© Copyright 2017

Kalkena Sivanesam



Biological applications of designed hairpin peptides:

as antimicrobials and as inhibitors of amyloidogenesis

Kalkena Sivanesam

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington
2017

Reading Committee:
Niels H. Andersen, Chair
Pradipsinh K. Rathod
Stefan Stoll

Program authorized to offer degree:

Department of Chemistry



University of Washington
Abstract

Biological Applications of Designed Hairpin Peptides: As antimicrobials
and as inhibitors of amyloidogenesis
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Chair of Supervisory Committee:
Professor Niels H. Andersen

Department of Chemistry

More than 40 diseases have been associated with the misfolding of peptides (or proteins) that form
fibrils with a very specific morphology. These peptides classified as amyloidogenic peptides have
been implicated in the development of Alzheimer’s Disease, Parkinson’s Disease, Type II
Diabetes, Hungtinton’s Disease etc. To date, these diseases have no cure, only therapies that can
ameliorate the symptoms to a degree. Inhibition of the amyloidogenesis of these peptides has been
proposed as a possible treatment option. While small molecules have been heavily tested as
inhibitors of amyloidogenesis, peptides have emerged as potential inhibitors. In this work, the
ability of a set of designed hairpin peptides to inhibit the amyloidogenesis of two different systems,
a-synuclein (implicated in Parkinson’s Disease) and human amylin (implicated in Type II
Diabetes) is tested. Using circular dichroism and thioflavin T fluorescence, the ability of these
peptides to inhibit amyloidogenesis is tested. The binding loci of these inhibitors to a-synuclein

are also explored.

The use of peptides as antimicrobials on the other hand is not a novel concept. However, most

antimicrobial peptides, both natural and designed, rely heavily on covalent stabilizations in order



to maintain secondary structure. In this study, non-covalent stabilizations are applied to a couple
of natural as well as designed antimicrobials in order to study the effects of secondary structure

stabilization on biological activity.
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Chapter 1: Introduction

1.1 Protein folding

Proteins represent one of the building blocks of life and play a role in almost every reaction in the
cell. The activity of proteins depends heavily upon the final structure of the protein, making this
characteristic of proteins an important focus of research. Protein structure can be classified into
four levels: a) primary structure, the amino acid sequence that makes up the protein, b) secondary
structure which arises from the interactions of the amino acids to form local structures such as a-
helices, loops, B-turns and [-strands, c) tertiary structure which is a more complex interaction of
the various secondary structures within a protein and d) quaternary structure which is only present

when multiple domains or proteins interact to form an even more complex structure.

The most important question about protein folding was posed by Levinthal in the late 1960s.
Levinthal observed that the sampling of every possible conformational state by a protein would be
highly inefficient and is in direct opposition to the speed with which unfolded proteins achieve
their native state. His question (how can proteins fold so fast?) known as Levinthal’s paradox, has
led to a number of theories. The most common of which is the theory that proteins have folding
pathways resulting from the cooperating interactions of the secondary and tertiary structures of the
proteins. (Dill & Chan, 1997; Bai, 2003) This cooperative pathway limits the conformational space
that a protein can sample thus reducing the time taken to reach the native state. The protein folding
landscape, represents the configurational entropy of a protein which progressively decreases as the
protein samples multiple folded states before finally arriving at the lowest energy state, also known
as the native state (Figure 1.1). (Onuchic et al., 1997) Therefore, studying the secondary structure

of proteins can reveal valuable information regarding the cooperative folding of proteins.
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However, the study protein folding is limited by the large number of interactions in each protein
that is difficult to elucidate and individual contributions to the final structure is harder to determine.
To overcome this problem, research has focused on small peptides that are capable of forming
secondary structures such as o-helices and B-turns. Using small peptides, peptide folding
timescales can be studied along with the role of specific sequences in the formation of stable
secondary structures. These results have led to the improved a priori design of proteins and

peptides as well as an increased understanding of the protein folding landscape.
1.1.1. p-hairpin peptides

While the study of a-helices has resulted in much useful information, (Serrano & Fersht, 1989;
Andersen & Tong, 1997; Petukhov et al., 2009) including the helical propensities of individual
residues outside of the protein context, using f-hairpins as a tool to study the folding pathways of
larger proteins has been hampered by their, typically poor, folding once excised from the larger

protein. (Blanco et al., 1994; Searle et al., 1995) The lack of stabilizing motifs that are usually



present in larger proteins results in aggregation-prone sequences. (Richardson & Richardson,
2002) In order to overcome this, stabilizing motifs such as disulfide bonds have been used in order
to maintain the secondary structure of small B-hairpin peptides.(Kier et al., 2015) However, the
dependence on covalent stabilization limits the biomedical application of designed peptides in
reductive conditions while constraining the number of conformations a peptide sequence can
adopt. As such, non-covalent stabilizations have become an important tool to design peptides that

can have biomedical applications.
1.1.2 Designing hairpin peptides

The design of stable B-hairpin peptides focuses on three different aspects: the residues within the
strands, the turn, and the ends. In order to design stable hairpin peptides, amino acids that favor
the B-sheet register are used. These amino acids have a high intrinsic B propensity, which is
described as the ability of a residue to stabilize a 3-sheet relative to alanine. B-branched aliphatic
residues such as Val, lle, and aromatic residues such as Phe, Trp and Tyr have been shown to
exhibit high B-sheet propensities (Minor & Kim, 1994) and are often used in designed B-hairpin

peptides.

The other consideration given to hairpin design is in creating a favorable hairpin turn. The initial
classification of hairpin turns was done in 1968 and relied on the ¢,y angles of the amino acids
within the turn. (Venkatachalam, 1968) Using a Ramachandran plot, one would be able to compare
the favorability of a particular amino acid at specific positions within a hairpin turn as well as
determine the kind of turn that a residue was likely to form. The initial classification of hairpin
turns into type I and type Il along with their enantiomers, type I’ and type II’ can be done using
'H-'H Nuclear Overhauser Effect spectroscopy (NOESY) experiments. This type of NMR

experiment allows for the determination of distances between different hydrogen nuclei. This

3



information can be used to determine the conformation of residues within a turn since the
difference between a type | and type Il turn lie in the orientation of the peptide bond between the

residues, which consequently affects the orientation of the turn residues’ side chains. (Marcelino

& Gierasch, 2008)

However, while the classification of turns as type | or type Il is still very useful, it is limited to
turns that have only have two residues. A more comprehensive nomenclature and classification
was proposed by Sibanda and Thornton in 1991. (Sibanda & Thornton, 1991) This new
nomenclature describes the turn based on the number of residues in the turn which can vary greatly.
The nomenclature used is [x:y] where x represents the number of residues in the turn while y
represents the total number of residues before the first instance of full pairwise cross-strand
hydrogen bonding. Residues in a turn can be differentiated from those in a loop because they are

more rigid and exhibit less flexibility in their ¢,y angles.

Total Correlation spectroscopy (TOCSY) experiments can be used to determine which residues
within a peptide are located in the hairpin turn thus determining the values of x and y for the [x:y]-
turn designation. Chemical shift deviations (CSD) of backbone Hn are affected by the electron
cloud of the peptide bond, created by anisotropy (Figure 1.2). All residues within the strand of a
B-sheet peptide are in the same plane as the backbone and so experience some amount of
deshielding resulting in positive CSDs. Residues within the turn however, have slightly different
¢,y angles that forces backbone Hy out of the plane resulting in interaction with the electron cloud.

This interaction shields the protons resulting in a negative CSD. (Fesinmeyer et al., 2005)
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The most prominent, and effective, non-covalent stabilization that the Andersen lab has developed
is the use of cross strand Trp residues at non-H bonded positions to stabilize the ends of B-strands
as well as hairpin turns. (Andersen et al., 2006; Eidenschink et al., 2009; Kier et al., 2010;
Anderson et al., 2014; Anderson, Kier, et al., 2016) The Trp side chain can form an edge-to-face
(EtF) interaction when placed in this position. The interaction arises from the coulombic attraction
between the electron poor edge of one ring with the electron rich w-cloud of another. This results
in a T-shaped orientation, known as the EtF interaction. (Guvench & Brooks, 2005) The EtF
interaction is particularly useful in stabilizing long B-strands and can be used to prevent fraying on

the ends of short peptides.

Another useful motif that can prevent fraying at the ends of a peptide is the B-cap, which
incorporates an EtF Trp/Trp interaction: Ac-W.... WTG-NHo>. (Kier et al., 2010) In this motif, the
Gly-Hy interacts with the indole ring of the C-terminus Trp while the Thr side chain-OH forms a
hydrogen bond with the carbonyl group of the Ac-W peptide bond in the N-terminus. (Figure 1.3)
The stability afforded by this cap is approximately 2 kJ/mol more than the stability conferred by a
disulfide bridge, making this a very prominent non-covalent stabilization. Further studies into

5



possible alternatives to the B-cap led to the development of a coulombic cap; RW...WE. (Anderson
et al., 2014) Studies showed that the coulombic cap had a higher fraction fold than the B-cap at

both high and low pH environments providing a more versatile alternative to the B-cap.

Figure 1.3. Structural representation of the
interactions within a -cap motif.
Interaction (1) is the edge-to-face
interaction between the cross strand Trp/Trp
pair. Interaction (2) is the interaction of the
Gly-Hn with the indole ring of the C-
terminal Trp. Interaction (3) is the
interaction of the hydroxyl group of Thr
with the carbonyl group of the N-terminal
Trp-Ac peptide bond. (Image adapted from
Kier et al., 2010)

1.2. Protein misfolding

Since the final structure of a protein is responsible for a majority of its function, the proper folding
of a protein to its native state is crucial. However, proteins are capable of falling into kinetic traps
while sampling different conformations. (Hartl & Hayer-Hartl, 2009) These traps result in protein
misfolding and can favor intermolecular interactions over intramolecular ones (see Figure 1.1).
Protein misfolding, with the formation of oligomeric B-structures within the body, has been linked
to the onset of a class of over 40 diseases known as the amyloid diseases. For example, Alzheimer’s
Disease, (Glenner & Wong, 1984; Masters, Multhaup, et al., 1985; Masters, Simmes, et al., 1985;
Murphy & LeVine, 2010) Parkinson’s Disease, (Polymeropoulos et al., 1997) Type 1l Diabetes,
(Cooper et al., 1987) and Huntington’s disease (Zheng & Diamond, 2012) have all been traced

back to a common misfolding pathway, the formation of amyloid fibrils that have a similar



morphology regardless of the protein composition. Amyloid fibrils are typically characterized as
having long, unbranched ribbon-like morphology. Each fibril typically has a distinct, well ordered,
cross-f-sheet geometry with strands running perpendicular to the long axis of the fibril. (Petkova

et al., 2002; Vilar et al., 2008) (Figurel.4)

Many amyloidogenic proteins adopt a random-coil conformation in their native state but
amyloidogenesis can also occur from the partially unfolded states of proteins that have a defined
tertiary structure. Amlyoidogenesis is said to have happened when proteins adopt a [-sheet
conformation and begin to self-associate forming soluble oligomers that eventually become
protofibrils, followed by mature fibrils that can be visualized as plaques. Studies suggest that that
this process is a nucleation dependent process that begins with a lag phase, followed by a rapid
growth phase and ending with a plateau. (Rochet & Lansbury, 2000; Padrick & Miranker, 2002;
Ruschak & Miranker, 2007) In the past, amyloid plaques have been found in patients with these
diseases and have been identified as the cause of the disease. (Glenner & Wong, 1984; Masters,
Multhaup, et al., 1985; Masters, Simms, et al., 1985; Luk et al., 2012; Pieri et al., 2012) However,
recent studies have shown that the mature fibrils may not be the main cause of cytotoxicity, instead,
soluble oligomers have been posited as being the most toxic species. (Karpinar et al., 2009; Winner
et al., 2011) This is due to the discovery that the amount of amyloid plaques found in patients had
no correlation to the severity of the disease. (DaRocha-Souto et al., 2011) This has led to research
targeting the formation of soluble oligomers as a way of inhibiting the cytotoxicity of

amyloidogenesis.



1.2.1. Alpha-synuclein and Parkinson’s disease

Alpha-synuclein (a-syn), a 140 amino acid peptide that is the primary component in Lewy Bodies
and has been implicated in the development of Parkinson’s Disease, a chronic progressive disease
that results in the death of dopamine producing cells in the brain. Alpha-syn is found
predominantly in neural tissue, but the exact function of the peptide is not fully understood. A role
in dopamine homeostasis has been suggested (Perez et al., 2002) and the association of a-syn with
synaptic vesicles stabilizes the vesicles and inhibits neurotransmitter release. (Nemani et al., 2010)
Conformation-specific interaction between a-syn and a number of proteins have been detected
(Woods et al., 2007) and a role in the assembly of a soluble NSF attachment protein receptor has
been reported. (Burré et al., 2010) Interactions with mitochondrial membranes have also been

detected. (Nakamura et al., 2008, 2011)

Figure 1.4. Structural model of the
fibrils formed by AP 1-40. Yellow
arrow shows the long axis of the
fibril. (Image adapted from
Petkova et al., 2002)

This largely unstructured protein has 3 regions: residues 1-60 make up the N-terminal region. This
region contains a nearly conserved KTKEGV hexameric motif that repeats itself several times
within the sequence of the peptide. Residues 61-99 of a-syn is known as the Non-amyloid f
Component (NAC) region of a-syn. This nomenclature was developed when these residues were
found to be a part of the plaques in patients with Alzheimer’s disease but were not found in the
amyloid-p protein that was determined to be the main component of these plaques. (George &
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Clayton, 1996) It was later discovered to be a region within the a-syn peptide. (Culvenor et al.,
1999) Interestingly, the NAC region of a-syn has been shown to be the most amyloidogenic region
of the protein and has additional units like the previously mentioned repeat. The minimum
sequence of amino acids that can aggregate into amyloid fibrils is found within this region. The C-
terminal segment of a-syn, comprising residues 100-140 is a highly acidic, proline-rich segment
that is the least structured region of a-syn. Even in the soluble oligomeric state, this part of the
protein remains mobile and can be observed by solution state NMR. (Sivanesam et al., 2015) The
truncation of this segment of a-Syn has been shown to increase the rate of amyloid formation by
the peptide. (Murray et al., 2003) In fact, a percentage of the plaques found in patients with PD

contain the C-terminally truncated form of a-syn. (Liu et al., 2005)

In aqueous solution, monomeric a-syn adopts a predominantly random-coil conformation but some
transient long-range contacts have been detected. Upon binding to lipids, the N-terminal region of
the peptide adopts a helical conformation that has been mimicked in vitro in the presence of
membranes and membrane-like environments. (Eliezer et al., 2001; Georgieva et al., 2008; Jao et
al., 2008) These results have been confirmed by NMR studies that show avid lipid vesicle binding

by the N-terminal region. (Fusco et al., 2016)

1.2.2. Human Amylin and Type Il Diabetes

Human amylin (hAM), also known as islet amyloid polypeptide, IAPP, is a 37-residue peptide that
has been implicated in the development of Type Il Diabetes. (Kapurniotu, 2001) Co-secreted with
insulin by the pancreatic B-cells of the Islet of Langerhahns (Moore & Cooper, 1991), hAM has
been known to play a role in inhibiting glucagon secretion, slowing down stomach emptying and
inducing a feeling of satiety after a meal. (Samsom et al., 2000; Westermark et al., 2011; Lutz,

2012) In its monomeric state, hAM has been shown to adopt a random-coil conformation with a
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disulfide bridge between Cys 2 and Cys 7 (inducing partial helicity from residue 5 — 20) and an
amidated C-terminus. (Roberts et al., 1989) Upon binding to membranes, hAM has been shown to
adopt a helical conformation spanning residues 5 to 28 while the rest of the peptide remains
unstructured. (Patil et al., 2009) There is also some evidence that hAM may adopt an a-helical

intermediate structure during amyloidogenesis. (Abedini & Raleigh, 2009)

1.3. Antimicrobial activity

Antimicrobial peptides (AMPs) are highly cationic, amphipathic peptides that are able to
selectively bind to host invaders such as bacteria, viruses and fungi. AMPs appear to have a variety
of conformations: a-helix, B-sheet, extended or loop. (Powers & Hancock, 2003; Jin et al., 2005;
Hancock & Sahl, 2006; Midura-Nowaczek & Markowska, 2014) The human body produces a
number of natural AMPs such as defensins, cathelicidins and histadins. Increasing numbers of
drug resistant bacteria has made the design and development of novel antimicrobial peptides

(AMP) a rapidly growing area of research.

