

turn. Typically, B turns are located at higher wavenumber but are likely involved in a number of
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Figure 2.1.7 Dried (blue) and solution (red) FTIR spectra show less distinct changes upon drying of (a)
CB4:My and (b) Gd20KK:My. Most likely, solvent exclusion occurred in these systems prior to drying
because they lacked hydrophilic amino acid blocks. Hydrophobic packing changes showed the dominance
of the peak near 1400 cm™ upon drying relative to the peak at 1360 cm™.

noncovalent interactions that decrease the C=0 stretching frequency. Turns located at B sheet
edges were likely to be an important area for sheet-sheet packing and solvent exclusion. P4-AN

instead showed a flatter shoulder, but had an identical p sheet peak to P4 at 1623 cm™ (Figure
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2.1.6e). In P4:My and P7:My, the Amide | spectra showed a broader, intense vibration with a
center spanning from 1625 to 1650 cm™ (Figure 2.1.6h and k). Since the same absorption
appeared for assembled solution phase and dried phase, and there was no visible separation of
secondary structural vibrations, it was inferred that a single conformation dominated, such as the
twisted 3 sheet. As in the case of the coiled coil quaternary structure described previously, the
effect of torsion and packing could have caused some atypical bands to appear. Amide Il also
showed a nearly identical intensity, shape, and position in liquid and dry samples. This indicated
that the influence of Q-related hydrogen bonding on the peptide bond conformation was similar
in P4 and P7. This was reflected in nearly identical nanoindentation results (Figure 2.2.9). This
result also implied that the FTIR spectra in Amide | did not adequately convey the differences in
length of Q block that were seen in the dried morphology. P4:My and P7:My may have
assembled fibers that had similar chemical properties, but their differing morphologies points to
factors other than secondary structural arrangements, such as the geometry of the final template-
adder aggregate.

2.1.4 Conclusions
2.1.4.1 Influence of Glutamine

The highest Q-containing templates (P7) had very distinct 8 sheets which split into low and high
strand density absorbances. Higher strand density absorbances were coincident with P7
crystallization from strong Q-Q hydrogen bonding, which caused the peaks to shift to lower
wavenumber. When myoglobin was present with the P7 template, little o to B transition
occurred, so the high glutamine peptide showed a preference for self-binding rather than with

myoglobin. P7 was thus not effective as a template. A low level of glutamine in some unordered
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templates was insufficient for amyloid development. CB4 and Gd20KK peptides with low levels
of Q formed B sheets, but this is common among many proteins in water. At a higher level of Q
in P4 (40%), templates did not form amyloids, losing B sheet structure over time, presumably

due to hydrogen bonding with water.
2.1.4.2 Influence of Myoglobin

Myoglobin lent unstable templates Gd20KK, P4, and P4-AN a degree of water-stability that led
to self-assembly via cooperative binding, which was shown in the a = B transition. In the
absence of myoglobin, this transition occurred only for templates that had a high potential for Q-
Q hydrogen bonds. Some mixtures showed evidence for unaggregated myoglobin in their FTIR
spectra, which appeared as a residual peak at 1650 cm™. The presence of myoglobin in
association with templates caused torsion in final dried structures, shown in a new C,-C stretch

in the dried aggregate.
2.1.4.3 Influence of Hydrophobicity

Template sequence affected changes in the hydrophobic packing ratio the most in the myoglobin
mixtures. The least hydrophobic template P7 had the smallest hydrophobic packing increase,
while all others showed that symmetric vibrations were favored over asymmetric. That meant
that hydrophobic packing was a good indicator of aggregate core packing in proteins that were

less solution-stable.

In pure synthetic templates, hydrophobicity caused unfolding in myoglobin at quantities
which correlated with hydrophobic amino acid content in the template. Loss of o helix was

instant in P4:My and P4-AN:My, which had templates of high hydrophobicity, while in P7:My,
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myoglobin unfolding was somewhat slower. Myoglobin unfolding was an important prerequisite
for cooperative assembly. However, in Gd20KK and CB4 mixtures with randomly patterned
templates, myoglobin was less well-recruited to the aggregate, which was shown in the lack of
strong o = B transitions. The importance of hydrophobic patterning was seen in P4-AN:My,
which had a distinct hydrophobic packing decrease after 200 hours but strong fiber morphology.
In P4-AN, the hydrophilic portions of the pattern varied in size and charge, so hydrophobic

packing favored asymmetric vibrations, perhaps due to a larger inter-B sheet distance in water.

2.2 Characterization of Morphology and Elastic Strength of Cast and Dried Templated
Amyloid Fibers using Atomic Force Microscopy, Scanning Electron Microscopy and

Nanoindentation

2.2.1 Introduction

2.2.1.1 Atomic Force Microscopy

Atomic force microscopy is used in characterization of protein morphology. This instrument
generates a three-dimensional image of the protein using cantilever interactions with a biological
surface. Thin films of experimental protein aggregate solutions were observed during fiber
assembly using two scanning modes: contact mode and tapping mode. Contact mode is based on
adjustment of the force resulting from the interaction between the cantilever and surface to a set
point at which the tip of the cantilever stays pressed to the surface. A map of height information
is derived from deflection of the cantilever as the force changes, which records the topology of

an area limited to 100um x 100um. Such changes in the cantilever are sensed through a force
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transducer, results in feedback adjustment of the cantilever position through a piezoelectric
element. The measured force from cantilever displacement can also be used in material property
determination.® Lateral twisting due to specific material sensitivity to deformation or texture
may also be detected using piezoelectric elements in the x and y directions.** When operated in
tapping mode, the cantilever tip oscillates just above the surface in contact with the sample force
field, i.e. attraction due to a contamination layer, condensation, or charge. Tapping mode applies
a smaller force to the sample surface, which is critical for soft samples that may be damaged,
compressed or detached.”" When used with the protein systems studied, tapping mode had
excellent resolution while minimizing sample damage and artifacts, which were observed in

contact mode. Probe-sample force may also be reduced by operating in a hydrated environment.

We have previously observed the self-assembly of large amyloid fibers, i.e., on the
micron scale, to be a hierarchical process beginning at the protein molecule level. AFM was
used to observe the hierarchy as a function of self-assembly time. The hierarchical process was
observed in four steps where 1) protein molecules formed 10-30 nm protofibrils, 2) protofibrils
aggregated into 100-200 nm fibrils, 3) fibrils aggregated into 400-800 nm large fibrils, and 4)
large fibrils aggregated into 10-20 um fibers.*> AFM makes it possible to measure structures in
steps 1-3. Fiber morphology and dimensions such as length, width, and pitch (if twisted) can be
measured in AFM and used to quantitatively describe fiber structure. For instance, protofibril,
fibril, and large fibril width are especially important in characterizing how each fits into the
hierarchy observed in large amyloid fibers.**** Other measures such as persistence length can
indicate material stiffness and short-range axial interactions of the protein polymer, effectively

expressing the energy needed to bend the fibril.***> Persistence length correlates with assembly
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progress and high beta content.*®
2.2.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique used to image assembled structures on a
larger scale, i.e. um-mm. In this technique, samples are placed in a vacuum where a 1-20 kilo-
electron volt accelerated electron beam sweeps in a rectangular raster pattern, interacting with
the fibers to a depth of ~10nm. This energy beam generates a wide variety of detectable
radiation.*’ In Field Emission SEM (FESEM), secondary electrons are detected and interpreted
by an energy-dispersive X-ray detector and software. FESEM provides a large depth of field,
which is more ideal for three-dimensional, low-moisture structures like fibers. Organic
degradation is a common issue in electron microscopy of organic samples, so fibrous samples are
exposed to lower energy electron beams and are coated with conductive, metallic coating to
prevent charging.*’ Final, micron-sized fibers achieved in step 4 were imaged in FESEM. Similar

measurements of fiber features can be made using software, as in AFM.
2.2.1.3 Nanoindentation

Nanoindentation is used to measure the physical properties of very small protein fibers that
cannot be tested using macroscopic tensile or shear equipment. In nanoindentation, small
samples are indented with a conical or pyramidal diamond tip where the tip dimension is on the
order of 100 nm. The tip is pressed into the sample and the total force (F) on the tip is measured
as a function of tip displacement (). The force on the indenter includes repulsive force and any
collapse that occurs, on loading and unloading. Many indentation measurements of the

background substance and locations in the material are made as a screening process so that the
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sample can be identified by force-distance curve alone. Distinguishing the surface topography
using indentation is important because indentation trials of the background or even the edge of a
fiber can be misleading or can wrongly characterize the fiber. The elastic stiffness, or Young’s
Modulus, can be found from the F-5 curve. Stiffness of amyloids is important because their high

modulus may explain the persistence of aggregates observed in disease states.***

The equation used to calculate the fiber elastic modulus from nanoindentation trials was
derived by Oliver and Pharr,*® based on Hertz’s studies of contact deformation mechanics. The
reduced Young’s modulus E, is expressed as a function of the measured stiffness S and tip-
sample contact area A (Equation 2). Contact area differs by tip shape, but a 90° conical tip was
used for the present studies. For this tip shape, the area is a function of ¢ (Equation 3). Reduced
modulus is related to the modulus of the tip E; and modulus of the sample Es by the Poisson’s
ratios, v; and vs, respectively (Equation 4). Poisson’s ratio indicates the change in volume on
extension of a material body. The tip used was rated at a modulus of 1140 GPa and a Poisson’s
ratio of 0.07, which means there was almost no lateral contraction exhibited upon elongation. An
assumed Poisson’s ratio of 0.3 was used for vs, based on use in other amyloid studies and in

typical polymers.>*
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Young’s modulus may also be measured by peak force loading using atomic force
microscopy, which has the advantage of measuring aggregates that have not gone through
complete assembly by drying.*® Atomic force microscopy was used in the present study for
surface imaging, but future work using the cantilever for force measurements will enable more
accurate linking of surface topography to surface hardness and elasticity. Though fibers were
measured at their most assembled and presumably most suitable state for industrial material
applications, materials property progression from oligomer to protofibril and the dried product

are of interest and may be simulated.®® Such simulation was outside the scope of this work.
2.2.2 Experimental
2.2.2.1 Sample Preparation

Every 10 days, 50 uL of vortexed solution was spin coated onto freshly cleaved mica discs for 1
minute at 4000 rpm and AFM imaging performed. At the end of 20-35 days incubation, liquid
mixtures were dried at room temperature on Teflon®-coated aluminum foil in a fume hood.
Dried fibers were extracted using a stereoscope, fixed to aluminum specimen mounts with

double-sided tape, and sputter-coated with gold-palladium for 40 seconds prior to SEM imaging.
2.2.2.2 Atomic Force Microscopy

Images of the deflection, lateral, and topographical surface signals were obtained using an
Innova AFM (Bruker, Santa Barbara, CA) in contact mode with a 1-10 Q-cm Phosphorus doped
Silicon tip, or in tapping mode with a 0.01-0.025 © -cm Antimony (n) doped Silicon tip (Veeco
Instruments, Inc., Plainview, NY). Final scans were performed at a rate of 0.1 Hz and a scan

density of 512 scans per image. Image processing was performed using NanoScope Analysis
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software VV1.40 (Bruker). Images were fit to a 2" order plane prior to surface profile image
capture using the contact mode deflection signal or tapping mode phase and amplitude signals. 3-
dimensional images and tangential surface slice measurements were generated using

topographical signal images.
2.2.2.3 SEM Imaging

Scanning electron micrographs were generated using a LEO 1550 field-emission scanning
electron microscope (Zeiss, Peabody, MA). An accelerating voltage of 5 kV with a working
distance of 12 mm and In-Lens SE Detector were used. Images were evaluated and analysis
performed by measuring fiber dimensions to scale using ImageJ v1.46r software (National
Institutes of Health, Bethesda, MD). JMP statistical software was used for data analysis (SAS

Institute Inc., Cary, NC).
2.2.2.4 Nanoindentation

Indentation experiments were performed on final, dried micron-sized fibers at room temperature
and humidity 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. Loading direction was normal to the fiber axis. Fiber elastic (Young's)
modulus, E, was determined as previously reported from an average of 19, 14, 18, 18, 13, and 13
indents (for P4, P4:My, P7, P7:My, P4AN, and P4AN:My, respectively) that fit the expected F-5

curve.”® All raw measurements are presented in Table D.2 - Table D.7 for reference.

2.2.3 Results and Discussion
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2.2.3.1 AFM Images

Although it has been used successfully with other systems, AFM captured solution phase fibers
for only some mixtures in the present experiments. This was probably due to the reported
dependence on drying for full fiber assembly. P7 showed anisotropic structures to a much larger
extent than P4 (Figure 2.2.1). No other protein systems showed these structures so they were
ascribed to extensive crystallization through Q-Q bonding. These structures also showed a high
degree of twist in SEM (Figure 2.2.6). Crystalline P7 structures showed a resistance to breakage
evident in the very long length of SEM fibers. At the end of a 20 day incubation, Q-free P4-AN
showed some oligomers, but no fibrils (Figure 2.2.2). The lack of amyloid fibrillation seen in

AFM was also evident in a lack of P4-AN Amide | development in FTIR spectra (Figure 2.1.2).

Fibril-like structures were observed in My-containing mixtures only that were the result

Figure 2.2.1. Tapping height images of P7 showed crystallization after 20 days incubation due to extreme
self-association of Q blocks. The Q blocks of P7 had the potential for noncovalent interactions in both
lateral and vertical directions due to propionamide side chain hydrogen bonding with the protein
backbone and other side chains. P4 shows similar structures but to a lesser extent.
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Figure 2.2.2. Tapping mode height image of P4-AN after 20 days incubation. Only oligomers formed
from self-templating, which confirmed FTIR results that showed that the water-stability of My was
needed for further P4-AN assembly.