1.3.1. Antibiotic resistance

While some bacteria have innate resistance to certain AMPs and antibiotics, it is the developed
resistance of bacteria that has become a cause for concern. Bacteria can develop resistance to
antibiotics through one of two ways: genetic mutation or through acquiring resistance from another
bacterium. Mutation occurs in bacterial DNA at about the same rate as mutation in human DNA.
Some of these mutations have the ability to confer upon a bacterium the ability to resist the actions
of antibiotics through the production of chemicals that degrade the antibiotics. Other possible

forms of resistance are through the elimination of antibiotic targets within the cell, closing up of
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ports through which antibiotics enter the cell and the development of pumps that are able to remove

antibiotics from the cell. (Blair et al., 2015)

Similarly, bacteria can develop antibiotic resistance by obtaining genetic material from other
bacterium through the process of conjugation, or by picking up “naked” DNA in their surrounding
environment. Viruses are also capable of transporting bacterial DNA from one bacterium to
another. (Alanis, 2005) These forms of bacterial resistance are becoming more problematic
because bacteria are capable of developing resistance to multiple classes of antibiotics leading to
the development of “super bugs” that cannot be treated. (Wright, 2000) This is one of the reasons
that AMPs are gaining prominence. A lot of research postulates that most AMPs do not act on
targets within the cell, rather they target the cell membrane of bacteria. This, coupled with the non-
specific peptide-peptide interaction that a lot of AMPs seem to have with bacterial membranes,
makes it harder for bacteria to develop resistance to AMPs thus making it a viable alternative to

small molecule antibiotics which have specific intracellular targets.

1.3.2. Mechanism of Antimicrobial Peptide activity

The greatest hurdle in this field remains the lack of an understanding of the mechanism by which
these peptides disrupt the membranes of bacteria. The two most prevailing hypotheses are the pore
formation hypothesis and the carpet hypothesis. In the pore formation hypothesis, the AMPs are
attracted to the negatively charged membrane of a bacterial cell and form a pore within the
membrane of the cell. The formation of the pore causes the contents of the bacterial cell to leak

out resulting in the apoptosis of the cell. (Silvestro et al., 2000)

Two types of pores have been observed; the barrel-stave pore and the toroidal pore. (He et al.,

1996; Matsuzaki, Yoneyama, Fujii, et al., 1997; Matsuzaki, Yoneyama, & Miyajima, 1997)
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Formation of the barrel-stave pore has been posited to happen when the AMP reaches a threshold
concentration on the membrane of a bacterial cell and begins to dissociate from the lipid head
groups. This causes the peptides to sink into the membrane and form a pore with the hydrophobic
face of the peptide facing outwards towards the membrane and the hydrophilic face forming the
inside of the “barrel”. (He et al., 2013) The toroidal pore on the other hand does not show
dissociation from the lipid head group. Instead, the peptide causes curvature of the bacterial
membrane resulting in a pore. (Melo et al., 2009) The carpet hypothesis proposes that the AMP
does not form a pore but rather causes a more uniform disruption of the bacterial membrane.

(Pouny et al., 1992) The membrane destabilization then results in cell death.

Beta-sheet AMPs that have been isolated in other organisms have shown a high dependence on
disulfide stabilization in order to maintain their B-hairpin structures. This reduces the versatility of
the peptide as well as making it sensitive to oxidative environments. Designing peptides that are
not reliant on these covalent stabilizations could therefore be a useful tool to study the importance

of the hairpin structure for bioactivity.

1.4. Techniques employed
1.4.1. Circular Dichroism

Circular dichroism is a useful technique for elucidating the secondary structure of proteins and
peptides due to the inherent chirality of peptides. A circular dichroism spectrum arises from the
differential absorption of left and right circularly polarized light. Typically, the far-UV region is
used to determine the secondary structure of proteins since the protein backbones absorb in the

180-230 nm range. The dihedral angles (¢,y) of peptide and protein backbones differ depending
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on the structural conformation of the peptide and cause the intensities and energies of a peptide
amide bond n>7* and n—>n* transitions in the CD spectrum to change. This is what allows the
elucidation of different secondary structures. A CD signal represents the sum of all the secondary
states within a protein and can be used to calculate the fraction of a-helix (characteristic maximum
at 190 nm and two minima at 208 nm and 222 nm) and B-sheet populations (characteristic

maximum at 198 nm and minimum at 216-220 nm). (Figure 1.5)

= - helix Figure 1.5. The expected CD
==“'sheet | spectra for peptides with pure o-
= random coi

helix, B-sheet and random-coil.
(Image adapted from
http://www.proteinchemist.com/
mdeg cd/cdspec.html)
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Amyloidogenic proteins and peptides have been determined to be in a random-coil conformation
in their native state but begin to aggregate into -sheets at the beginning of amyloidogenesis. The
transition from random-coil to B-sheet can be observed by monitoring the change in CD signal
(measured in deg, 0) of a peptide at 198 nm. In the random-coil conformation, the CD spectra
shows a minimum at 198 nm that transitions to a maximum as the peptide organizes into the p-
sheet conformation. The development of a new minimum at 216-220 nm can also be used to

monitor the formation of B-sheet secondary structure.
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CD can also be used to determine the stability of the secondary structure of a peptide by comparing
the CD spectra of a peptide at various temperatures. The addition of heat will cause non-covalent
interactions to break from the weakest to the strongest resulting in a progressive loss of secondary
structure. Therefore, the change in secondary structure from a folded B-sheet or a-helix to random-

coil can determine the stability of the folded state of a peptide through the calculation of a melting

point, Tm.
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Figure 1.6. A typical series of CD spectra that can be used to track the melting of a
peptide over a range of temperatures. The presence of the bisignate curve indicates that
an edge-to-face interaction is present. The interaction dominates the spectrum despite the
presence of B-sheet and turn structure. The peptide shown above is WW?2 (Sequence of
WW: KKLTVWIpGKWITVSA)

Another common feature that is observed in this study is the formation of an exciton couplet in
peptides that have aromatic amino acids with an edge-to-face interaction. An exciton couplet
results from the coupling of two of the same chromophores, with similar AEs, that are in close

proximity to one another and the strength and chirality of the interaction is dependent on the
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relative orientation of the chromophores. When chromophores are in proximity to one another, the
electronic transition that resulted from the absorption of a photon becomes delocalized over all the
chromophores. (Telfer et al., 2011) This phenomenon results in one excited state being at a higher
energy than the original excited state while the other excited state is at a lower energy than the
original. This difference in energy states can be visualized as a bisignate curve by CD, centered at
the absorption maxima of the chromophore with a positive curve at longer wavelengths (red shift)
and a negative curve at shorter wavelengths (blue shift). The strength of the interaction can be

measured by the intensity of the CD signal. (Figure 1.6)
1.4.2. Nuclear Magnetic Resonance

While CD is a useful tool for determining the overall structure of a peptide, the summary nature
of the spectrum prevents the identification of the contribution of specific residues to the structure.
In order to study the secondary structure of a peptide in detail, one has to obtain more precise local
measurements. To this end, two-dimensional NMR spectroscopy has proven to be a very useful
tool, in particular, total correlation spectroscopy (TOCSY) and nuclear Overhauser effect
spectroscopy (NOESY)) can be used to study amino acids within a peptide or protein by observing
the chemical shifts of *H nuclei and spin transfer between sites within residues and between

residues.

TOCSY experiments probe the spin-spin coupling interaction of *H- *H nuclei within a single spin
system while NOESY experiments show the through-space dipolar interactions between *H/*H
nuclei. The close proximity required for the transfer of magnetization between nuclei in a NOESY
experiment allows for the determination of amino acid sequence in peptide as well as the

determination of some aspects of peptide secondary (and if present, tertiary) structure.
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K Figure 1.7. B-sheet pattern illustrating

| some of the through-space interactions

~. N ~— that can be observed in a NOESY

C experiment. The red arrow depicts the

| interaction of adjacent amino acids which

H can be used to verify the sequence of a
peptide by NOESY. The blue arrow
depicts a cross-strand Ho-Ha interaction

Y that can be visualized in B-strands.

l

Chemical shifts (0) are the main information obtained from a single NMR spectrum and are a result
of tH nuclei being in unique environments in a molecule. The proximity of a nucleus to an electron-
withdrawing or -donating environment can affect the chemical shift of the nuclei resulting in
increased shielding (electron-rich environment) or decreased shielding (electron-withdrawing) of
the nucleus. Diamagnetic anisotropy that results from resonance (Figure 1.2) is also capable of
affecting the chemical shift of a nucleus. These electron cloud modifications are what leads to the

differences in chemical shifts of a nucleus.

Chemical shifts can be determined for each proton in each amino acid residue in any particular
solution state. These values, when compared to random-coil chemical shifts (6rc) can provide the
secondary-structure preference of a peptide at each amino acid. These differences are called

chemical shift deviations (CSDs). These deviations can be calculated using the following equation:

Chemical Shift Deviation (CSD) = measured chemical shift (§) — &,
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Since the chemical shift of a nucleus is also affected by interactions such as hydrogen bonds, the
presence of a hydrogen bond in a peptide can also produce CSDs. Hydrogen bonds are formed
when a hydrogen atom attached to a fluorine, nitrogen, sulfur, or oxygen atom interacts with
another nitrogen, fluorine, sulfur, or oxygen atom through space. In a -hairpin peptide, hydrogen
bonds occur when a cross-strand residue Hn is in close proximity to a backbone carbonyl oxygen.
This occurs in the area between the antiparallel aligned strands. While one might expect the
hydrogen bond to result in the shielding of that Hy in an NMR spectrum, the opposite effect is
observed. This is due to the anisotropy of the peptide bond. (Figure 1.2) This anisotropy creates
an electron cloud “sandwich” with an electron poor middle. Therefore, all backbone Hy that lie in
the plane of the peptide bond experience some deshielding by the electron cloud. Hydrogen bonded
Hn, by virtue of their position in the middle of both B-strands, experience a larger amount of

deshielding due to their sequestered nature.

capped WW
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Figure 1.8. A graph that demonstrates the -hairpin register of the strands of a peptide,
cappedWW. The alternate high and low positive CSDs represent the presence of hydrogen
bonds at alternate positions while the negative CSDs show the position of the turn. (see 1.1.2.
for explanation) (Sequence of capped-WW: Ac-WKKLTVWIpGKWITVSAWTG-NH,)
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CSDs can therefore be used to determine the secondary structure of a peptide by observing the

chemical shifts of the backbone hydrogen atoms which has a distinct register in the B-sheet

conformation. (Figure 1.8) The increase in deshielding of hydrogen bonded Hy correlates to an

increase in the magnitude of CSDs and can be used to quantify the B-fold of a peptide.

CSDs can also be used to determine the presence of edge-to-face (EtF) interactions. The preferred

EtF geometry of interacting aromatics places some of the hydrogens of the edge-ring deep within

the shielding cone of the other aromatic ring (face-ring). (Figure 1.9) This allows for the

determination of which amino acid is in the edge position and which amino acid is in the face

position.

Figure 1.9. The graph
shows a comparison of the
CSDs of all the tryptophan
protons in a peptide, WW.
(Tryptophan proton
IUPAC naming given
inset) Note that the
dramatically increased
shielding experienced by
HpB3 and He3 of W6
indicate that this
tryptophan is the edge-ring
while the lower CSDs of
W11 indicate that this
tryptophan is the face-ring.

(Sequence of WW:
KKLTVWIpGKWITVSA)
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NMR can also be used to study the binding loci of two peptides using heteronuclear 2D NMR.
Heteronuclear single quantum coherence (HSQC) spectroscopy can be used to determine the
chemical shifts of a peptide or protein with universal *3C or *°N labelling. In this experiment, there
is a magnetization transfer between a hydrogen atom and a heteronuclear atom (either nitrogen or
carbon) via an INEPT (insensitive nuclei enhanced by polarization transfer) step. The
magnetization is then transferred back to the hydrogen via a retro-INEPT step after a specified
time delay that results in signal that can be recorded. In peptides, this experiment demonstrates the
interaction between nitrogen atoms and amide protons. This technique is particularly useful to
study the binding of two peptides where one peptide is isotopically labeled and the other is not. If
binding is occurring between the two peptides, then the chemical shifts of the amino acids that are
bound will be altered due to the change in environment in the bound complex. This change in

chemical shift can then be observed through HSQC NMR experiments.

1.4.3. Fluorescence Spectroscopy

While the transition of amyloidogenic

Hs £H,
peptides from random-coil to B-sheet is WN
CH,

typically indicative of the initial phase of _JJ\{C
ClI~ CH,

amyloidogenesis, confirmation that fibrils

(or protofibrils) have formed and have the Figure 1.10. Molecular structure of Thioflavin T

features of “amyloid” requires the use of microscopy to visualize the fibrils or fluorescence
spectroscopy with dyes that show a high specificity for the amyloid structural motif. Fluorescence
spectroscopy monitors the excitation and emission of light from a fluorophore that may be intrinsic

to the fluorophore or a product of the external environment of the fluorophore. In this study, the
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change in emission spectrum signal intensity of the dye Thioflavin T (ThT) is used to monitor the

development of the soluble B-oligomers during amyloidogenesis.

Thioflavins are benzathiol salts that are often used to determine the presence of amyloid fibrils in
solution. Since its discovery in 1959, (Vassar & Culling, 1959) ThT has been widely used because
it has an increased emission at 482 nm and experiences a red shift of approximately 100 nm (from
350 to 450 nm) in its excitation spectrum when bound to B-sheet rich structures, (Naiki et al., 1989;
LeVine, 1993, 1995) unlike the analog Thioflavin S (ThS). ThS’s lack of red shift results in
fluorescence spectra that have too much background interference, making it unsuitable for the
quantification of amyloid fibrils. (LeVine I, 1999) Instead it is more commonly used for

histological staining.