Figure 2.2.3 AFM scans in tapping mode. These images show that two contamination-related
morphologies found in the same P4-AN:My sample that are easily distinguishable from the straight
fibrillar aggregates typical of rigid amyloids. (a) and (b) show rigid fibers on a larger and smaller scale
that are most likely amyloid. Also present were rod-shaped microbes dividing (c) and singular (d), both in
the presence of smaller, helical flagella. These images show a similar structure to (e), which is most likely
a separated flagellum.
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of microbial contamination (Figure 2.2.3). These structures showed two morphologies: the first
resembled the short, thick cell bodies which were attached end to end, as in reproducing E. Coli
(Figure 2.2.3c),%? and the second resembled thinner, helical flagella (Figure 2.2.3d and e).>
Flagella may have been present without the cell body due to shear from vortexing of samples
prior to loading in FTIR. These fibril-like structures represent a false positive because
dimensions measured in AFM scans were similar to literature values for E. Coli and flagella.>**
Such structures were thus excluded from analysis of amyloid fibril properties and dimensions.

However, the presence of microbes highlights an important factor in such protein aggregation

experiments.

An excess of proteins can support the growth of biological organisms.®® The organisms
that grow in these settings may produce anisotropic structures as a part of their normal growth
processes, but since the solution conditions provide very low nutrients, some of their normal
processes may be altered.®” The proteins used in the present experiments show a degree of
digestibility by yeast in vivo, mammalian reticulocytes in vitro, and E. Coli in vivo, as

determined by convention using the N-terminal amino acid, which is a part of the EXPASy server

Table 2.2.1 Summary of protein half-life indicated contamination was likely. However, it was observed
primarily in My-containing systems.

Half life (hours)
Protein Mammalian .
Yeast Reticulocytes E. Coli
Myoglobin >20 30 >10
P4 0.05 55 0.03
P7 0.17 0.8 10
P4-AN 0.05 55 0.03
CB4 >20 1.9 >10
Gd20KK >20 30 >10

analysis tools.”® Although the half-life of My was longer than most of the peptides, solutions
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contained a much larger mass of My due to its large molecular weight, and so mixtures were

therefore more likely to provide nutrition to microbes.

Although microbial growth made definitive detection of fibrils more challenging in the
present template-adder systems, microbes can coexist without issue in fiber-producing systems.
Microbes are used in recombinant bacterial expression systems to produce amyloid-forming
proteins in vivo. In related preliminary research, we have observed fiber formation from proteins
expressed in recombinant bacteria. Bacteria were seen to attach to these fibers without disruption
of structure (in preparation). Though bacteria are integral to such expressed protein systems, the
fibers that can form are very large, dwarfing the microbes and their nanostructures. Fiber
formation is hence distinguishable by size of the structure. Microbes were not observed to

interfere with fiber formation, either imaged in SEM and AFM, or in FTIR.

2.2.3.2 SEM

We did not observe a hierarchical self-assembly in our two component protein mixtures
as we did with hydrolyzed gliadin (multi-protein) template and pure protein adder systems.
However, intermolecular interactions did occur in all systems, albeit different ones depending on
protein amino acid composition. Thus, solvent loss seemed important in final, large-scale
aggregation. The drying process involves diffusion of solvent through inner fiber layers toward
the surface, where it evaporates. As solvent is excluded from the center of the structure, tighter
packing of interior hydrophobic groups can occur at the same time that all hydrogen bond donor
and acceptors groups have an enthalpic impetus to find a suitable acceptor or donor in the protein
material remaining. After the liquid is gone, polymer rearrangement in air is minimal, but during

evaporation, recruitment of free template and adder myoglobin to the elongating polymer is
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favored because it provides beneficial enthalpic linkages to replace any lost interactions with
water. Entropic barriers to aggregation depend on the specific sequences and their structural

preferences.

The present work was motivated by initial observations of micron-sized fiber formation
in tryptic hydrolysates of wheat gluten.>® Hydrolyzed WG peptides consistently displayed round,
micron-sized fibers with a high strand density -sheet secondary structure. This was interesting
because other studies on B-sheet formation in proteins and peptides displayed only nanometer-
sized fibril formation. Initially, it was hypothesized that a component of the hydrolyzed protein
mixture was responsible for fiber formation because unhydrolyzed WG at pH 8 and 37°C would
not spontaneously form [-sheet fibrils or fibers. However, WG has been shown to form fibrils
under severe denaturing conditions, consistent with many other studies on amyloid fibril
formation in the literature.®®®> The current understanding of amyloid fibril formation is that
fibrils form through main chain interactions that are independent of the amino acid sequence.®®
Accumulating evidence suggests that virtually any protein 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 protein and allowing main chain interactions to dominate.
Therefore, the same trypsin hydrolysis experiments were carried out on the gliadin and glutenin
components of WG. Gliadin displayed strong 3-sheet formation as evidenced by XRD and FT-IR
while glutenin did not.>® Hydrolyzed Gd also formed micron-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
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low molecular weight glutenin subunit (GtL75) to have a high propensity for -sheet formation
as determined by multiple prediction algorithms.®® In hydrolyzed WG, the mole fraction of
Gd:GtL was 0.51:0.49. All 3 proteins had high a-helix content but Gd20 was considered
hydrophobic (positive GRAVY) compared to Gd46 and GtL75, which were considered

hydrophilic (negative GRAVY, Table 2.2.2). o to p measured by FTIR spectroscopy were

observed in hydrolyzed WG solutions that formed fibers.?**
Table 2.2.2 Properties of peptides and proteins.

Protein | (%) #aa MW Al GRAVY pl - (%) +(%) TANGO
Gd20 85 20 2060 171.0 1.820 9.4 0.0 5.0 1477
Gd46 87 46 5422 108.0 -0.328 6.4 4.3 2.2 207
GtL75 a7 75 8465 89.7 -0.668 5.4 2.7 1.3 771
My 76 154 17083 88.8 -0.381 7.2 13.6 13.6 624
Am 25 512 58549 69.6 -0.607 6.3 12.1 10.6 N/A

o is % o-helix; # aa is number of amino acids; MW is molecular weight in g/mol; Al is aliphatic
index; GRAVY s grand average of hydropathicity; pl is isoelectric point; -, + is percentage of

negative and positive amino acids, respectively; TANGO is a measure of 3-sheet potential.