The fluorescence enhancement of ThT upon binding to amyloid fibrils most likely arises from the
decrease in the free rotation about the carbon-carbon bond between the benzylamine and
benzathiole rings of ThT. In solution, ThT is predicted to behave like a “molecular rotor” that
rapidly quenches excited states that are generated by photon excitation. However, upon binding to
a rigid structure such as amyloid fibrils or soluble B-oligomers, the molecule is unable to freely
rotate resulting in enhanced fluorescence. Since ThT binding does not depend on the sequence of
the peptide or protein forming the amyloid fibrils, the current theory is that the dye binds to
channel-like motifs along the surface of the fibrils formed by the side chains of amino acids in the
cross B-sheet structure of amyloids. (Wu et al., 2008) Polarized fluorescence microscopy also
revealed that the dye is most likely aligned parallel to the long axis of the fibers. (Krebs et al.,

2005)
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1.5. Overview of research

The research presented in this dissertation expands on the use of peptides as inhibitors of
amyloidogenesis and the application of hairpin stabilization techniques to native AMPs. The first
part of this work focuses on the use of designed hairpin peptides as inhibitors of amyloidogenesis
of two distinct systems; a-syn and hAM. With the exception of being capable of forming amyloid
fibrils, both of these systems bear no similarity, including no stretches of sequence similarity.
However, the amyloidogenesis of both of these systems can be inhibited by the same peptides. My
studies have also validated the hypothesis that self-self recognition of amyloid systems can be
overcome by inhibitors that already have a stable hairpin fold, eliminating the dependence on

peptide inhibitors that are modified fragments of the target systems.

For hAM, | developed protocols for the efficient synthesis and purification of full-length hAM.
Reproducible assay conditions were developed and the effects of multiple inhibitors were tested
against hAM. Results indicated that there was a definite correlation between hairpin stability and
the potency of the peptide as an inhibitor of amyloidogenesis. | was also able to verify that the a-

helix conformation may be an on-pathway intermediate in hAM amyloidogenesis.

My studies with a-syn were building upon conditions developed by Dr. Aimee Byrne and Dr.
Kelly Huggins. I also developed conditions for an NMR titration assay in order to study the binding
loci of my most potent inhibitors. Through these studies, | have also been able to isolate a
secondary binding locus for my most prominent inhibitors that is outside the C-terminus. This
secondary locus is gaining prominence as the location for an early folding event in the
amyloidogenic pathway. I also confirmed that a-syn has a slight preference for the phenolic amino
acid residue and that this preference can overcome small deficiencies in fold stability of the

inhibitor. However, my examination of hairpin peptides with and without the phenolic residue,
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Tyr, showed that at very stable B-folds, the presence of the Tyr residue does not contribute to
increased inhibitory activity. | was also able to establish that the addition of known small- molecule

inhibitors to peptide inhibitors did not necessarily guarantee a synergistic effect.

The second part of this study focuses on the application of hairpin stabilization techniques in
antimicrobial peptides. Using prior knowledge with regards to non-covalent stabilization
techniques, | have progressively modified two native antimicrobials, tachyplesin | and gomesin,
to reduce and or eliminate their dependence on disulfide stabilization. As a result, | have made
mutants that have the same or better antimicrobial activity than the native antimicrobials they were

derived from.

These experiments have also led to the development of a class of peptides known as acyclins, non-
covalently-stabilized derivatives of a previously cyclized AMP, that are capable of inhibiting the
antimicrobial activity of gram-negative E. coli. The results of this study could help with the a
priori design of new antimicrobial peptides in the future. Finally, I was able to enhance the -fold
of a completely novel AMP, I-RW, demonstrating once again that non-covalent stabilizations can
increase the PB-folding propensity of relatively random-coil peptides. However, the increased
stabilization does not, necessarily, translate to increased antimicrobial activity providing an

interesting perspective on the relationship between fold and activity.
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Chapter 2: Methods and Materials

2.1. Solid phase peptide synthesis and purification

Peptide hairpins and controls were synthesized by standard Fmoc Solid Phase Peptide Synthesis
methods on a CEM Liberty Blue microwave peptide synthesizer. Wang resin preloaded with C-
terminal amino acids and Rink Amide-MBHA resin were employed. DIC/Oxyma was used as
coupling reagents and 20% piperidine in DMF was used for deprotection of Fmoc-groups. N-
terminal acetylation or benzoylation was accomplished using a 1:10:10 ratio of peptide: anhy-dride
(acetic anhydride or benzoic anhydride): triethylamine in 5 mL DMF. The mixture under-went

shaking for 1 hour at room temperature before cleavage.

Peptide cleavage was done using 95:2.5:2.5 trifluoroacetic acid (TFA):triisopropylsilane (TIPS):
water mixture where water and TIPS served as radical scavengers. Disulfide bonds were formed
by diluting the peptide in minimal amounts of DMSO (500uL) and 3 mL of water. The peptides
were allowed to oxidize overnight at room temperature. All peptides were purified by reverse-
phase HPLC (Varian ProStar 220 HPLC, Agilent 21.2 x 50 mm C18 column, 10 mL/min, eluent
A: water with 0.1% TFA, eluent B: acetonitrile with 0.085% TFA) on a 10-60% gradient over 25
minutes and visualized at 215 nm and 280 nm. Fractions that were collected to an excess of 97%
purity, were lyophilized and characterized using a Bruker Esquire lon Trap ESI mass spectrometer

before use in experiments.

2.1.1. Backbone cyclization of peptides

Peptides that needed to be backbone cyclized were made using 2-CI-Trt resin that was preloaded
with isoleucine or glycine. The protected peptide was cleaved from the resin using 3x30 mins

treatment with 1% TFA in dichloromethane (DCM). The peptide was then dissolved in 10 mL of
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N,N-dimethylformamide (DMF) and titrated into 30 mL of DMF with 5 eq. PyAoP/HATU and 3
eq. diisopropyl ethyl amine (DIEA). The mixture was allowed to cyclize overnight with constant
stirring. DMF was then removed via rotavap (using toluene to form an azeotrope) and the product
was precipitated with nanopure water. The cyclic protected peptide (precipitate) was then
deprotected by dissolving the peptide in a 20 mL mixture of 95:25:25
TFA:triisopropylsilane:water. The cyclic deprotected peptide was purified using reverse-phase

HPLC as described above.
2.1.2. Synthesis and purification of hAM

Synthesis of human amylin and its derivatives employed the use of pseudo-prolines. Fmoc-Ala-
Thr (¥M&Meprg)-OH was used to substitute for Ala-8 and Thr-9 while Fmoc-Leu-Ser (¥MeMepro)-
OH was used to for Leu-27 and Ser-28. (Abedini & Raleigh, 2005) Each pseudo-proline was
coupled at 50°C for 10 mins. The crude product from peptide synthesis, presumably a solely
cysteine-containing peptide mixture, was dissolved in 30% acetonitrile solution and lyophilized.
This step was repeated 6 times. The resulting mixture was then dissolved in 6 M guanidinium
chloride before being purified by reverse-phase HPLC as described above. The central peak from
HPLC, concentrated by lyophilization, was dissolved in a solution of 30 % DMSO and allowed to
oxidize in air overnight. The mixture was then centrifuged and the supernatant was removed. Any
precipitate was re-dissolved in 6 M guanidinium chloride, and both solutions were purified by
reverse-phase HPLC. The purity of the lyophilizate of the collected fractions was verified by

Bruker Esquire lon Trap mass spectrometry.
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2.2. Nuclear Magnetic Resonance

All NMR experiments were carried out on Bruker instruments: DRX499, AV700 and AV800 with

500, 700 and 800 MHz respectively.

2.2.1 Proton NMR

For proton spectra collection, peptide samples were made using 1 mM lyophilized peptide (by
weight) dissolved in 90% phosphate buffer at varying concentrations and pHs with 10% 1 mM
sodium 2,2-dimethyl-2silapentane-5-sulfonate (DSS) in D20. D20 served as a lock signal and DSS
was used as an internal chemical shift reference that was set to 0 ppm. Due to the proton signal of
peptides in aqueous solution being obscured by the large proton signal of water, a solvent
suppression technique known as excitation sculpting was employed to better visualize the proton

peaks of the peptide.

The two NMR techniques used to characterize the sequence and structure of peptides were Total
Correlation Spectroscopy (TOCSY) and Nuclear Overhauser Effect Spectroscopy (NOESY). The
TOCSY experiment allowed the determination of protons within the same spin system that were
interacting through bond connectivity while the NOESY allowed for the characterization of proton
interactions through space. The raw NMR spectra were processed using nmrDraw and the peaks

were assigned using Sparky.

Chemical shift deviations (CSDs) were calculated and compiled using an in-house algorithm
developed to correct for the neighboring inductive effects, temperature and pH fluctuations,
available at http://andersenlab.chem.washington.edu/CSDb. The chemical shifts of the assigned

peptides were extracted from Sparky and uploaded into the Chemical Shift Database (CSDb).
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Chemical shifts were calculated based upon the following equation:

CSD = Sobserved — Oreference

Where the Sreference IS the statistically and experimentally determined random-coil value of each

amino acid.
2.2.2. HSQC NMR

All HSQC spectra were recorded on Bruker AV700 (700 MHz) and AV800 (800 MHz)

instruments.
Experiments with °N-labeled a-syn were carried out with two different conditions:

200 uM a-syn (by weight) was dissolved in 90% 50 mM phosphate buffer pH 6.5 and 10% 1 mM
DSS in D20. 120 uM to 440 uM peptide inhibitors were titrated into the NMR sample. Spectrum
was recorded after each addition. Hexafluoroisopropanol (HFIP) was added to afford a final

concentration of 1.5% v/v. All HSQC spectra were recorded at 303K.

100 uM a-syn (by weight) was dissolved in 90% 20 mM Tris. HCI buffer, pH 7.2 and 10% 1 mM
DSS in D20. Peptide inhibitors were titrated into the NMR sample to 60 uM, 120 uM, and 200
MM final concentrations. HFIP was added to a final concentration of 2.0 vol-%. After each
addition, HSQC spectra was recorded at 280K. Once HFIP had been added and a spectrum was
recorded at 280K, the temperature of the sample was increased to 300K and another spectrum was

recorded. After a 22- to 24-hour incubation, a final spectrum is recorded at 300K.
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2.3. Aggregation Assays

2.3.1. Human amylin

Two different assays were developed to measure the amyloidogenesis of full-length human amylin.
The first assay, employed the use of 2 vol-% HFIP. Lyopholized human amylin was dissolved in
neat HFIP to afford a human amylin stock with a final concentration of 5 mM hAM by mass. The
peptide mixture was vortexed for 5 minutes to ensure complete dissolution of peptide. The hAM
stock solution is employed to make CD assay samples with a final concentration of 50 uM hAM,
with or without 5 — 200 uM inhibitor, in 50 mM pH 2.0 phosphate buffer containing 25 mM NaCl

and 2 vol-% HFIP.

The second assay employed the use of 1 % HFIP. 5 mM human amylin stocks in neat HFIP was

diluted with buffer, to make a sample with a final concentration of 50 uM hAM with or without 5-

200 uM inhibitor, in 50 mM pH 2.0 phosphate buffer containing 25 mM NaCl and 1 vol-% HFIP.

For each assay, a 400 uL sample in a 2 mL vial with a screw cap closure and a 7 mm stirbar is
warmed to 37 °C in a water bath with constant stirring. Periodically, 40 uL aliquots of sample are
removed and diluted with 50 mM phosphate pH 2.0 buffer for a CD sample with a final
concentration of 10 uM hAM (final volume 200 uL). To make the sample ready for ThT, 10 pL

of 1.6 mM ThT is added to the CD sample.

2.3.2. Alpha-synuclein

Alpha-synuclein samples were provided by Dr. Marco Bisaglia (University of Padua, Italy) in
lyophilized form. The peptide was dissolved in 50 mM phosphate pH 6.5 containing 50 mM NacCl
to make a stock solution. The concentration of the stock solution was determined using UV
absorbance measured at 280 nm.
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The following Beer’s Law equation was employed:
A=¢cl

Where A=absorbance, e=sum of the molar extinction coefficients for all tryptophans (e=5690 M

cm™) and tyrosines (e=1280 Mt cm®) present in peptide, I=length of the cell.

The a-syn stock was then diluted with 50 mM phosphate pH 6.5 containing 50 mM NaCl to afford
an assay sample with a final concentration of 90 UM a-syn. Samples were incubated in a 2 mL vial
with a 7 mm stir bar and warmed in a 37°C water bath with constant stirring. Aliquots of 10 pL
were removed periodically and diluted with 190 pL of 2 vol-% HFIP in 50 mM phosphate pH 6.5
buffer (without NaCl) for CD measurements. For ThT measurements, 10 uL of 720 uM ThT was

added to the sample.

2.4. Circular Dichroism

All spectra were recorded on a Jasco J-720 Circular Dichroism instrument. Typical spectral
accumulation parameters were as follows: scan rate of 100 nm/min with a 2 nm bandwidth and a
0.1 nm step resolution over the wavelength range of 190—270 nm with eight scans averaged for
each spectrum. Raw ellipticity data (Bobs, in degrees), were converted into molar ellipticity ([6],
with units of deg'em™ M, usually given as deg-cm? dmol™?) or mean residue-molar ellipticity (
[6]mrw) when the chromophore of interest is the peptide bonds in a peptide or protein. All
calculation employed the Jasco software with the CD spectra corrected for a blank after reverse

FT smoothing of both. The pathlength of the CD cell used in all cases was 1 cm.

28



Thus molar ellipticities were calculated as:

[6] = 100 (Bobs / c'1)  with ¢ = molarity and the pathlength (1) in cm.

and [0]mrw Was obtained as [0] / N — 1 where N is the number of amino acid residues.

[6]mrw values are reported for all a-syn and hAM samples.

In order to obtain the melting temperature of peptides, spectra were accumulated for peptides with
a concentration by UV of 30 uM at 10°C intervals from 5°C to 95°C, allowing 300 seconds

between spectral accumulation in order to allow peptide sample to equilibrate to the temperature.

In CD-based inhibitor assays, all CD spectra were corrected for inhibitor and/or solvent

contribution using the following equations:

CDfinai = CDamyioid peptide+inhivitor — CDinnivitor

CDfinal = CDpeptide — CDsovent

For the 2 vol-% HFIP hAM assay, at the onset, and every 45 minutes thereafter, a 40 pL aliquot is
removed and diluted to a final volume of 200 pL with 2 vol-% HFIP, 50 mM pH 2.0 phosphate
buffer, producing a 10 uM hAM sample for CD measurement. At the end of 3 hours, aliquots were

taken every hour up to 6 hours.

For the 1 vol-% HFIP assay, a 40 uL aliquot is removed every hour for 6 hours and diluted to a
final volume of 200 pL with 1% HFIP, 50 mM pH 2.0 phosphate buffer, producing a 10 uM hAM

sample for CD measurement.
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For the a-syn assay, a 10 uL aliquot is removed at t = Ohr, 2hr, 4hr, 12hr, 16hr and 18hr and diluted
to a final volume of 200 uL with 2% HFIP, 50 mM pH 6.5 phosphate buffer, producing a 3.6-uM

a-syn concentration sample for CD measurement.
2.5. Thioflavin T Fluorescence assay

Thioflavin T spectra were recorded on Perkin EImer LS50B and LS55 fluorescence spectrometers.
The following parameters were used: emission wavelength 482 nm and excitation wavelength
450 nm; 10 mm pathlength cells with 5 nm excitation slit width and 10 nm emission slit width,

scan speed 500 nm/min.

The excitation and emission wavelengths were chosen to monitor the increase in the fluorescence
of the Thioflavin T dye upon the onset of fibril formation. The measurement was done in arbitrary

units (AU).

For all hAM assays, 10 pL of ThT was added to the CD sample, to give a final concentration of
80 UM ThT before the fluorescence measurement was taken. For all a-syn assays, 10 pL of 720

UM ThT was added to the CD sample and measurements were taken.