Replacing glutenin with My or amylase (Am) affected the o to 8 transition, hydrophobic
packing absorbances 6s(CH3) and 8.5(CH3), and fiber morphology. The observed changes offered
insight into the multiple protein 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 charge at pH 8, and it has been shown that proteins require a large percentage of
charged amino acids to self-assemble based on this mechanism.”®® In addition, not all protein
mixtures displayed a charge mismatch. B-sheet formation was approximately equal to o-helix

loss in the protein secondary structure indicating an o to B transition was important in forming
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elementary units prior to fiber formation. Indeed, a-helical peptides have been shown to undergo
o to P transitions more readily on hydrophobic surfaces.®®’® Pure My had no conformation
change and displayed no aggregation on any scale at the experimental conditions although it can
at more severe denaturing conditions. From this previous work, Gd20KK was hypothesized as
the primary template and two lysines were added to increase solubility. My was maintained as a
strong adder protein that resisted conformation change at pH 8 and 37°C unless it was in the
presence of a template. Here, the effect of template hydrophobicity and glutamine content is

studied to complement the previous work on changing the adder protein properties.

In this previous work, correlation between adder protein glutamine content and twist in
micron-sized fibers was also observed. For instance, hydrolyzed Gt proteins contained large
segments of Q-blocks. Hydrolyzed Gt would not undergo conformation change or self-assemble
into large fibers by itself.>® But WG (or a combination of hydrolyzed Gd, GtL, and GtH proteins)
would undergo large conformation change and self-assemble into perfectly cylindrical fibers.
Replacing the Gt components with My again showed conformation change. However, My
contained no Q-blocks and the resulting micron-sized self-assembled structure had a rectangular
cross-sectional area referred to as a “tape”. It was shown that twisting of the self-assembling
structure was achieved through enhanced Q-Q bonding in Gt proteins to produce a cylinder. In
the absence of Q-Q bonding, Gd:My systems self-assembled solely through hydrophobic
interactions at scales higher than the hydrogen-bonded B-sheet to produce the untwisted, flat

tape. In the present work, CB4 produced tapes that curled at the edges (Figure 2.2.4a) and
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Figure 2.2.4. SEM images of CB4 at 500x (a) and CB4:My at 1000x (b). These mixtures formed
irregular, twisted fibrils upon drying.

CB4:My produced flat tapes with some twist (Figure 2.2.4b). CB4 had 13% Q content but it did
not seem to be enough to twist the structure but simply curl it. Myoglobin contained 4% Q
without any Q-blocks. The twist in the CB4:My tapes may have been due to Q-Q bonding
between the peptide and protein. An irregular CB4 and CB4:My fiber structure in SEM most
likely resulted from the irregular distribution of Q and lack of repeats in the template or adder,
which limited the Q-Q hydrogen bonding and close packing that was possible with larger Q
blocks. Twisting was obviously still necessary for fiber stability, though fiber twisting appears to

be both more regular and of a higher pitch in the mixture with My (Figure 2.2.4b). In one-way

Figure 2.2.5. SEM images of Gd20KK:My at 1000x (a) and at 10,000x (b). These mixtures formed
twisted tapes on drying.
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analysis of variance of the measured dimensions, differences in pitch between all protein
solutions studied were found to be significant (p=0.004), which provides additional evidence of

the importance of the twisting morphology to Q-containing proteins (Table C.1).

Gd20KK formed tapes only in the presence of My (Figure 2.2.5). This peptide lacked Q
and was reliant upon the action of hydrophobicity in the cooperative mechanism to self-assemble
into larger structures. Gd20KK lacked both strong amino acid side chain hydrogen bonding and a
regular repeating structure and could not form highly organized aggregates alone (Figure 2.2.5).

This was also seen in a lack of Amide | development (Figure 2.1.1c).

P7 peptides with Q blocks 7 amino acids long self-assembled into an extremely twisted

tape (Figure 2.2.6). In an amyloid tape, the flat part of the tape consists of protein strands

Figure 2.2.6. SEM images of P7 tapes at 762x (a) and 15,430x (b). This template showed a high degree
of twisting due to the influence of Q-Q hydrogen bonding. The extremely coiled structure, long length,
and high modulus (Figure 2.2.9) support the conclusion of a high degree of intermolecular interaction.

connected by hairpin turns or assembled as stacked monomers. The glutamine regime of the

template protein may correspond directly to one strand in a B hairpin-like motif constituting the
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tape.”* Since hydrophobic residues are also important to fiber assembly, the configuration of
synthetic peptides in a plausible tape would be Q block side chains facing solvent and
hydrophobic amino acids on the interior, as in the model proposed by Aggeli et al.**">" In the
P4 and P4-AN templates, each peptide would fold into segments of four, while in the P7
template, each peptide would fold into two segments of 7 Q residues and one segment of 6
hydrophobic residues. Interestingly, tape thickness followed the same pattern only for the My
mixtures. That indicated that the number of layers of assembled (3 sheet depended on the
presence of the adder protein to stack and overcome twisting. However, a smaller thickness was
associated with a higher Q content, so hydrogen bonding was important to providing a
counterbalance to torsion forces. P7:My fibers also had some degree of twist, but were
amorphous, showing less core packing in their FTIR spectra and in the elastic modulus. A

multiple comparisons test between mean pitch of synthetic peptides and mean pitch of My-

Table 2.2.3. Summary of morphological properties measured from FESEM pictures. Dimensions are
reported as measured previously.?® No Gd20KK fibers formed, so no measurements were reported.

isiure Th(fgk;?]}ss Fi\t;sr(:/lvni]c)ith Fi}tl)?(rMFr’Ti]t)ch Fibréln g:;m d Fibri(lnprmri]t)ch hy I:/I?(;‘(IEL] ?22;;
GU20KK:My | 101429  187+46 529+167 479.9+1210 5781+1985 161426
CcB4 169+13  169+13 444+444 27234406 36444511 13220
CB4:My 11.9+75  173+21 501474 33124542 44824981  28.0+198
P4 78404 3114124 1327+398 5445+3055 12475+5525  116+17
P4:My 84+03  180+30 1785+55 3283+818 16183+43L7 164422
p7 59+08 154420 11214520 603.3+1368  8333+956 212455
P7:My 80+48  194+56 5724215  468.9+918 1771.7+7769  163+4.1
P4AN 62+16  121+22 7834323 3725+1286 439241263 1444009
P4AN:My 131+50 315+126 922+27.9 19584628 23574904  22.9+66
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Figure 2.2.7. SEM images of P4:My at 7,570x (a) and P7:My at 6,800x (b). These mixtures formed fibers
of similar diameter, but that differed in twist due to higher Q content of the P7 template.

containing peptides showed that the P7 template had equal twist to its mixture with P7:My and

the P4:My mixture, but it differed from the P4 template, which had a larger pitch (Table C.2).