2.6. Antimicrobial Assay
2.7.1. Gram-negative assays

E. coli (Dh5a) were grown overnight at 37 °C in sterile LB media. From the overnight culture 1
mL was removed and spun for 5 mins at 3000 rpm. Supernatant was removed and the cell pellet
was resuspended in 5 mL fresh, sterile LB, followed by return to a 37 °C shaking incubator. Growth

was tracked by measuring the absorbance at 600 nm (ODsoo) until an absorbance between 0.5-0.8
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was reached. From this culture two sequential dilutions were made: the first dilution to >0.1, and
the second to the desired 0.001. From the culture with ODego 0of 0.001, 90 uL was combined with
10 pL of peptide stock solution in a 96-well plate. Plate lids were sealed on three sides with
parafilm to reduce evaporation. Peptide stock solutions with concentrations from 3.9 uM to 1 mM,
obtained by serial dilution were used and each concentration was tested in triplicate. The control
wells for 100% growth include 10 pL of water in place of the peptide solution; the background
controls (no growth) consist of 100 uL of the LB broth alone. ODegoo is measured for each well
after incubation at 37 °C with gentle agitation for 24 hours using a Thermo Labsystems Multiskan
Spectrum UV/Visible microplate reader. The %-inhibition is given as 1 — [(ODsample — ODback)

/ (ODcontrol — ODback)].

2.7.2. Gram-positive assay

Corynebacterium glutamicum (ATCC 13032) were grown at 30 °C in sterile LBG media (LB
supplemented with 0.5% sterile filtered glucose). Overnight cultures were pelleted by spinning 5
min at 3000 rpm. Supernatant was removed and the pellet was resuspended in 5 mL fresh, sterile
LBG, followed by return to a 30 °C shaking incubator. Growth was tracked until an ODego 0f >0.5
was reached. From this culture two sequential dilutions were made: the first dilution to >0.05, and
the second to the desired 0.001. From the culture with ODeoo 0f 0.001, 180 pL was combined with
20 pL of peptide stock solution in a 96 well plate. Plate lids were sealed on three sides with
parafilm to reduce evaporation. Peptide stock solutions with concentrations from 0.06 uM to 7.81
MM, obtained by serial dilution were used and each concentration was tested in triplicate. The
control wells for 100% growth include 20 uL. of 20 mM phosphate, pH 6.5 buffer in place of the
peptide solution; the background controls (no growth) consist of 200 uL of the LB broth alone.

ODsoo is measured for each well after 24 and 48 hrs of incubation at 30 °C with gentle agitation
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using a Thermo Labsystems Multiskan Spectrum UV/Visible microplate reader. The %-inhibition

is given as 1 — [(ODsample — ODback) / (OD-control — ODback)].
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Chapter 3: a-Synuclein

3.1 Introduction

Alpha-synuclein (a-syn) is a 140-amino acid cytoplasmic protein, found in the pre-synaptic
terminal of neuronal cells, that has been implicated in the development of Parkinson’s disease and
Dementia with Lewy Bodies. The sequence of the peptide is given below (Figure 3.1) and shows
the three distinct regions of the peptide, the N-terminus region (residues 1-60), the NAC region
(residues 61-100) and the C-terminus region (residues 101-140). Of the three, only the N-terminus
region- and in some cases extending into the NAC region- show specific secondary structures in
the native state. The N-terminal region of a-Syn contains 5 nearly conserved 11-residue repeats of
the hexamer motif —-KTKEGV- while the NAC region contains 2 slightly less conserved
equivalents. The less conserved repeats within the NAC region may play a role in the
amyloidogenesis of a-syn because reordering of the sixth repeat, in particular, with any of the other
repeats leads to a lack of fibril formation. Instead amorphous aggregates, similar to those formed

by B-synuclein are detected. (Rao et al., 2009; Suk et al., 2010)

IMDVFMKGLSK *AKEGVVAAAE 21KTKQGVAEAA 31 GKTKEGVLYV “1GSKTKEGVVH

N-terminal region SIGVATVAEKTK

NAC region SIEQVTNVGGAV 7VTGVTAVAQK 31 TVEGAGSIAA°IATGFVKKDQL

C-terminal region 101GKNEEGAPQE **GILEDMPVDP '2!DNEAYEMPSE '3 EGYQDYEPEA

Figure 3.1. The full sequence of a-syn separated into the three distinct regions.

Native a-syn is typically post-translationally acetylated at the N-terminus. (Anderson et al., 2006)
This modification has often been identified as the reason a-Syn does not aggregate in healthy
systems. This may be due to the enhanced helical character of residues 1-9 in the presence of an

acetylated N-terminus. (Georgieva et al., 2008; Kang et al., 2012) HSQC NMR experiments have
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been used to show that the effect of N-acetylation on a-syn is confined to these residues and
comparisons between the acetylated and non-acetylated peptides have shown a decreased

propensity to form B-sheets by the acetylated peptide. (Kang et al., 2012, 2013)

Even without the a-helix promoting modification, native a-Syn adopts a helical conformation when
in contact with membranes. (Eliezer et al., 2001; Jao et al., 2004; Bisaglia et al., 2005, 2006; Ulmer
et al., 2005) However, there is a lack of consensus on the type of helix formed. Studies have shown
the formation of both elongated helices from residues 1-102 (Ramakrishnan et al., 2003; Georgieva
et al., 2008; Jao et al., 2008) and antiparallel helices that are broken around residues 43 and 44.
(Chandra et al., 2003) It is possible that a-syn is capable of forming both helices, the type formed
dependent on the type of vesicle it is binding to. (Rao et al., 2009) Most likely, a-syn is capable
of adopting a broken helix state when binding to small vesicles and the elongated helix state when
binding to larger vesicles. There is also some ambiguity as to whether or not the helix formed
merely results in surface contacts with the vesicle membrane or if the peptide is actually capable

of inserting itself into the membrane. (Bisaglia et al., 2005, 2006)

As has been mentioned before, the C-terminal tail of a-syn does not adopt a defined secondary
structure, even in the early stages of amyloidogenesis. The presence of multiple Pro (P) residues
in this segment could be causing the lack of secondary structure since Pro causes kinking in peptide
chains that breaks up a-helix as well as prevents the formation of elongated -sheets. Despite its
lack of secondary structure, studies have shown that there are long-range interactions between the
C-terminus of a-syn and other parts of the peptide. For instance, aromatic residues in the C-
terminus have been shown to interact with the NAC region of a-syn. This is further confirmed by
studies that show interactions between residues 120-140 of the C-terminus and residues 30-100 of

the peptide, (Dedmon et al., 2005), between residues 110-130 of the C-terminus with residues 85-
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95 of the NAC region, (Bertoncini et al., 2005) and between residues 121-140 of the C-terminus
with residues 1-20 of the N-terminus. (Bernado et al., 2005) The strong contacts between the C-
terminus of a-syn and multiple other regions of the peptide could explain why a-syn has a more
compact structure than that of other random-coil peptides of the same size. The interactions could
also have some protective effects that prevent a-syn from aggregating. Studies have demonstrated
that truncation of the C-terminus of a-syn results in an increased rate of amyloidogenesis.(Hoyer
et al., 2004) Progressive truncation of a-syn further proves the protective effects of residues 120-
140 since deletion of these residues results in increased rates of amyloidogenesis. (Murray et al.,
2003) In fact, plaques found in the brains of Parkinson’s patients are made up of a significant
amount of truncated a-syn. (Liu et al., 2005) In vitro studies have also shown that C-terminal
truncated a-syn aggregates faster than full-length a-syn and is capable of seeding the aggregation
of full-length a-syn even at sub-stoichiometric concentrations. (Li et al., 2005) The high acidity
(and thus negative charge) of this segment of the peptide due to the increased number of Glu, E

residues could also be playing a role in reducing the amyloidogenic propensity of native a-syn.

3.1.1. a-Syn and amyloidogenesis

Viewed by microscopy, a-syn fibrils are typically made up of multiple filaments forming a helical
ultrastructure. Each filament is found to have a diameter of approximately 3-4 nm resulting in
fibrils with 15-20 nm diameters. (Vilar et al., 2008; Nakamura et al., 2015) These unbranched

fibrils are the hallmark of all amyloid fibrils. (Serpell et al., 2000)

a-Syn has been determined to undergo amyloidogenesis in a nucleation-dependent manner. In
vitro studies have shown that a typical amyloidogenesis curve for a-Syn contains a lag phase,
growth phase and a stationary phase. (Ghosh & Maji, 2015) Studies have tracked the transition of

a-syn from random-coil to amyloid fibrils using a variety of spectroscopic methods including CD
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and the enhanced fluorescence observed upon thioflavin-T (ThT) binding. One such study
conducted by Ghosh et al. proposes that a-syn adopts a helix-rich intermediate before transitioning

to B-sheets that form the amyloid fibrils. (Ghosh, Singh, et al., 2015)

In amyloid plaques, a-syn has been shown to adopt a typical fibrillary conformation of cross -
sheet geometry whereby each individual strand runs perpendicular to the fibril axis. A number of
techniques used, including solid-state NMR has shown that the amyloid fibrils of a-syn form
predominantly in residues 30 to 110. Vilar et al. have shown through quenched
deuterium/hydrogen exchange NMR that a-syn may be forming five distinct B-strands from
residues 35 to 96; B1 (35-41), B2 (49-56) B3 (62-68), P4 (70-79 or 70-83) and B5 (90-96). They
propose that the five strands, with a short unstructured loop between each strand, forms a B-strand

sandwich that runs perpendicular to the amyloid fibril axis (Figure 3.2). (Vilar et al., 2008)

Figure 3.2. Fold of a-syn fibrils
as proposed by Vilar et al., 2008.
The five B-strands are shown as
B1ss-a1(green), B249-56 (blue) P3e2-
g8 (purple), P470-79 or 70-83 (red)
and B590-96 (Orange).

While some studies still contend that the fibrils of a-Syn are responsible for toxicity, (Luk et al.,
2012; Pieri et al., 2012) most research now views a soluble oligomeric form of a-syn as the toxic
species of associated with amyloidogenesis. (Karpinar et al., 2009; Winner et al., 2011) Therefore,

a lot of work has been focused on studying this form of a-syn both to discover how it causes
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cytotoxicity as well as learning how to inhibit its formation or build-up. It has recently been
proposed that the oligomeric form of a-syn adopts an antiparallel B-sheet structure as opposed to
the parallel B-sheets seen in mature plaques. (Celej et al., 2012) Mirecka et al. have also
demonstrated that a-syn may in fact adopt individual B-strands (or hairpins) on the pathway to
amyloidogenesis. (Mirecka et al., 2014) Their studies using a protein inhibitor led to the
identification of a binding locus within a-syn which happens to coincide with strands 1 and 2
that were identified in the studies done by Vilar et al. The same hairpin was studied by Salveson
et al. and was shown to form higher-order structures that showed high levels of cytotoxicity in
neuronal cells. (Salveson et al., 2016) These results are further bolstered by the fact that residue
H50 is one of the first residues that displays peak attenuation by solution NMR during
amyloidogenesis leading to a possible nucleating role for this portion of a-syn in amyloidogenesis.

(Sivanesam et al., 2015)

A prominent role has also been posited for the aromatic residues within a-syn. Alpha-syn contains
one Tyr residue in the N-terminus and three more Tyr residues in the C-terminal tail. A mutational
analysis of these residues showed that the replacement of all three Tyr residues in the C-terminal
tail resulted in complete elimination of a-syn amyloid formation. Point mutation of each Tyr
residue showed that of the three residues Y133 played the most important role in amyloid
formation. This conclusion arose because Y125A and Y136A mutations only showed limited
inhibition while Y133A resulted in complete inhibition. It can be further concluded that Y133 may
have an important interaction with Y39 since the Y39A-mutation also demonstrated substantial

inhibition of amyloid formation. (Ulrih et al., 2008)

Of all the post-translational modifications that a-syn is said to undergo, the most controversial has

to be the phosphorylation of Ser-129. Since its discovery in 2002, by Fujiwara et al. in Lewy Body
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inclusion, this modification has yielded highly conflicting results. (Fujiwara et al., 2002) It is a
common observation that approximately 90% of a-syn in Lewy Bodies are phosphorylated while
only 5% of a-syn is phosphorylated in healthy individuals. (Sato et al., 2011) However, whether
or not, the phosphorylation plays a role in amyloidogenesis or if it just a result of amyloidogenesis
is unclear. It is also unclear whether or not the phosphorylation affects the rate of aggregation. The
initial study done by Fujiwara et al. would seem to indicate that this modification does increase
the rate of amyloid formation. (Fujiwara et al., 2002) However, there are studies that produce
conflicting results. (Paleologou et al., 2008) Paleologou et al. also conclude that the S129
phosphorylation increases the flexibility of a-syn, making it less compact. This is concomitant
with long range interactions between the C-terminus and N-terminus of a-syn being disrupted by

the presence of the phosphoryl group.

It is becoming more evident however that the phosphorylation of S129 may play a role in the
membrane binding affinity of a-syn. A recent study showed that phosphorylation increased the
membrane binding of A30P, a pathogenic mutant of a-syn but decreased the membrane binding of
A53T, another pathogenic mutant. (Samuel et al., 2016) Along with membrane binding, the study
suggested that phosphorylation results in a higher rate of endocytic vesicle rupture. This could be
an important result because the rupturing of endocytic vesicles carrying misfolded a-syn could be
how the oligomers recruit more monomers upon entering adjacent neurons. But even these results
are a contradiction of earlier studies that show phosphorylated S129 has a reduced membrane
binding affinity with phospholipids. (Pronin et al., 2000) The only conclusion one can draw from
these results so far is that the phosphorylation of S129 of a-syn plays some role in disease

pathogenesis.
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3.1.2. Mutations in the a-Syn gene

Until the late 90’s, Parkinson’s disease (PD), especially late-onset PD, had been viewed as a
sporadic disease caused by point mutations in the gene encoding a-Syn, with no genetic
inheritance. (Gwinn-Hardy & Farrer, 2002) However, a study done in Iceland showed that a large
number of people who were diagnosed with this disease were “significantly more related to each
other than were subjects in matched groups of controls”. (Sveinbjérnsdottir et al., 2000) This led
to the conclusion that PD, regardless of age of onset, is caused in part by genetic factors. The initial
discovery of SNCA whole gene multiplication occurred when investigation into the cause of PD
in a large family yielded no point mutations in the SNCA gene. Quantitative real-time PCR
amplification of the SNCA gene was used to determine that whole gene triplication was the
common factor among family members exhibiting PD pathology. (Singleton et al., 2003; Singleton
et al., 2004) While whole gene triplication has been linked to early onset PD, Chartier-Harlin et
al. showed that whole gene duplication could also be causing PD but at a later age. (Chartier-

Harlin et al., 2004)

Point mutations within the SNCA gene have also been linked to autosomal dominant forms of PD.
To date, 6 mutations have been discovered and studied. The first point mutation linked to a genetic
inheritance of PD was A53T, discovered in 1997 by Polymeropoulos et al. in an Italian-American
family, known as the Contursi family. (Polymeropoulos et al., 1997) Interestingly, their discovery
of this mutation is what led to the conclusion that a-syn is the primary component of Lewy body
inclusions. The discovery of A53T was quickly followed by the discovery of the mutant A30P in
a German family displaying autosomal dominant PD. (Krtiiger et al., 1998) Biophysical studies
into the fibril formation of these two mutations led to the conclusion that A53T was aggregating

at a much higher rate than wild-type (WT) a-syn. (Giasson et al., 1999; Conway, Harper, et al.,
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2000; Conway, Lee, et al., 2000; Li et al., 2001; Choi et al., 2004; Greenbaum et al., 2005; Ghosh
et al., 2014) However, conflicting results were initially found for A30P. The earliest studies,
initially indicated that A30P formed spherical aggregates and took longer to form the elongated
fibrils typical of WT. (Conway et al., 1998) However, Narhi et al., using sedimentation
experiments came to a different conclusion, indicating that both A30P and A53T aggregated faster
than WT. (Narhi et al., 1999) Subsequent studies discovered that while A30P did in fact
oligomerize at an equal rate or slightly faster than WT (Conway, Lee, et al., 2000), it stayed in the
oligomer phase of amyloidogenesis for much longer. This conclusion led to the theory that it was
in fact the oligomer phase that plays a role in cell cytotoxicity. An important support to this
conclusion is that the fibrils formed by either mutation shows no morphological difference to
fibrils formed by WT. However, studies have shown that the A30P, and to some extent the A53T,
mutants of a-syn display less avid binding to membranes. (Choi et al., 2004; Ghosh et al., 2014)
The lack of binding could be due to the location of this mutation in the region where helix-2 is
known to form when in the presence of membranes. The presence of a Pro, P residue in place of
helix-favoring Ala could play a significant role in preventing helix formation. The inability to form
helices could result in the abrogation of normal a-syn functions which could be another factor that

causes disease.