P4 peptides with Q blocks that were 4 amino acids long produced irregular tapes curled at
the edges. P4:My morphology was similar to P7:My in dimensions and elastic modulus, but with

less twist and a much longer pitch, which would be consistent with smaller Q-blocks

Figure 2.2.8. SEM images of P4-AN at 3,120x (a) and P4-AN:My at 2,120x (b). These mixtures showed
high twisting. However, the templated mixture showed a closing of the tape due to development of
complementary bonding between charged side chains localized to the interior face of the tape.
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(Table 2.2.3)."* Twisting could also occur from electrostatic repulsion, as was found in
experiments on B-lactoglobulin fibers at low and high ionic strength.” It has been shown that Q-
Q interactions in Q-blocks dominate over electrostatic repulsion to produce twist.?® Q-free P4-
AN had a neutral pl of ~7, giving it significantly less negative charge, which was expected to
lead to less repulsion and less twisting. However, P4-AN had a twisted morphology regardless of
no Q content, perhaps due to its amphiphilic sequence and water stability. Q-free P4-AN also
assembled cooperatively with My due to high hydrophobicity combined with amphiphilicity,

which lent it a degree of solvent stability and charge complementarity with the My sequence.
2.2.3.3 Nanoindentation

Pure peptides containing Q blocks had high elastic modulus, which was most likely a result of

their crystallinity (Figure 2.2.9). The magnitude of the modulus was much higher than that of
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Figure 2.2.9. Elastic moduli of fibers of pure peptides and mixtures. This shows that, in the case of P4 and
P7, the pure peptide was more rigid than the fibers from the mixture with My, almost by a factor of 2.
However, for P4-AN:My, the mixed fibers were more rigid than the pure peptide. Although crystallinity
due to a regular structure contributed to the high modulus of pure P4 and P7, the modulus of PAAN:My
was due to more electrostatic interactions between the proteins as seen in FTIR and fiber morphology.
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some crystalline amyloid fibrils and that of protofibrils observed during assembly progress, but
one to two orders of magnitude smaller than predicted values for fully assembled amyloid
fibers.”’" In P4:My and P7:My, the modulus was lower, correlating to diminished developments
modulus may be a result of amyloid stabilization due to specific side chain groups, as was found
during incubation. Although P4 and P7 were very effective at catalyzing the o to B transition in
My (Figure 2.1.2), without hydrophobic packing, amyloid fibrils could not form the
intermolecular interactions required for rigid mechanical properties. The magnitude of the
modulus for Q-containing peptide mixtures was lower than that of silks, but comparable to actin,
a-lactalbumin, aB-crystallin, some low-density plastics, and bovine hoof composites.**"®"® p4-
AN:My mixtures, on the other hand, showed a gain in function reflected in an almost doubled
modulus, similar to crystalline P4 and P7. Cucumber collagen had a similar modulus.®® A high in

other amyloid formers.* In this case, a higher modulus results from enhanced ionic interactions

between the proteins.
2.2.4 Conclusions

Similarities were observed in AFM and SEM regarding the extent of self-assembly,
especially in crystalline P7 but also in the tapes that formed for all myoglobin mixtures and for
some pure peptides. This was observed despite morphology and dimension differences in fibers
in AFM and SEM. Those discrepancies were thought to be due to the thermodynamic
acceleration that the drying process provided to fiber assembly. In P7, the cast solution and the
dry fiber had in common a very long length and high degree of torsion. This appeared to be a
direct result of high Q content, but was most likely also influenced by hydrophobic solvent

exclusion. However, there was a balance that was observed between the two types of side chain
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interactions. Crystallization tendency was higher for a larger block of glutamine repeats. The
structures formed by mixtures of myoglobin with glutamine-containing templates P4 and P7 had
smaller size and weaker intermolecular bonding compared to the structures from pure templates.
Myoglobin most likely provided many more amorphous regions in the fiber, which gave it
increased elasticity. It is also thought that template-template bonding likely had an excluding
effect on other proteins, which would prevent cooperative integration of myoglobin in the
assembling fiber. Templating was much more important in P4-AN:My fibers, which assembled
cooperatively to show a surprisingly high elastic modulus. Nanoindentation results confirmed
that Q blocks were not necessary for strong intermolecular interactions and cooperative fibril

formation.

Hydrophobic interactions were important for fiber growth via a cooperative mechanism
involving short peptides and My at near-physiological conditions. Hydrophobic packing
increased for most systems as aggregation progressed, but it did not always indicate fibrillar

structure in solution, though it was always associated with fibrillar structure upon drying.

The hydrophobic nature of myoglobin’s heme pocket makes it an ideal target for the
highly hydrophobic template peptides P4, P4-AN, CB4, and Gd20KK. An accession point for
templates is present in a hydrophilic edge in the heme pocket. Propionic groups from glutamic
acid are present at this locus, which makes it attractive to salt-bridging template side chains such
as in K% In this way, template-My interactions may replace native interactions of two critical
My propionic acid groups, allowing protein insertion, disruption of folding, and cooperative
assembly as an amyloid B structure. Highly conserved hydrophobic residues were identified as

possible nucleation points of My folding,®” so disruption of their structure could be responsible
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for whole-protein disruption and refolding. Many proteins share a similar structure, in the globin
family and in others, so this self-assembly process may be applied for a number of two-protein
mixtures with the potential to create an array of self-assembling fibers of differing geometries

and strengths.
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CHAPTER 3: Conclusions

The objectives of the present research were completed. It was determined that the major template
property affecting cooperative assembly of mixed protein systems was the hydrophobicity and
specific patterning of the template. The present research may be used in further work to explore
the factors governing recruitment of the large adder protein to amyloid structures. Many
economically competitive bulk proteins are available for this work, including the trypsin-
hydrolyzed fragments of wheat gluten. In addition, ionic interactions hypothesized to control Q-
free template interactions may be identified in more detail by varying solution pH during

assembly.

3.1 Major Impact of Hydrophobicity, Patterning

The presence of hydrophobic residues in the template sequence was important for
controlled hierarchical fiber growth via a cooperative mechanism involving template peptides
and My at near-physiological conditions. Template sequence affected changes in hydrophobic
packing the most in the My mixtures. Hydrophobic packing changes increased for most systems
as aggregation progressed, but it did not always indicate fibrillar structure in solution. However,
hydrophobic packing was always associated with fibrillar structure upon drying. The least
hydrophobic P7 had the smallest hydrophobic packing increase, while all others showed that
symmetric vibrations are favored over asymmetric. That meant that hydrophobic packing was a

good indicator of aggregate core packing in proteins that were less solution-stable.

In the pure synthetic templates, hydrophobicity caused unfolding in My at rates which

correlated with the quantity of hydrophobic residues in the template. My unfolding was an
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important prerequisite for cooperative assembly. However, in Gd20KK and CB4 mixtures with
randomly patterned templates, My was not well recruited to the aggregate, which was shown in
the lack of strong o = B transitions. The importance of hydrophobic patterning was shown in
P4-AN:My, which showed a distinct hydrophobic packing decrease after 200 hours but strong
fiber morphology. In P4-AN, the hydrophilic portions of the pattern were varied in size and
charge, so hydrophobic packing favored asymmetric packing, perhaps because of a larger inter-3

sheet distance in water.

Similarities were observed in AFM and SEM regarding the extent of self-assembly,
especially in crystalline P7 but also in the tapes that formed for all My mixtures and for some
pure peptides. This was observed despite morphology and dimension differences in fibers in
AFM and SEM due to the thermodynamic advantage that the drying process provided to
assembly. In P7, the cast solution and the dry fiber had in common a very long length and high
degree of torsion. This appeared to be a direct result of high Q content, but was likely influenced
by hydrophobic solvent exclusion. However, a balance that was observed between the two types
of side chain interactions. Crystallization tendency was higher for a larger block of glutamine
repeats. The structures formed by glutamine-containing proteins P4 and P7 lacked the size and
material properties found in the pure proteins, so template-template bonds likely excluded
cooperative integration of My. Templating was more important in P4-AN:My fibers, which
formed fibers with a surprisingly high elastic modulus. Nanoindentation results confirmed that Q

blocks were not necessary for strong intermolecular interactions and cooperative fibril formation.

The hydrophobic nature of the heme pocket of myoglobin makes it an ideal target for the

highly hydrophobic template peptides P4, P4-AN, CB4, and Gd20KK. An accession point for
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templates is present in a hydrophilic edge in the otherwise hydrophobic heme pocket of My.* In
this way, template-My interactions may replace native interactions of two critical My propionic
acid groups, allowing protein insertion, disruption of folding, and cooperative assembly as an
amyloid [ structure. Highly conserved hydrophobic residues were identified as possible
nucleation points of My folding,? so disruption of their structure could be responsible for whole-
protein disruption and refolding. Many proteins share a similar structure, in the globin family and
in others, so this self-assembly process may be applied for a number of two-protein mixtures
with the potential to create an array of self-assembling fibers of differing geometries and

strengths.

Myoglobin lent unstable templates Gd20KK, P4, and P4-AN a degree of water-stability
that led to self-assembly via cooperative binding. In the absence of myoglobin, this transition
occurred only for templates that had a high potential for Q-Q hydrogen bonds. Some mixtures
with templates showed evidence for unaggregated My, shown in a residual FTIR peak at 1650
cm™. The presence of the large protein My assembled with templates caused torsion in final

dried structures, shown in a new C,-C stretch in the dried aggregate.
3.2 Influence of Glutamine

The highest Q-containing templates (P7) had very distinct B sheets which split into low
and high strand density absorbances in FTIR spectra. Higher strand density absorbances were
coincident with P7 crystallization from strong Q-Q hydrogen bonding, which caused these peaks
to shift to lower wavenumber. When myoglobin was mixed with the P7 template, little o to
transition occurred, so the high glutamine peptide was ineffective as a template, since it preferred
self-catalysis. A low level of glutamine in some unordered templates was insufficient for
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amyloid development. Peptides with low levels of Q formed [ sheets, but this is common among
many proteins in water. At a higher level of Q, templates were still unable to form amyloids,
losing B sheet structure over time, presumably due to hydrogen bonding with water. This
information regarding the balance needed to achieve two-protein assembly in templates with Q
will be useful in designing future self-assembling protein systems with customizable material

properties.
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Appendix A: Supporting Information for FTIR Analysis

This appendix presents supporting information for FTIR analysis, pertaining to the
Amide | indicators o/f and hydrophobic packing, the Amide Il peak width, and procedures used
to derive information from the FTIR spectra. The purpose of these measures was to determine
extent of fibril self-assembly during protein mixture incubations. As shown in Figure A.1.1-
Figure A.1.10, it is possible to add information to the interpretation of Amide I peaks by limiting
the structures considered to o helix and high density B sheet, then taking the ratio of the
respective peak areas (Figure A.1.11). However, qualitative discussions of IR spectra were
determined to be sufficient, so the graph of the ratio of o/ structures vs. time is included in the
appendix rather than in the text. The deconvolution method used to determine the Amide I
spectral information in A.1 is presented in A.2. Changes in the Amide Il peak full width at half
height (FWHH) were used in Section 2.1.3.2 as an indicator of self-assembly progress, but the
peak widths for a number of mixtures were not reported in the results since they did not show
any change over time. In general, long time incubations showed a trend for My-containing
mixtures, but did not show a trend for synthetic peptides with low Q, P4 and P4AN. P4AN did
not show a significant Amide Il peak, which indicated that the peptide may have dissolved
without forming a secondary structure. Short time incubations did not show any trend for P4 and
P4AN spectra, and short time incubations were not performed for P7:My mixtures since they
showed development during long-time incubations. The results indicated that there was little
structural transition in the short time and long time incubations of P4 and P4AN. These two
structures had sufficiently stable B sheet in the liquid, which resulted in an unchanged Amide 11

vibration.
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A.1 Amide | Deconvolution Data — Peak Areas vs. Time
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Figure A.1.1 CB4 Amide | peak areas over long-time incubation at pH 8, 37°C
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Figure A.1.8 P7-My Amide | peak areas over long-time incubation at pH 8, 37°C
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Figure A.1.9 PAAN Amide | peak areas over long-time incubation at pH 8, 37°C
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Figure A.1.10 P4AAN:My Amide | peak areas over long-time incubation at pH 8, 37°C
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Figure A.1.11. A plot of nonzero o/ transitions over long time (a) and short time (b). Short time plots (b)
are limited to species which showed a nonzero change.

A.2 Procedure for FTIR Spectral Deconvolution of Amide | Peak

1. Open the spectrum in OMNIC. Select the wavenumber range that bounds the feature of
interest (eg. For amide I, look from 1770-1590 cm™).

2. Smoothing of the spectra: Smooth the spectra, keeping important features (eg. Those that
indicate actual 2° structure components) and smoothing meaningless noise. This aspect
requires some knowledge of the expected vibrational modes in the region of interest.
Typically, the Amide | region contains six to nine components.*

a. Process -> Smooth (manual)
b. Select a number of points that satisfies the requirements. Fewer points works
better to make sure important features are not smoothed out. Eg. 5-9 smooth

points
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3. The second derivative. Choose the important peaks of the spectra by those that have
significant negative peaks in the second derivative. Count these — this will be used in
Peak Analysis later.?**

4. Fourier Self-Deconvolution. This uses Happ-Genzel apodization to smooth the spectrum.
Apodization determines spectral resolution.* Use Enhancement values 2-3 and bandwidth
that gives well-defined spectra with similar number of features as the second derivative
step.

a. Process -> Fourier Self-Deconvolution

5. Peak Analysis. Analyze the smoothed spectra to calculate area of peaks corresponding to
secondary structure features. Choose constant baseline and Gaussian-Lorentzian curves.
Sensitivity may be set to ‘high’ depending on the fit achieved. The most critical
parameter to adhere to in this step is to the number of peaks. Change this using the Peak
button the left-hand margin. There should be 6 or so peaks in the Amide | region, for
example, based on second derivative analysis." Make sure the list of peaks is trimmed to
include the same # of entries as you counted in the second derivative analysis (you may
add 1 peak for a ‘fudge factor’ to account for edge area effects, where Amide I is affected
by aromatic residue absorbance or other nearby, overlapping peaks).

a. Analyze -> Peak resolve

b. Set baseline and peak type (Gaussian/Lorentzian)

c. Find peaks

d. Peaks button — Delete peaks exceeding the desired # of peaks counted. You may
want to choose specific peaks to keep based on location — the fit that results may

depend on initial guesses.
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e. Fit peaks: repeat until a good fit is achieved with peaks at reasonable locations
corresponding to secondary structure.