In 2004, a third mutation, E46K was discovered in a Spanish family. (Zarranz et al., 2004) This
mutation showed very similar pathology to the A53T mutation and in in vitro studies, it had higher
rates of fibrillation similar to that of A53T. (Choi et al., 2004; Greenbaum et al., 2005) However,
liposome binding assays indicated that the E46K mutation resulted in almost two-fold higher
binding to liposomes. The difference in binding for A30P as well as E46K, may be related the fact

that both these residues are highly conserved in the a-syn of all species. However, A53T shows no
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similar conservation with A53 being present in humans while T53 is present in other species.
(Hamilton, 2004) This difference in residue conservation across species could point to an
important role being played by those two residues in a-syn function while A53T, which shows no
difference in binding assay, may not be playing an important functional role. It is also important
to note that the A53T and E46K mutations, which result in faster amyloid formation, are also part
of a B-hairpin-forming region of a-syn that has been proposed to be an early event in

amyloidogenesis. (Mirecka et al., 2014)

Following the discovery of E46K, no new mutations of a-syn were discovered until 2013, when
two more mutations, H50Q (Appel-Cresswell et al., 2013) and G51D (Kiely et al., 2013) were
found. H50Q was shown to have a higher rate of aggregation than WT and was displaying
pathology very similar to A53T. Proukakis et al. suggested that the reason H50Q was disease
causing could be related to its interaction with Cu?* ions that are known to be elevated in PD
patients. (Proukakis et al., 2013) Studies have shown that in WT a-syn, the H50 imidazole ring
binds to Cu?* by “wrapping around to participate in the Cu®" coordination environment.” This
results in a-syn having to leave the a-helix conformation. However, in H50Q this is not necessary,
leading to a stabilization of the helix state and more conformational freedom. The increased
freedom could play a role in increasing the rate of aggregation of this mutant in vivo. Ghosh et al.
showed that the lack of His at position 50, rather than the presence of Q is the cause for the increase
in aggregation. (Ghosh et al., 2013) Their mutational analysis of H50A showed similar aggregation
rate as H50Q. They were also able to ascertain that the H50Q led to perturbations in the residues
around it (residues 44-56) as well as perturbation further down in the C-terminus (residues 113-
135). These results further validate the studies that point to long-range interactions between the C-

terminus and other parts of a-syn resulting in a more compact structure.
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The discovery of G51D however has given rise to more questions about what role a-syn may play
in the synucleinopathies. This mutation seems to have a slower rate of aggregation than WT and
forms amorphous aggregates similar to A30P. However, G51D seems to trigger apoptotic cell
death by caspace-3 more than WT. (Lesage et al., 2013) Fares et al. also made some interesting
observations about G51D. This mutation is able to form a helix in helix-promoting environments
such as TFE but shows lower membrane binding affinity than WT. (Fares et al., 2014) The lower
binding affinity is most likely due to a lesser extent of helix formation by residues 45-55, as seen
by NMR. This reduced helical propensity in the presence of lipids could possibly be negating the
inhibitory effects that high lipid:a-syn ratios have against aggregation. (Bodner et al., 2009, 2010)
The study also showed that G51D mutants were secreted more rapidly in mammalian cells and
they were more localized in the nucleus as well as having more Ser-129 phosphorylation. The
presence of G51D also seemed to result in abnormal mitochondrial structures in cells but this did
not result in cell death. Taken together, the effect of the G51D mutant as a disease-causing
mutation may not be related to amyloid formation but could instead point to a different mechanism

by which a-syn causes disease. (Fares et al., 2014)

The final known mutation, A53E, was discovered in 2014 by Pasanen et al. in a Finnish family.
(Pasanen et al., 2014) The pathology of the patients showing this mutation was similar to that of
the G51D mutation but there was less consensus on whether the mutation resulted in early onset
PD. Biophysical studies of the mutation showed that this mutant had a slower rate of fibril
formation than WT a-syn. (Ghosh et al., 2014) To determine if the mutation of a hydrophobic
residue to an acidic residue was the cause for the change in aggregation rates, a mutational study
with A53K was done. The results of this study showed that a charged residue at this position slows

down aggregation. Time-dependent AFM studies and dynamic light scattering experiments
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revealed that the mutant was spending a longer time in the oligomer state, similar to the
observations made about A30P. The mutation was shown to cause perturbations of chemical shifts
for the residues surrounding it as expected. It also showed perturbations in the C-terminus, once
again pointing to long-range interactions between this region and the C-terminus of a-syn.
Similarly to A53T, the AS3E mutation shows no difference in helix-formation in TFE buffers.
However, the dissociation constant from membrane binding studies indicate that the mutant has a

lower binding affinity than WT which is a different result as that shown by A53T mutants.

3.2. Inhibitors of a-syn toxicity

Since its implication as the possible underlying cause of Parkinson’s disease, a-syn has been
heavily studied; particularly with respects to inhibitors that could possibly serve to ameliorate the
negative effects of a-syn soluble oligomers that are prevalently accepted as the most toxic species.
A number of inhibitory strategies can be envisioned: a) maintaining the random-coil structure of
a-syn and never allowing it to form toxic oligomers; b) increasing the rate of amyloidogenesis so
that a-syn does not linger as a soluble oligomer (the presumed toxic state) but quickly forms non-
toxic fibrils and plaques; c) redirecting a-syn amyloidogenesis to form non-toxic off-pathway
aggregates, or d) signaling the mechanisms within the body to promote clearance of toxic forms
of a-syn. Numerous classes of inhibitors have emerged as possible therapeutics for a-syn
amyloidogenesis but the problem remains, developing small molecules or peptides that are capable

of penetrating the blood-brain barrier in order to be most effective against a-syn.
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3.2.1. Small molecule inhibitors

The most common motif of small molecules that have been tested successfully as inhibitors of a-
syn amyloidogenesis is the presence of the phenol moiety. From this category, a number of natural
products have been discovered to inhibit a-syn. Among them, resveratrol is a popular test subject.
Resveratrol is extracted from the skin of grapes, blueberries, raspberries, and mulberries. This
polyphenol has been shown to be an antioxidant and has been tested extensively in vivo as a
potential therapeutic for PD. Rat models have shown that resveratrol can confer neuroprotective
effects on 6-hydroxydopamine induced PD, showing results as early as 48 hours after
administration. (Jin et al., 2008) Dopaminergic neuron degradation by the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) has also been reduced by the protective effects of
resveratrol. (Blanchet et al., 2008) Unlike most small-molecule inhibitors, the in vitro activity of
resveratrol has been shown to be quite modest. (Caruana et al., 2011) This is most likely due to
the fact that the neuroprotective effects of resveratrol may be a result of activation of human sirtuin
1 (SIRT1) that is known to promote the autophagy of proteins in the nucleus and cytoplasm.
(Albani et al., 2009) These results were confirmed when the activity of resveratrol was eliminated
in the presence of sirtinol, an inhibitor that is specific for SIRT1. Up-regulation of autophagy by
resveratrol is particularly relevant since it has been shown that patients with PD typically
demonstrate down-regulated autophagy in the brain. (Cheung & Ip, 2009) Resveratrol is also able
to upregulate the clearance of mutant a-syns, A30P and A53T in PC12 cells, further singling this

molecule out as a potential therapeutic for PD. (Wu et al., 2011)

While resveratrol action depends on indirect effects on a-syn, gallic acid, another small molecule
extracted from grape skins, gallnuts, tea leaves and other plants has been shown to act directly on

a-syn amyloidogenesis in vitro. This small molecule has been shown to inhibit the formation of
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fibrils and reduce the amount of oligomers formed by wild-type a-syn. (Ardah et al., 2014)
However, this effect was only observed at high doses of gallic acid. At low doses, gallic acid
instead seemed to promote the formation of oligomers. However, these oligomers were found to
be non-toxic to cells giving rise to the conclusion that gallic acid redirects a-syn amyloidogenesis
to off-pathway aggregates. *°N-HSQC NMR studies have revealed that gallic acid may not have
specific binding loci on a-Syn monomers, even though some protection from peak attenuation has
been observed in the N-terminal and NAC binding regions. (Liu et al., 2014) Instead, it is proposed
that gallic acid binds to an oligomer form of a-syn and stabilizes it. (Ardah et al., 2014) This has
been confirmed by size-exclusion chromatography and UV scanning that shows oligomers formed

in the presence of gallic acid contain gallic acid.

In vitro studies that test the activity of gallic acid against a-syn mutant, A53T, showed that it was
capable of inhibiting the amyloidogenesis of this mutant. (Liu et al., 2014) This is despite the fact
that A53T has been shown to have a faster rate of amyloidogenesis than wild-type a-syn. Similarly
to wild-type, studies into the interaction of gallic acid with A53T resulted in no specific binding
loci. Instead, the study concluded that gallic acid may be binding non-specifically to the random-

coil state and stabilizing it.

A derivative of gallic acid, (-)-epigallocatechin gallate (EGCG), has also been heavily tested as an
inhibitor of a-syn amyloidogenesis. This small molecule, extracted from green tea, has shown
promise as an inhibitor of other amyloidogenic systems such as AP and tau as well as a-Syn.
Experimental data shows that EGCG may be redirecting a-syn to form non-toxic off-pathway
spherical aggregates. (Ehrnhoefer et al., 2008) The proposed mechanism involves the binding of
EGCG to a-syn, presumably to the C-terminal tail of a-syn, in order to prevent the formation of

intermolecular B-sheets and fibrils. (Ehrnhoefer et al., 2008; Lorenzen et al., 2014) However, my
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>N-HSQC studies, reported herein, suggest that the binding may be less specific. (Sivanesam et
al., 2015) There have also been studies that suggest EGCG is capable of binding to the toxic
oligomeric state of a-syn and destabilizing, thus preventing these oligomers from exerting
cytotoxicity by interacting with membranes. (Lorenzen et al., 2014) Other studies have also
proposed that EGCG can interact with mature fibrils and convert them into spherical aggregates.

(Bieschke et al., 2010)

Figure 3.3. The chemical structure of select small molecule inhibitors of a-syn amyloidogenesis.
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The significance of the phenols on these and other polyphenolic inhibitors has given rise to
multiple studies attempting to determine how the phenol group interacts with a-syn. Studies that
explored the effects of the phenol group on a benzoic acid template concluded that there is a strong
correlation between the number of hydroxyl groups, their placement relative to the carboxyl unit
and the inhibitory activity of the polyphenol. Ardah et al.’s study indicated that three hydroxyl

groups positioned in the ortho and para positions relative to the carboxyl group where most
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efficient at inhibiting a-syn amyloidogenesis. (Ardah et al., 2014) This is interesting because gallic
acid and EGCG both have 3 hydroxyl groups that are meta- and para- to the carboxyl group. The
study showed that benzoic acid molecules with hydroxyl groups in this conformation had 72%

activity while having three groups at ortho and para had 99% activity.

The most prevalent theory regarding the efficacy of polyphenols as inhibitors of a-syn
amyloidogenesis, is the ability of polyphenols to form quinones. This is an accepted hypothesis,
particularly for the polyphenol baicalein that demonstrated increased levels of inhibition in its
oxidized state. (Zhu et al., 2004) This may be due to the increased stability of the quinone when
binding to a-syn since it is no longer susceptible to oxidation. (Taniguchi et al., 2005) It has been
proposed that the quinone interacts with aromatic residues and inhibits the - stacking of these
residues. In particular, the quinone is most likely interacting with one of the three Tyr residues in
the C-terminal tail since truncation of the C-terminus eliminates the activity of oxidized baicalein.
(Meng et al., 2009) These results further support the theory that the Tyr residues in the C-terminal

tail play a role in amyloidogenesis as previously mentioned.

It is also consistent with the fact that the C-terminal tail of a-Syn remains exposed even in the
soluble oligomer form, making it an easier target for inhibitors. This may serve as further
explanation for why an increasing number of inhibitors that are shown to bind to this region of a-
syn. For example, ceftriaxone, a B-lactam antibiotic, (that has been shown in vivo to modulate the
motor deficits of PD rats, (Leung et al., 2012) and in vitro to completely inhibit the formation of
soluble oligomers of a-syn,) has been computationally determined as binding the C-terminal tail.

(Ruzzaet al., 2014)
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3.2.2. Antibody inhibitors

The finding that a-syn is not confined to neuronal cells and is in fact secreted into the blood and
cerebrospinal fluid by exocytosis in all individuals, regardless of PD development, (Borghi et al.,
2000; El-Agnaf et al., 2003) led to the development of monoclonal antibodies. These antibodies
were intended to localize and quantitate a-syn in the body (Lee et al., 2011) but were later shown
to promote the clearing of extracellular a-syn before it could result in cytotoxicity. (Desplats et al.,
2009; Lee et al., 2010) Ab274, a monoclonal antibody has emerged as a strong inhibitor of a-syn
cytotoxicity by promoting the lysosomal ‘digestion’ of toxic states of a-syn. (Bae et al., 2012) This
antibody has been determined to bind to the C-terminus of a-syn and could be interacting with the
Fcy receptor on microglial cells, promoting the macrophagy of these toxic forms of a-syn. Mouse
studies showed that this antibody was capable of rescuing PD mice from the motor deficits
associated with PD through inoculation. Another monoclonal antibody, 9E4, was also able to
ameliorate the memory and learning deficits in mice models by increasing the clearance of a-syn
aggregates in the cortex and hippocampus of the subject. (Masliah et al., 2011) This is an
interesting development since one of the most prominent hurdles to developing therapies that

reduce a-syn related cytotoxicity is the ability to cross the blood-brain barrier.