6. Peak Resolve Statistics button: The results will give an F statistic, standard error, points
in region, number of constraints (degrees of freedom). These may be used to calculate a
reduced y-square. See USGS page 169.°

7. Area analysis of Secondary Structural Features:

Feature identification should include all structural components that are expected in the
region of interest. For Amide | vibrations, we expect a number of beta sheet bands, alpha
helices, beta turns, random or unordered coil. Characteristic wavenumber for assignment
varies from protein to protein. Average values are given for literature sources in Table

Al

Table A.1 Vibrational frequencies for Amide | features

* molar distinction coefficients in parenthesis, / standard deviation included from n=17 total proteins
analyzed, ® Calculated, ® Theoretical, from literature, © Experimental, from literature

- 6*
Feature 1nglgzr1f and  Susi Vedantham et al. 2000 Ridgley 20117
Lot 2 eap . 1630°163%1633 (0827  1611-1630 Cross-B
Beta chain o5 ~ 1688° 1630-1637 B sheet
1675 + 2.6 1691 (0.13)% 1695° 1679-1688 Antiparallel
Helix 1654 + 1.5 1652 (1.00)% 1653°, 1656°  1647-1662
1620 (2.85)°
1638°
a
Random coil 1645+ 1.6 12;80(1'51) 1637-1647
1662°, 1663, 1665, 1667°
1676°
1613 (0.10)
a
1663 4 2.2 1629b(0.26)
1670 + 1.4 162 | a
Turns and Bends 1683 + 1.5 12320 1668 (0.20) 12251238
1688 + 1.1 b i
1604 £ 1.7 1680°, 1686"°, 1688°
- 1690°
1720 (0.17)
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A.3 Amide Il Analysis Data
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Figure A.3.2 FWHH of P4 and P4AN short time incubations lack a significant trend

A.4 Method for Amide Il Analysis (Full Width at Half Height)

89



The full width at half height is an important parameter in spectral curve fitting that describes the
bandwidth of vibrations. Mathematically, the full width at half maximum (I") affects the shape of

Gaussian and Lorentzian curves.

From the integral of a Gaussian curve function Fg(v), the peak area is:

z
..r FG (‘Vj dv = wl|?1'}}lﬂ2 ‘qmﬂx Ffle

The integral of a Lorentz curve function F(v) gives the peak area:

JEWdv=m4,, T/

A.4.1 Baseline

For secondary structure predictions using Amide I and Amide Il regions of IR spectra, baseline
subtraction and normalization is recommended in investigations of the statistical accuracy of
such procedures.? According to Pitha and Jones,® a linear baseline parallel to the x-axis only
requires two points well-removed from the peak area of interest. For peaks fitted to a Lorentzian
profile, wide wings result in a very wide distribution of intensity, even up to five half-widths
from the peak center.* Therefore, one can choose a linear baseline point above 1750 cm™, past
the Amide | peak tails, and one baseline point between 1500 and other, smaller peaks occurring
in the fingerprint region between 1000 cm™ and the Amide | peak. For protein spectra this
baseline may occur at an absorbance of zero if no negative peaks are present lying below the

zero absorbance level.
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A.4.2 Peak Measurement

In OMNIC, full width at half height may be measured using the peak height tool (see the Figure

below).

£ OMNIC - Window1] = = &3 |
B File Edit Collect View Process Analyze Report Window Help REE
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Figure A.4.1 Using the Peak Tool in OMNIC to determine Full width at Half Height

Narrow the display limits around the Amide Il peak (or peak of interest) such that a relatively
flat baseline may be viewed on either side — eg. 1750 to 1350 cm™. Click on the peak and move
the vertical bar so that the center is in the center of the peak. The uncorrected height may be read
at the bottom grey information panel. This gives the absolute value of the absorbance, from 0 to
the intersection of the vertical line with the spectra. For example, if the uncorrected height is
0.10, the half-height will occur at 0.05. Position the horizontal line by moving the triangular
cursors so that you have a Height equal to half your peak (0.05 in this example), which you can

check in the information panel. The uncorrected height should still read from 0. Calculate the
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width: the baseline points will give you the frequencies on either side of your curve at the half
height. Subtract the smaller from the larger. For example, if you have Baseline (1565.0, 1518.0),

the width is calculated as 1565.0 - 1518.0 = 47 cm™.
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Appendix B: Supporting Information for AFM
This appendix presents information used in the analysis of AFM scans and a method used to do
so. Although analyses were confounded by contaminated anisotropic structures, the same

analysis may be applied if the identity of the fiber is assured prior to analysis.

Method for Measuring Fibrils using NanoScope Analysis (Bruker)

1. Open file: Open a topographical scan image (these are identified by a TOPO near the file
extension. They also have a distinct appearance from phase amplitude or deflection
scans.)

2. Section Analysis Tool: Select the topo image and click the section tool (icon: a box with
a knife cutting it, or use the menu item Analysis>Section). The image appears in an inset
with two plots. The top is a distance vs. height plot and the bottom is a frequency vs.
measurement plot, which tells you information about the sections that you define.

3. Draw the slice: You can make up to three section measurements at once. Draw a line for
each — you can differentiate between them by color. Each line you draw shows a surface
section in the topmost plot.

4. Define the slice to measure: Move the dashed vertical boundary bars to choose where to
begin and end your measurement. This will typically be at the edge of an object of
interest, eg. A globule. You can check the location of the crosses (+) on the image at left
(which correspond to the dashed boundary bars) to make sure the edges are in the right
location.

5. Measurements: A list of measurements will be at the bottom in three colored rows

corresponding to the line sections you draw. You can right click and choose which
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measurements are tabulated here. For height of a feature, look at Rmax (distance between
lowest and highest point in the measurement range). For width and length measurements,
look at either Horizontal Distance or Surface Distance. Surface distance includes any
rises or falls in the surface, but horizontal distance is a straight line distance.