Another class of antibodies that has emerged as potential therapeutics are single-chain antibody
fragments (scFv). In the past, studies have identified scFvs that are capable of targeting the
huntingtin protein and inhibiting its amyloidogenesis while protecting cells from the neurotoxic
effect of the protein. (Lecerf et al., 2001; Murphy & Messer, 2004) This information was used to
identify an scFv that had nanomolar binding affinity to a-syn and reduced the rate of oligomer
formation in vitro. (Emadi et al., 2004) Intracellular testing of another scFv, D10, showed that this

antibody was capably of identifying monomeric a-syn and binding to it thus preventing
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amyloidogenesis. (Zhou et al., 2004) However, the selectivity for monomeric a-syn could lead to
the prevention of a-syn natural functions. This led to the development of an scFv, D5, that was
capable of selectively binding to the oligomeric form of a-syn. (Emadi et al., 2007) scFv D5 was
capable of rescuing human neuroblastoma cells from the toxic effects of aged a-syn at sub-

stoichiometric concentrations.

3.2.3. Protein and Peptide inhibitors

The concept of selectively targeting the oligomeric form of a-syn while ignoring the monomeric
form of a-syn was utilized in the development of a short peptide that is capable of eliciting an
immune response in the body. The peptides, known as AFFITOPES, were designed to mimic the
C-terminus of a-syn but share no sequence similarity with a-syn. (Schneeberger et al., 2010) This
is an important feature of AFFITOPES since it prevents deadly autoimmune responses which have
been known to hinder the development of vaccines for PD treatment. As a result of their study,
Mandler et al. identified an AFFITOPE peptide, AFF1 that was able to elicit an immune response
against oligomeric a-syn but not monomeric a-syn. (Mandler et al., 2014) The peptide was further
shown to be specific to only a-syn and not to the other types of synuclein such as -syn that share
some sequence similarity to a-syn. Mice studies showed that the vaccination with AFF1 was
successful at reducing the pathological behaviors associated with PD. The success of the in vivo
studies has led to the development of a vaccine, PDO1A, that has been tested in clinical trials.
Preliminary results indicate that the vaccine is safe and tolerable at both doses administered. At
least half the patients in the study demonstrated a-syn antibodies and showed less worsening of
the disease compared to the control group. (Kuhl, 2014) However, the antibody levels began to
drop over time which has led to the second phase of the trial, the administering of a booster dose

which has so far shown positive results. (Kuhl, 2016)
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While clearance of the toxic form of a-syn is an attractive prospect for study, there are still a
number of other peptides and proteins that focus on inhibiting the amyloidogenesis of a-syn. One
such protein, B-wrapin AS69, was developed from a ZABsg, a protein that binds to Ap. (Mirecka et
al., 2014) AS69, differs from ZABs3 at four residues in each subunit resulting in a complete change
in selectivity. The protein was also determined to be an inhibitor of a-syn cytotoxicity at equimolar
concentration, rescuing human neuroblastoma cells from a-syn cytotoxicity. Crystallographic
studies of the inhibitor when bound to a-syn revealed an interesting binding motif in the N-terminal

region of a-syn. (see section 3.4.5 for further discussion)

Another common approach to designing inhibitors of a-syn has been to use segments of a-Syn
itself that are shown to bind to the monomer and prevent self-self recognition that leads to
amyloidogenesis. Typically, these segments are modified in order to increase solubility and
prevent the segment from aggregating on its own. EI-Agnaf et al. chose to study residues 64-100
of a-syn in one such effort. (EI-Agnaf et al., 2004) These residues were chosen most likely due to
the fact that this spans the NAC region that has been postulated as the most amyloidogenic portion
of the protein. They synthesized a series of six-residue peptides that span this region and included
hydrophilic residues at both termini in order to increase the solubility of the peptide inhibitors. Of
all the peptides tested, one peptide was determined to be a good inhibitor of a-syn
amyloidogenesis. This conclusion was drawn based on ThT fluorescence experiments that showed
inhibition when incubated with a-syn at 1:2, 1:1 and 2:1 ratios. However, my own attempts to
replicate these results were unsuccessful: the difference in reaction conditions for the assay may

have played a role in this failure. (Sivanesam et al., 2015)

Other studies have shown that N-methylation of certain residues within the inhibitor segment or

the insertion of proline residues into the inhibitor segment can also be useful in preventing self-
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aggregation. This is because aggregation depends on the ability of the peptide backbone to
hydrogen bond to form stable intermolecular B-sheets. The presence of a methyl group at the
backbone nitrogen or the lack of primary nitrogen at that position can eliminate hydrogen bonding
thus preventing self-aggregation of the inhibitor. (Gordon et al., 2002; Adessi et al., 2003; Kokkoni
et al., 2006) This is also the proposed mechanism by which aggregation of a-syn is inhibited. The
short segment is recognized by a-syn due to sequence homology, however, the presence of the
secondary nitrogens on the other face of the inhibitor, prevents the continued addition of

monomers, thus preventing amyloidogenesis.

Multiple N-methylated peptides have been synthesized based on the minimum sequence of a-syn
required for aggregation. Bodles et al. determined that the 10-residue span 8 GAVVTGVTAVA'®
of a-syn was capable of forming toxic aggregates in rat PC12 cells. (Bodles et al., 2000, 2001)
The N-methylation of G73 however, prevented aggregation in vitro and at equimolar
concentrations, reduced toxicity of full-length a-syn in vivo. (Bodles et al., 2004) Madine et al.
identified a shorter self-aggregating sequence spanning residues 77-82. The N-methylated
inhibitor that they synthesized, VAQKTnV showed high levels of inhibition at equimolar

concentrations versus full-length a-syn in in vitro experiments. (Madine et al., 2008)

The dependence on sequence homology to facilitate recognition by a-syn, while convenient, poses
a problem for therapeutic development. These peptides are more susceptible to degradation within
the cell and may not be able to reach their targets intact. The overreliance on sequence homology
also prevents the understanding of common features a-Syn may have with other amyloidogenic
systems. This knowledge paved the way for the Andersen lab to develop peptide inhibitors that
had no sequence homology to a-syn but were still capable of inhibiting amyloidogenesis. My

studies are based on the hairpin hypothesis that states the pre-amyloid state of any protein would
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form more favorable interactions with stable B-hairpins, thus overcoming their propensity to

undergo self-self recognition and amyloidogenesis.

3.3. Assay development

3.3.1. CD and ThT assay

The conditions for this assay were developed by Dr. Kelly Huggins and were successfully

replicated for all the studies done below.

Calculation of percent inhibition by CD was done using the following formula:

In the presence of inhibitor (Ajg9g — Az17)

Percent inhibition = 100 — ( x 100)

In the absence of inhibitor (Ajg9g — Ay17)

where A9 = difference in mean residue-molar ellipticity ([0]mrw) at 198 nm between t=0 and

t=18 hours

A217 = difference in mean residue-molar ellipticity ([6]mrw) at 217 nm between t=0 and

t=18 hours

Calculation of percent inhibition by ThT was done using the following formula:

R signal at t = 18 hours in the presence of inhibitor
Percent inhibition = 100 — (— - — x 100)
signal at t = 18 hours in the absence of inhibitor

3.3.2. HSQC NMR assay

The initial studies done for a-Syn were done using conditions developed by Dr. Aimee Byrne in a

phosphate buffer system that more closely mimicked the conditions for the CD and ThT assays.
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However, these conditions were later modified to perform the experiments in a different buffer
system, Tris.HCI. The conditions for the new NMR assay required only 100uM a-syn instead of
the 200uM a-syn that was used in the past. Under these conditions, I found that a-syn aggregation
could be induced almost immediately, in the presence of 2% v/v HFIP, by increasing the

temperature of the experiment from 280K to 300K.

3.4. Results and discussion

3.4.1. Examining previously discovered inhibitors

In an effort to verify that known inhibitors of a-syn would show activity in our assay, | tested two
inhibitors: a small molecule, (-)-epigallocatechin gallate (EGCG) and a peptide, RGAVVTGR-
NHo.. The peptide inhibitor was first discovered by El-Agnaf et al. and was shown to inhibit a-Syn
aggregation at sub-stoichimetric concentrations. (El-Agnaf et al., 2004) Under my conditions
however, RGAVVTGR-NH: failed to show any activity even at 4 eq peptide to a-syn. EGCG on
the other hand did show approximately 65% inhibition at 2 eq inhibitor. In the initial study
conducted by Ehrnhoefer et al., they found increasing peak broadening at the C-terminus of a-syn
that was most evident at five- and ten-fold excess inhibitor to peptide. (Ehrnhoefer et al., 2008)
The peaks, D119, S129, E130, and D135 that disappeared at equimolar concentration of inhibitor

were determined to be the strongest binding positions.

At a 10:1, EGCG: a-syn ratio, | observed immediate precipitation that prevented me from
examining the sample by NMR. Spectra taken at a 5:1, EGCG: a-syn ratio, showed binding shifts
that were much lower (A5(*H) = 0.007 - 0.010 ppm) than those reported in the literature. (Appendix

B1) I also saw several shifts in regions outside of the C-terminus which could be a secondary
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binding locus of EGCG. To investigate this further, | performed a titration at lower concentrations
of EGCG. The results showed a number of shifts in the N-terminus, half of which were located in
the Bl and B2 hairpin region identified by Vilar et al. (Vilar et al., 2008) (Appendix B2) The
remaining shifts were in the C-terminus of a-syn. However, none of these shifts approached the
magnitude of the shifts that was seen for our peptide inhibitors, WW and cp-WW that have been

tested in this lab. (Appendix B4)

Incubation of the inhibitor with a-syn over a 6-hour time period revealed few residues showing
peak attenuation, which contradicts the results shown by the earlier studies of Ehrnhoefer et al.
(Ehrnhoefer et al., 2008) The only peaks that showed attenuation, S9, K10, A11, K43 and H50,
were also among the first peaks to show attenuation in the absence of inhibitor (see Figure 3.5).
Upon addition of 1.5 vol-% HFIP and incubation for 96 hours, three observations were made: 1.
Peak attenuation continued to increase for almost all residues, with peaks in the N-terminus and
NAC region completely disappearing at this point. 2. Time-dependent chemical shifts that went in
the opposite direction of shifts observed upon EGCG addition began occurring in the C-terminal
segment. 3. No precipitation was observed. (Appendix B3) All of the attenuated peaks that were
observed, corresponded to the same peaks that disappeared in the absence of inhibitor. The reversal
of binding shifts over the course of time could be attributed to a decrease in binding affinity of
EGCG to a-syn in the presence of HFIP. This could also be used to explain why the activity of
EGCG in the CD and ThT assay did not show the same level of potency as that in the literature.
All in all, our studies show that EGCG did not redirect a-Syn to off-pathway aggregates as reported,

instead it was most likely slowing down the rate of oligomer formation.
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3.4.2. Fold stability and inhibition — the WW series

The use of non-sequence-homologous peptides as inhibitors of amyloidogenesis is not an entirely
novel concept. Gramicidin S, an antibacterial cyclic peptide has been shown to inhibit the
aggregation of AB42, a protein implicated in Alzheimer’s disease. A designed peptide with a
tryptophan zipper motif, Trpzip-3 was shown to inhibit the amyloidogensis of AP as well as
transthyretin, another known amyloidogenic protein. (Hopping et al., 2013) Also, the B1 domain
of protein G had previously been shown to inhibit the aggregation of AB40. Unlike gramicidin S,
the protein-G-related inhibitors did not contain unnatural amino acids. However, the final inhibitor
did have several mutations of non-aromatic residues to the aromatic residues, W and Y. (Smith et
al., 2006) This led to the initial idea to test aryl-rich hairpin peptides as inhibitors of
amyloidogenesis in the Andersen laboratory. Dr. Kelly Huggins performed that initial studies that
led to the discovery of hairpin, WW (KKLTVW-IpGK-WITVSA) that was capable of inhibiting

the amyloidogenesis of a-syn. (Huggins et al., 2011)

My studies built upon this discovery and aimed to further examine the hairpin hypothesis by testing
more peptides as potential inhibitors of amyloidogenesis. While all the peptides previously tested
demonstrated high fold populations under assay conditions, there was no way to determine if
unfolding occurred prior to association with the target. Therefore, our first aim was to determine
if confining the B-hairpin fold of WW would result in changes in antiaggregatory activity. To test
this, we synthesized two “cyclic” peptides: WW-DS — had a disulfide bond between C residues at
non-H-bonded positions, and cyclo-WW — had backbone cyclization by including an —IpPK- turn
at the termini. The precursor to cyclo-WW was the circular permutant of WW, cp-WW. Circular
permutation refers to the moving of a Trp/Trp pair from its original position (in the case of WW,

as a turn flanking pair) to a new position (in the case of WW, to an end capping position). This is
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typically done in order to study the effect of the Trp/Trp pair at various positions, on the folding

of the peptide.

Another stabilization technique that has been developed in the lab (as previously discussed), the
[-cap, was also employed to further stabilize the hairpin fold of WW. This peptide, Ac-cap-WW
contained an acetyl group at the N-terminus that interacts with the hydroxyl group of the Thr
residue at the C-terminus, thus reducing the fraying of the termini. This acetyl group can be
replaced with other carboxylic acids. To determine if small molecules at this position could
increase the activity of WW, we studied two mutants of capped-WW: gal-cap-WW — acetyl group
was replaced with a gallate group, and bz-cap-WW — acetyl group was replaced with a benzoyl
group. An additional set of “hairpin” peptides were also tested including a peptide (mW Whp) and
its circular permutant (cp-mWWhp) that were mutated from Pinl of the WW domain. 1 also tested
the highly-truncated version of WW, uProl (C2HsCO-W-IpGK-WTG-NHz) that had previously
been shown to be a good inhibitor of a-syn amyloidogenesis despite the lack of B-strands. A list

of all the peptides in the WW series tested, is given in Table 3.1.

Table 3.1. The amino acid sequence for all the peptides tested in the WW series. Edge-to-face
aryl/aryl pairs are denoted in bold.

Peptide name Peptide sequence
WW KKLTVW-IpGK-WITVSA
WW-DS KCLTVW-IpGK-WITVCA
Cyclo-ww cyclo-(GK-WITVS-1pPK-KLTVW-Ip)
cp-WW GKWITVS-IpPK-KLTVWIp

Ac-cap-WW CH3CO-W-KKLTVW-1pGK-WITVSA-WTG-NH:
Gal-cap-WWwW C7Hs04 - W-KKLTVW-IpGK-WITVSA-WTG-NH:
Bz-cap-WW C7HsO - W-KKLTVW-IpGK-WITVSA-WTG-NH2
mWWhp RWEKRW-DRGSGR-WFYFND
Cp-mWWhp RWFYFN-DRGSGK-WEKRWD
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RAVWW RAVTW-NPATGK-WITVWE
MProl C2HsCO-W-1pGK-WTG-NH;
YY-puProl CH3CO-Y-IpGK-YTG-NH;

A typical CD spectrum for uninhibited a-syn shows a random-coil signal ([0]i8 = -16000
deg-cm?-dmol ™) at time 0 and a B-sheet signal at t=18 hours ([0]217 = -16000 deg-cm?-dmol™; [0]195
= 22000 to 35000 deg-cm?-dmol™?) under my assay conditions. As shown in Figure 3.4A, the
transition from random-coil to B-sheet can be observed in the changing of the minimum at 198 nm
to a maximum while the minimum at 217 nm grows. These spectra are reproducible and
correspond to spectra that have been reported in the literature. (Nath et al., 2010) Spectra of
samples containing both a-syn and the peptide inhibitor are processed by subtracting a blank
measurement that contains the appropriate amount of inhibitor. This is done to ensure that the final
spectrum is only showing the structural changes of a-syn. However, the measurements taken for
some peptide inhibitors are complicated by the fact that a precipitate is formed upon addition of
the peptide to a-syn samples. This prevents the effective quantification of the amount of a-syn
remaining in solution which could affect the molar ellipticity calculations for CD as well as the
ThT fluorescence measurements. To study this effect, all samples were incubated for 2 hours
without HFIP following addition of peptide inhibitor. Figure 3.4B shows the ThT measurements
taken at t=0, t=4 hours, t=12 hours and t=18 hours. Each point on the graph is an average of three
runs and the error bars represent the standard deviation of the three runs. The data shows that the
amyloid character of the sample grows over time with a steep increase between t=12 hours and

t=18 hours, which most likely represents the growth phase of the amyloid fibril curve.
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Figure 3.4. Panel A- CD spectra of uninhibited a-syn. Panel B- ThT measurements taken at t=0,
t=4, t=12 and t=18 hours of uninhibited a-syn. The error bars represent the standard deviation of
each measurement. (n=3)

Typically, the inhibitors that we have studied in this series have acted on a-syn by increasing the
amount of time spent in the random-coil state. Over the course of 18 hours, most of the peptides
prevent the transition from random-coil to B-sheet to some extent (Table 3.2). Of the three WW
peptides initially tested, cp-WW showed the least inhibitory activity, followed by WW. The most
potent inhibitor to emerge from my studies is cyclo-WW. The peptide can maintain a-syn in a
random-coil state for up to 18 hours at substoichiometric concentrations. The less effective
disulfide cyclized peptide, WW-DS did not exhibit the same level of potency as cyclo-WW. These
results can serve to affirm the hairpin hypothesis since the most folded peptide, cyclo-WW is

showing the highest levels of inhibition.