6. Recording data: It is easy to record these measurements in an open Excel document
separate from the NanoScope Analysis program. Although NanoScope Analysis will
convert the colored row of measurements in the Section Tool into an Excel document for
you, it may be better to organize it in a way that you have defined for your data. An

example is shown below:

Table B.1 Example of Recorded AFM measurements

Fibril 1D Z height (nm) Width (nm) Length (nm)
bright lower 131.46 164.46  129.74 1278 1293 1440 AT74

dark upper 70.49 96.16 61.71 895 903 903 4509
cross-ways long | 110.81 87.63 48.55 827 716 665 3603 4703
left vertical 82.20 96.34 82.63 1050 1072 869 9395

right diagonal 51.39 48.73 41.62 649 623 602 6345
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Appendix C: Supporting Information for SEM

This appendix presents the results of statistical analysis of dimension measurements
made using ImageJ software measurements of SEM images. One-way analysis of variance was
conducted on dimension measurements by solution (P4, P7, P4:My, P7:My) in JMP using
Tukey’s Honestly Significant Difference for multiple comparisons. Fiber pitch was the only
measurement to vary by solution (p=0.004, Table C.1). This confirmed the importance of
twisting in differentiating solution morphologies. P4 was found significantly different than P7
and P7:My, with P4:My not significantly different than either of those groupings (See Table
C.2). Two-factor analysis could not differentiate between low and high levels of glutamine
content and low and high levels of hydrophobicity. In addition, a nested ANOVA analysis was
performed to determine the amount of variation due to different samples. This analysis found
that the different samples varied much more than the variation between treatments, which
explains the lack of significant results. Adding more fiber samples to the analysis would make it

much more robust.

Statistical Analysis of Measurements

Table C.1 1-way ANOVA summary for fiber dimensions to test significance of mixture on measurements.
The only significant difference was observed in pitch, expressed as twisting. Twisting was a very
important factor related to glutamine content.

Dimension N F Statistic P-value
Fiber Width 17 0.25 0.86
Fiber Thickness 17 0.58 0.64
Fiber Pitch 20 6.73 0.004*
Fibril diameter 19 0.41 0.75
Fibril pitch 23 0.49 0.70
Angle to fiber,y 31 0.36 0.78
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Table C.2 ANOVA table for fiber pitch, the only dimension to show significance between the four
mixtures tested singly. * Means followed by the same letter are not significantly different at the 0.05 level
(experimentwise) using Tukey’s HSD.

Mixture N Mean (um)* Standard Error (um)
P4 5 93.0° 17.9
P&My 4 1785 17.0
P7 4 85.8" 21.7
P7:My 4 35.8° 35

Table C.3 Results of nested analysis. Random effects of sample on dimension measurements comprised a
large portion of the variation, whereas variation from the treatment was a more minor component, except
in the case of overall fiber pitch and fibril diameter.

Dimension % Variation from % Variation from
Sample Solutions

Fiber Width 93 7

Fiber Thickness 85 15

Fiber Pitch 0 100

Fibril diameter 0 100

Fibril pitch 46 54

Angle to fiber, y 27 73
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Appendix D: Supporting Information for Nanoindentation

This information is presented to support the choice of dataset presented for
nanoindentation results (2.2.3.3). A screening process was done at the time of testing to
determine which of the elastic moduli calculated corresponded to an indentation that was in
contact with the fibril surface or in contact with the background material or other debris. Outliers
were identified through rating the hysteresis pattern of loading and unloading of the indenter on a
scale of 0 to 10, with 10 representing a perfect fit and O representing erroneous data. Lower
scores were excluded as outliers. The total number of well-fitting points that were subsequently
used for modulus calculation is reported in the table below (Table D.1). Analytical screening was
needed because the equipment used did not allow visual confirmation of the locus of indentation.
The author gratefully acknowledges Devin Ridgley for performing these measurements and

calculations.

Table D.1 Summary of well-fitting nanoindentation results and the calculated Young's moduli and
standard error.

Mixture N used for Modulus (GPa)
calculation
P4 20 0.69£0.21
P4:My 13 0.41 £ 0.07
P7 18 0.74+£0.14
P7:My 18 0.33 £0.07
P4AN 13 0.38+£0.13
P4AN:My 13 0.70 £0.11
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Table D.2 Nanoindentation results for P4. A subset of well-fitting points was chosen for calculation and
reported.

Fit Modulus (GPa) Outlier (Y=Yes, N=No)

0.46
0.59
0.78
1.33
0.04
0.68
0.10
0.14
0.09
0.10
2.58
1.95
0.81
0.35
0.15
0.31
1.16
0.29
0.45
0.08
1.34
0.10
0.96
0.49
3.15
0.55
0.08
0.03
0.01
0.03
0.03
0.04
30.39
0.08
0.39
0.30
0.038
0.00
4.72
235.38
227.09
0.038
0.038
0.17
0.16
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Table D.3 Nanoindentation results for P4:My. A subset of well-fitting points was chosen for calculation
and reported.

I

it Modulus (GPa)  Outlier? (Y=Yes, N=No)
1800.07
1800.28
103.63
0.01
0.01
2.32
3.32
1800.13
44,77
13.69
0.03
0.07
0.07
0.35
0.39
0.13
0.03
0.03
0.18
0.92
0.22
2.49
0.68
0.15
0.08
0.46
0.09
0.13
0.12
0.59
0.53
0.04
0.04
0.05
0.02
0.51
0.09
0.45
1.06
0.66
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Table D.4 Nanoindentation results for P7. A subset of well-fitting points was chosen for calculation and
reported.

I

it Modulus (GPa)  Outlier? (Y=Yes, N=No)
22.47
1.41
0.03
0.01
0.01
0.03
1.50
0.83
1.90
0.22
1.82
0.15
0.08
0.02
0.05
163.93
0.03
0.26
0.55
0.24
2.67
0.48
0.14
0.15
0.03
241.06
0.23
0.09
1.14
0.39
1.25
0.24
0.18
1.25
0.12
0.90

NUOINPRPONNNUOIORUIORNORNORRPRRPRERNN~N0ONNRRREREOO
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Table D.5 Nanoindentation results for P7:My. A subset of well-fitting points was chosen for calculation
and reported.

Fit Modulus (GPa)  Outlier? (Y=Yes, N=No)
2 2.32
0 4.06
0 1.74
1 48.41
1 1799.22
1 0.05
7 0.07

1 0.03
1 0.02
7 0.26
7 0.56
7 0.33
8 0.18
6 0.04
6 0.02
4

7

7

7

7

7

7

7

7

7

4

7

4

7

2.36
0.27
1.16
0.41
0.35
0.29
0.77
0.35
0.52
0.21
3.81
0.12
0.10
0.07
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Table D.6 Nanoindentation results for PAAN. A subset of well-fitting points was chosen for calculation
and reported.

I

it Modulus (GPa)  Outlier? (Y=Yes, N=No)
2.83
3.21
0.18
0.05
0.02
0.01
0.03
0.02
0.22
0.80
0.17
0.13
0.24
0.41
0.07
1.58
2.94
4.69
4.02
1.01
0.36
0.29
0.17
1.71
0.09
0.19
0.16
0.13
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Table D.7 Nanoindentation results for PAAN:My. A subset of well-fitting points was chosen for
calculation and reported.

I

it Modulus (GPa)  Outlier? (Y=Yes, N=No)
1.12
0.42
0.32
0.11
0.71
0.14
1.24
1.77
2.42
0.14
0.74
1.20
0.65
0.05
0.11
0.62
0.69
1.14
0.08
0.19
0.21
0.25
0.20
0.25
0.24
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