An interesting comparison emerged between Trp/Trp pairs and Tyr/Tyr pairs in this study. The
activity of uProl was determined to be approximately 50% when 2 eq of the peptide was co-
incubated with a-syn. However, the Try/Tyr analog of the peptide, YY-uPro had an 85% inhibitor
activity at the same concentrations. This increase in activity despite a decrease in peptide fold
stability could be pointing to a role played by the phenol side chain of Tyr.
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Table 3.2. Compilation of ThT data as well as CD data for peptides tested in this series. Each ThT
measurement and CD measurement is an average of 3 repeats.

2eq leq
% inhibition % inhibition
ThT CD Average ThT CD Average

WWw2 73 £ 11 80+ 14 ~75 60+ 16 43 £31 ~50
WW2-DS 51+21 36+9 ~50 35+ 16 16 +£1 <30
cyclo-WW 92 +4 917 >90 74 + 13 78 + 14 ~75
cp-WW2 66 + 19 67 + 16 ~ 65 24+ 15 48 +£22 ~35
ac-cap-ww 86+ 10 75+2 ~81 93+2 73 £ 1 ~83
gal-cap-ww 94 +3 75+3 ~85 88 £ 1 71+£3 ~80
bz-cap-ww 95+4 78 £ 1 ~87 82 +7 71£2 ~76.5
mWWhp 56+9 49+ 10 ~50

cp-mWWhp 11+13 20+ 7 <20

RAVWW 63+7 54+ 10 ~ 60

uProl 63+ 10 44 +£10 ~50

YY-uProl 92 +7 96, 95 ~90 89+5 84 +8 ~ 85

Investigating the role of phenols was done by using gal-cap WW. This peptide contains a known
a-syn inhibitor, gallic acid as the N-acyl cap for the peptide. NMR data (Appendix A4) indicates
that the different groups used as N-acyl caps of the peptide did not have a significant effect on
stability, with CSDs throughout the peptide showing minor variations among the three peptides.
The CD data (Appendix Al, A2 & A3) however indicates that the presence of a benzoyl group at
the N-terminus affords the strongest exciton couplet at 5°C (519 853 deg-cm?dmol™) followed by
the acetyl group (391 612 deg-cm?dmol™). The presence of the gallate group appears to afford the

least amount of stabilization for the B-cap (269 012 deg-cm?-dmol™).

The activity of the other two capped-WWs was compared to the activity of gal-cap-WW. CD data

indicates that all three are potent inhibitors of a-Syn, even at substoichiometric concentrations.
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Unfortunately, the CD data did not allow for distinguishing of one inhibitor as more potent than
the other. The ThT data, on the other hand, would indicate that ac-cap-WW has a higher level of
inhibition than gal-cap-WW at 0.5 eq. This result contradicts the initial assumption that the
presence of a known inhibitor of a-syn would increase the potency of the peptide inhibitor due to
the synergism of the two moieties. Polyphenols are thought to form quinones prior to interaction
with a-syn. Per a number of investigators (Porat et al., 2006; Ebrahimi & Schluesener, 2012;
Hamley, 2012), quinones’ planar structure allows the small molecules such as gallic acid to align
with the hydrophobic grooves found in a-syn fibrils. However, my results indicate that the addition
of a peptide may be too bulky and could be preventing the quinone moiety from exerting its effects,
resulting in a lack of synergism between the peptide and quinone motif. This could possibly explain

why gal-cap-WW shows no prominent difference in activity from ac-cap-WW.

Table 3.3. The activity of ac-cap-WW and derivatives at 0.5 eq peptide to a-syn. Each ThT
measurement and CD measurement is an average of 3 repeats.

% inhibition by % inhibition by o
) Average % inhibition
ThT Fluorescence CD signal
ac-cap-ww 13+7 60+ 6 ~48
gal-cap-ww 296 42 £ 15 ~54
bz-cap-ww 51+18 59+7 ~64
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3.4.3. Fold stability and inhibition — the turnless series

We also tested turnless B-sheet models. These peptides are dimers that have an antiparallel strand
alignment due to a disulfide linkage at the middle of the peptide and edge-to-face aryl/aryl clusters
at both termini. To further stabilize these peptides, a coulombic interaction between positively
charged R and negatively charged E is introduced at both termini. These peptides can be used as
evidence for the effects of minor residue changes at certain positions to fold stability. Replacing
Trp/Trp pairs with Tyr/Tyr pairs decreases the -sheet population of the peptide by approximately
66% at 300K. Changing the residues flanking the C in the middle of the peptide from HCH to VCI
significantly improved the fold population of the peptide, with AcY-VCI-YTG showing an 88%-
fold population at 300K. A complete list of all the peptides tested in the turnless series is given in

Table 3.4.

Table 3.4. Amino acid sequence of the peptides in the turnless series.

Peptide name Peptide sequence
RW-HCH-WE (RWTTHCHRKWE),

RY-HCH-YE (RYTTHCHRKYE)2

RY-VCI-YE (RYTTVCIRKYE)2
AcY-VCI-YTG (Ac-YTTVCIRKYTG):

RW-HCH-WE emerged as a strong inhibitor in this series (Table 3.5). The CD spectra for this
inhibitor with a-syn showed a minimum at 228 nm instead of at 217 nm as is typical for a B-sheet
signal. This is most likely attributed to the decrease in RW-HCH-WE in solution over the course
of time. The minimum at 228 nm is most likely a decrease in the exciton couplet that would

typically be present at this wavelength. Since my CD processing includes the subtraction of a blank
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containing the initial concentrations of the peptide inhibitor, the growing minimum at 228 nm can

be used to track the decrease in inhibitor concentration over time.

To further test the hairpin hypothesis, | compared the activity of RY-HCH-YE and RY-VCI-YE;
the latter forms a significantly more stable hairpin fold. The results showed that at the same
concentrations, RY-VCI-YE showed a modest increase in inhibitor activity compared to RY-
HCH-YE. However, when comparing the activity of RY-HCH-YE to its Trp/Trp counterpart, there
did not seem to be much of a difference in activity. This lack of difference may be due to the
presence of Tyr residues that can, somehow compensate for the decrease in fold stability compared

to RW-HCH-WE.

Table 3.5. The activity of all the turnless series peptides that were tested. Each ThT measurement
and CD measurement is an average of 3 repeats.

2 eq leq
% inhibition % inhibition
ThT CD Average ThT CD Average
RW-HCH-WE 84 +11 B5x7 >75 66 + 10 64 +9 ~ 65
RY-HCH-YE 63+8 77,74 ~70
RY-VCI-YE 81+7 78+9 ~ 80 72,66 45+9 ~ 50
AcY-VCI-YTG 73+6 70+ 11 ~70
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3.4.4. The Tyr effect and cyclic peptides

The effects of phenols on a-Syn inhibition has been widely studied. As has been previously
discussed, a lot of the small molecule inhibitors of a-syn activity show a dependence on the phenol
moiety to act. My own studies thus far have shown that there are boosts in activity related to the
replacement of Trp residues with Tyr residues. To investigate this boost further, | have studied the
effect of Trp = Tyr replacement in the most potent inhibitor to date, cyclo-WW. Four more cyclic
peptides were synthesized to determine if Tyr residues would further increase the potency of this

inhibitor as well as to examine the effects of the position of the Tyr residues on activity.

Table 3.6. Cyclic peptides and their sequences. Edge-to-face aryl/aryl pairs are denoted in bold.

Peptide Sequence
Cyclo-WY cyclo- (GK-WITVS-IpPK-KLTVY-Ip)
Cyclo-YW cyclo-(GK-YITVS-1pPK-KLTVW-Ip)

Cyclo-YY cyclo-(GK-YITVS-IpPK-KLTVY-Ip)
Cyclo-YS cyclo- (GK-YITVS-IpPK-KLTVS-Ip)
SY KKLTVS-IpGK-YITVSG

In terms of stability, the backbone cyclization ensured that all the iterations of these cyclic peptides
are fully-folded and show little to no melting up to 95°C (by CD). The cyclization also negated
some of the effects of using Tyr instead of Trp in the edge-to-face interaction that would have
typically resulted in a larger difference in B-sheet structure. In Figure 3.5, one notable pattern of
difference between the peptides was at the point of mutation itself. Having a non-Trp residue at
the edge position (position 16) yielded the lowest CSDs, however the same pattern did not hold
true at the face position (position 3). It is also worth noting that the Trp/Trp pair yielded the most

shielding at the turn residues for the -}"1*®p'G2K- turn. Side chain protons, HB3 and aromatic

63



protons [H6 -tyrosine residues; He3 - tryptophan residues] can be used to identify the edge-ring

and the face-ring for each of the cyclic peptides.
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Figure 3.5. The graph depicts the chemical shift deviations (CSDs) of backbone Hy for all the
cyclic peptides in this series.

Appendix A10 shows that a Trp/Tyr pair is capable of forming a strong EtF interaction with highly
shielded edge protons while a Tyr/Trp pair is not as shielded. The data also shows that switching
the positions of Trp and Tyr does not switch the orientation of the EtF interaction; the edge-ring
remains the aromatic residue at the C-terminus while the face-ring remains the aromatic residue at
the N-terminus regardless of the fact that the Trp indole ring has higher anisotropy than Tyr phenol
ring.

Peptide SY, the uncyclized, non-circularly permuted iteration of cyclo-YS was synthesized to
serve as a control. In Figure 3.6, the chemical shift deviation of this peptide is compared to WW,
its closest analog. The data showed that while there is a good amount of -sheet structure in the
strands, most likely induced by the favorable —IpGK- turn, the lack of Trp/Trp residues flanking
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the turn results in an approximately 0.5 ppm (about 50% to 66%) decrease in chemical shift
deviation. Examining the melting of this peptide from 280K to 320K showed that there was very
little change in CSD at H-bonded positions between residues V5 and V14. (Appendix A9) This

indicates that the peptide is relatively stable and does not denature much up to 320K.

2 Figure 3.6. The
graph shows the
s chemical shift
deviation
! comparison of
backbone Hy for
05 WW and SY. The
h I 1 i . much larger CSD at
0 - - - = Cm V5 and 112 for
WW demonstrate
05 the extra
stabilization
el provided by the EtF
interaction of the
15 W/W residues
flanking the turn.
W SY K K L T "4 S 8] G K Y T \' S X
mWW K K L T "4 W P G K W T V' S X

Testing each of these peptides at various concentrations yielded the results in Table 3.7.
Unfortunately, the expected increase in activity due to the presence of phenol moiety in Tyr
residues was not evident at sub-stoichiometric levels (0.5 eq inhibitor). The activity of these
peptides seems to rely more heavily on the stability of the B-structure, rather than the specific
residues. This is evidenced by the fact that cyclo-YS, that is lacking one aromatic residue, is still

showing a high level of inhibitory activity comparable to the others. However, the importance of
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the hairpin structure was validated by the reduced activity of peptide SY that had a similar

sequence to cyclo-YS but did not have a stable hairpin fold.

Table 3.7. Activity of cyclic peptides. Each ThT measurement and CD measurement is an average

of 3 repeats.

2 eq leq 0.5¢eq
% inhibition % inhibition % inhibition
ThT CD Average ThT CD Average ThT CD  Average

cyclo-Ww 69 70 ~70 81 60 ~70 33 66 ~50
cyclo-Wwy 82 63 ~73 82 82 ~82 73 67 ~70
cyclo-YY 75 63 ~70 85 77 ~81 66 o4 ~60
cyclo-YW 65 65 ~65 58 62 ~60 15 50 ~33
cyclo-YS 76 71 ~73

SY 36 50 ~43
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3.4.5. Observing the binding of peptide inhibitors — Phosphate buffer conditions

While CD studies and ThT studies provide insight into the general activity of these peptides, it is
not able to elucidate the mechanism of inhibition. Neither can it provide insight into the
amyloidogenic pathway taken by a-syn. In order to study this, | performed **N-HSQC experiments

with universally °N-labeled a-syn.
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Flgure 3.7. Alpha-syn spectra collected over a 24 hour time period. Panel A- 400uM a-syn in the
absence of HFIP, in 50 mM pH 6.5 phosphate buffer. Panel B —D: The changes that occur to
100uM a-syn (20 mM Tris.HCI, pH 7.2 buffer) in the presence of 1.5 vol-% HFIP at t=1hour (B),
t=6.5 hour (blue) over laid on the t=1 hour spectrum (C) and t=12 hours (red) overlaid on the t=6.5

hour spectrum (D). All spectra were zeroed using the peak for A140 at 130.6 ppm (®1-°N) and

7.942 ppm (M2-1H) since this peak showed no signs of peak attenuation throughout the course of
the experiment. [Image adapted from Sivanesam et al., 2015]

Dr. Aimee Byrne had previously demonstrated that a-syn amyloidogenesis can be monitored by

observing the attenuation of peaks by this NMR experiment. (Figure 3.7) In those studies, a-syn
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was prepared as a 100uM sample in 20 mM Tris. HCI, pH 7 buffer and allowed to incubate at
303K in the presence of 1.5 vol-% HFIP. The most rapid peak attenuation resulted in a complete
broadening of signal by t=1 hour. These peaks, labelled in panel A were of residues V3, S9, K21,

K23, G41, S42, K43, T44, H50, K58, G73, V77, and K80.

This peak broadening was followed by the residues labelled in panel B (T22, K32, G68, A76, A85,
G93) that were already showing a decrease in peak intensity by t=1 hour. By the 6-hour time point,
peaks F4, L8, K10, G25, A27, A29, T33, G51, A53, T72, G84, T92, and N103 had disappeared as
well. After a 12-hour incubation, the only peaks that could still be seen by NMR were located in
the C-terminus of the protein. (Panel D) The fact that C-terminal peaks remain flexible enough to
produce a signal by NMR while the rest of the protein is more ordered is in line with the general
lack of secondary structure in this region even in the native state of the protein. (Davidson et al.,

1998)

Dr. Byrne’s results showed that, with the exception of 3 peaks, the earliest amyloid event was
occurring in the extreme N-terminus (V3, F4, L8, S9, and K10), the well-known amyloidogenic
patch between residues G67 to V82 as well as a then lesser known patch between residues V37
and T54. These results were very interesting because these residues are outside the NAC region of
a-syn. Lately, however, other research has been concluding that this span of residues may be
playing an important role in pre-amyloid oligomer formation. Mirecka et al., through crystallizing
their protein inhibitor in the presence of a-syn, determined that their inhibitor was binding to a-
syn in the V¥'LYVGSK*®-TKEG-V*#VHGVAT> span. (Mirecka et al., 2014) The inhibitor
studies by Mirecka et al. also reported that this region of a-syn adopts a hairpin structure in the
presence of their inhibitor. A number of studies support this conclusion. (Celej et al., 2012;

Salveson et al., 2016) Of note is the fact that these residues represent the f1 and 2 strands that
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were first characterized by Vilar et al. and determined to be a part of the mature fibrils formed by
a-syn. (Vilar et al., 2008) Also, these residues happen to be the location of many of the familial
mutations that are implicated in PD, including A53T, H50Q, G51D and E46K. Finally, the only
Tyr residue outside of the C-terminal region of a-syn is located in this span. Taken together, this
information points to an important role being played by this hairpin in the early amyloid formation

of a-syn.

Using Dr. Byrne’s assay conditions, I could perform titration experiments that allowed me to
monitor the binding of some of the best inhibitor peptides to a-syn from the WW series as well as
the turnless series. Inhibitor binding to be peptide can be determined by monitoring the changes in

a-syn backbone chemical shifts.

Cyclo-WW was titrated into a 200uM sample of ®N-labeled a-syn with spectra taken prior to
inhibitor addition and with 0.6, 1.2, and 2.0 eq of inhibitor added. (Appendix B5 & B6) The
titration was carried out in the absence of HFIP to allow for the determination of binding loci
before monitoring the inhibitor’s effects on amyloidogenesis. The initial two concentrations of
cyclo-WW showed binding shifts in the C-terminus that had previously been observed for WW
and cp-WW. These shifts, located between Q109 and E137, had similar magnitudes and were all
moving in the same direction. However, unlike the WW and cp-WW spectra, there were shifts
discernible in a secondary span of residues: G41, V48, H50, V52, and T54. These residues are part

of the soluble hairpin that was discussed previously.

Cyclo-WW’s secondary binding locus could be a reason this peptide demonstrates a higher level
of inhibitor activity compared to its un-cyclized counterpart, cp-WW. Since both these peptides
have the exact same sequence, the secondary binding could be attributed to the increased fold

stability of cyclo-WW. The span of residues that cyclo-WW recognizes is also important because
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it is the same span that has been receiving increased attention as a possible nucleator of a-syn
aggregation. By interacting with this region, cyclo-WW may be inhibiting some of the earliest
events of oligomerization. This is further supported by the fact that H50 is always the first residue
to broaden out in a-syn NMR spectra and yet remains visible in the presence of cyclo-WW for

extended periods of time.

Upon addition of 1.5 vol-% HFIP, I observed a general upfield shift for all residues of a-syn. This
same observation had been made in previous inhibition studies and could be attributed to an
increased solubilizing environment for the hydrophobic side chains of a-syn. The general upfield
shift could also be caused by a conformational change since peaks that had been attenuated before
the addition of HFIP seem to return, albeit with a low intensity. It is, however, difficult to envision
a conformational preference change that would move peaks throughout the sequence upfield and

by a similar amount.

| also tested the binding capabilities of RW-HCH-WE. This peptide was one of the best inhibitors
to come out of the turnless series, and showed precipitation upon co-incubation with a-syn. Similar
to all the inhibitors tested so far, most of the binding shifts were located in the C-terminus.
(Appendix B7) However, not all of these shifts were in the same direction as those seen in the
presence of the WW series inhibitors. Some of the shifts observed were even larger than those
observed in the presence of WW series inhibitors. (Appendix B4) This could be due to an increased
affinity of peptide to a-syn due to the higher concentration of Trp residues in the turnless-p-sheet.
This is in line with the theory that interfering with the n-n stacking of C-terminal Tyr residues
could be the mechanism by which quinones inhibits a-Syn amyloid formation (as previously
discussed). Further support for this conclusion can be seen in the largest binding shift of RW-

HCH-WE occurring at Y125 and E126.
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The final binding study conducted under phosphate buffer conditions was with YY-uPro. YY-
uPro had demonstrated up to 90% inhibition with only 1 eq peptide added and demonstrated
increased inhibition over its Trp/Trp counterpart. Unfortunately, HSQC studies did not reveal any
specific binding shifts upon addition of YY-uPro to a-syn (Appendix B8). There was however a
notable increase in peak intensity of some peaks that had been attenuated before the addition of
inhibitor. The general upfield shift that has been observed for other peptides after the addition of
HFIP was evident in this study as well. (Appendix B8 & B9) The NMR study confirmed that Y'Y -
uPro was still an inhibitor despite the apparent lack of a binding loci. This conclusion was drawn
because peak attenuation was minimal at the 24-hour mark indicating that a large amount of a-syn

remains in the flexible, monomeric random-coil state.

71



3.4.6. Observing the binding of peptide inhibitors — Tris.HCI buffer conditions
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Figure 3.8. Panel A- Spectrum of 100uM a-syn in 20 mM Tris. HCI, pH 7.2 buffer in the presence
of 2.0 vol-% HFIP (pink) overlaid with the spectrum of the same sample after incubation at 280K
for 22 hours. Peaks that are no longer visible at t=22 hours are labeled. Panel B — Spectrum of
100uM a-syn in 20 mM Tris. HCI, pH 7.2 buffer in the presence of 2.0 vol-% HFIP at 280K
overlaid with the spectrum of the same sample taken immediately after the temperature was
increased to 300K.Peaks that are still visible at 300K are labeled.

My attempts to replicate Dr. Aimee Byrne’s aggregation results in the Tris buffer system yielded
no results. This led to the development of new conditions to observe a-Syn aggregation in this
buffer system by NMR. Under my new conditions, aggregation happened almost instantly upon
the addition of 2 vol-% HFIP at 300K (Figure 3.8). The temperature was significant because
addition of HFIP at 280K followed by 22-hour incubation does not result in the same observation.

Instead only a few peaks show any attenuation: V3, L8, S9, T33, V40, G41, V48, M116, V118,
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D121, and N122. (Figure 3.8A) For the most part, peaks that are showing attenuation are those
that have been observed previously under Dr. Byrne’s assay condition. However, there were some
peaks in the C-terminus that were also showing attenuation which is contrary to our previous
results. The spectrum taken immediately after the addition of HFIP at 300K (Figure 3.8B) showed
only peaks from the C-terminus as well as the side chain *°*N-*H peaks of asparagine and glutamine
residues in a-syn, with the remaining peaks having disappeared most likely due to the formation

of higher order structures that display less segmental motion and longer tumbling times.

Under these new conditions, inhibitor studies were repeated for cyclo-WW. NMR spectra were
recorded at O eq inhibitor, 0.6 eq, 1.2 eq and 2.0 eq followed by a spectrum immediately after the
addition of 2 vol-% HFIP. The binding shifts obtained under Tris buffer conditions were in good
agreement with the shifts observed previously. (Appendix B10) As shown in Figure 3.8A, the
shifts in the N-terminal region, V3 and L8 were very prominent, especially at 2.0 eq inhibitor. The
secondary binding locus (Y39 — T54) was prominent as well, leading to the conclusion that the
previous results were due to a defined complex formation between this inhibitor and a-syn.
Notably, the peak for H50, that was previously attenuated is once again visible after the addition

of 2.0 eq cyclo-WW. (Figure 3.9A)

The same set of tests were carried out in the presence of three other cyclic inhibitors as well. For
cyclo-WY, the inhibitor binding in the C-terminus was very prominent as expected (Appendix
B11). Most of the shifts were moving to the right (w2-'H) and/or upward (w1-°N). However, peaks
E126 and D135 were moving in the opposite direction in the w2-'H axis. There were also generally
less binding shifts observed for cyclo-WY compared to cyclo-WW. Of note is the lack of any
binding shifts for Y133 and Y136 that is very prominent in cyclo-WW. For cyclo-YW, however,

the inhibitor binding was markedly weaker, compared to the other cyclic inhibitors (Appendix
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B12). Even at 2.0 eq peptide to a-syn, there were few large or very large binding shifts. However,
there were a few more peaks in the C-terminus demonstrating binding shifts than in the presence
of cyclo-WY. It was also noted that some peaks did not demonstrate shifting, instead, peaks G106
and M116 decreased in intensity as cyclo-YW was titrated in. | also observed that E126 and D135
were demonstrating shifting in the opposite direction as the other shifts, moving to the left in the
wo-H axis instead of to the right. The fact that this anomaly occurs in all three cyclic inhibitors

could indicate that the binding to these residues is not related to the aromatic residues.

Figure 3.9 compares the binding shifts of cyclo-WW, -WY and -YW at 2 eq inhibitor to a-syn that
occur outside of the C-terminus at positions V3, L8, V40, G41, V48, H50, V52, A53 and T54.
With the exception of V3 and L8, these residues correspond to the hairpin that was first proposed
by Mirecka et al. as a possible initial event in the amyloidogenesis of a-syn. (Mirecka et al., 2014)
Cyclo-WY had some very weak shifts in the secondary binding locus, at residues A53 and T54.
Among the binding shifts that were observed for cyclo-YW, there were small to very small shifts
at V40, G41, V48, V52, A53 and T54. Despite the general reduced magnitude of binding shifts in
the presence of cyclo-YW, there are a larger number of residues in the secondary binding locus
that are demonstrating shifting. This could be pointing to an importance of the position of the Trp
residue in the peptide. Another interesting observation that may further prove the importance of
the position of the Trp residue is the shifting at V3 and L8 that is evident in cyclo-WW and cyclo-
YW experiments, but not in cyclo-WY experiments. Coincidentally, these residues are two of the
four residues that showed early signal attenuation in the uninhibited control (under Dr. Byrne’s

assay conditions).
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Figure 3.9. Panel A- 0 eq cyclo-WW (red) overlaid with 2.0 eq cyclo-WW (green). Panel B — 0
eq cyclo-WY (red) overlaid with 2.0 eq cyclo-WY (blue). Panel C- 0 eq cyclo-YW (red) overlaid
with 2.0 eq cyclo-YW (blue). Peaks within the secondary binding locus, between residues VV48-
T54 are labeled. Residues V3 and L8 are labeled in blue. The position of the missing H50 peak is
indicated with an ‘X",

Cyclo-YY on the other hand showed different results than the other cyclic hairpins. While peak
attenuation never occurred in the presence of the other three hairpin inhibitors before HFIP
addition, the titration of cyclo-YY into a-syn resulted in large amounts in peak attenuation,
especially in the C-terminus of the peptide at just 0.6 eq peptide. Peak attenuation continued to
increase as inhibitor concentration increased. Figure 3.10A shows the spectra of a-syn as cyclo-
Y'Y was titrated in. Several peaks in the C-terminus had completely disappeared with addition of
1.2 eq cyclo-YY. Even A140 that is typically visible even in the soluble oligomeric state had been

almost completely attenuated with the addition of 1.2 eq cyclo-YY.
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Figure 3.10. Panel A — Overlay of a-syn spectra in the presence of 0 eq cyclo-YY (red), 0.6 eq
cyclo-WY (blue) and 1.2 eq cyclo-YY (green). Underlined labels indicate peaks have disappeared
in the presence of 1.2 eq cyclo-YY. Panel B — Overlay of a-syn spectra in the presence of 1.2 eq
cyclo-YY (green) and 2.0 eq cyclo-YY (blue). Peaks that are no longer present in 2.0 eq cyclo-YY
are labeled. Panel C — Overlay of a-syn spectra that contains 2.0 eq cyclo-YY in the presence
(green) and absence (blue) of 2 vol-% HFIP. Peaks that were absent even in the presence of 1.2 eq
cyclo-YY but have reappeared after the addition of HFIP are labeled in red.

Panel B shows that even more peaks in the C-terminus have disappeared with the addition of 2.0
eq cyclo-YY. Peaks V3, L8, V40, G41, G93, T92, and V95 that are outside of the C-terminus also
disappeared with the addition of more cyclo-YY. One rationale for the peak attenuation would be
slow exchange between the monomeric a-syn and a complex with cyclo-YY. It is noteworthy that
the disappearance of some peaks, when inhibitor levels were increased from 1.2 eq to 2.0 eq, was

instantaneous and was not observable at inhibitor concentrations below 2.0 eq. (V3, L8, V40, G41,
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T92, V95, N103, A107, E110, M116, and Y125) The addition of HFIP, however, resulted in a lot
of the peaks returning along with the general upfield shift that is always observed in the presence
of HFIP. Even peaks that were attenuated with the addition of 1.2 eq cyclo-YY had returned.
(Figure 3.10C) This dramatic change in peak intensity upon the addition of HFIP could be due to
a decreased binding affinity between the peptide and inhibitor. The difference in inhibitor effect
on chemical shifts between cyclo-Y'Y and the other three cyclic inhibitors could point to a possible
n-1 stacking interaction between the peptide and a-syn. This conclusion is supported by the

subsequent study, done with gal-cap-WW.

Like cyclo-YY, gal-cap-WW also shows peak attenuation at 0.6 eq inhibitor. Unlike cyclo-YY
that showed no significant binding shifts, gal-cap-WW shows binding shifts for certain residues at
the C-terminus as shown in Figure 3.11 (S129, E126, A124, M127, Y136, E123, and E130).
Additionally, gal-cap-WW does show very strong peak attenuation at the secondary binding locus
(V40, V48, V52, A53, G41, T54, and T44) possibly indicating strong binding at this position. Gal-
cap-WW also shows binding at V3 and L8, the same peaks that are shifted in the presence of cyclo-
WW and cyclo-YW. The implications of these similarities are still unclear but could point to
another location within a-syn that plays a role in amyloid formation. Upon the addition of HFIP,
most of the attenuated peaks return, as was observed in the case of cyclo-YY. (Appendix B13) A
notable peak that returned upon HFIP addition is H50, which is always the first peak to disappear,
sometimes even before the first spectrum of a-syn can be recorded. This observation is similar to
the one made in the presence of 2.0 eq cyclo-WW. However, in the case of cyclo-WW, the H50

peak is visible even in the absence of HFIP.
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Figure 3.11. The figure shows the spectrum taken for a-syn in the absence of inhibitor (red)
overlaid with the spectrum taken in the presence of 0.6 eq gal-cap-WW (blue) and 1.2 eq gal-cap-
WW (green). Peaks outside of the main spectral window that demonstrated binding shifts are given
inset. Shifts that occur in the soluble hairpin region between residues VV37-T54 are underlined. The
H50 peak which is not visible in any of the spectra is indicated with a red ‘X’.

A final observation of note is the significant movement of the S129 peak in the presence of all
inhibitors, even at sub-stoichiometric concentrations. As discussed previously, this residue is the
sole site of phosphorylation of a-syn in vivo. Since the actual effects of S129 phosphorylation is
unclear, it would be premature to speculate on whether or not the large shift at S129 is significant

to inhibition but these results confirm that this site plays an important role in a-syn amyloid

formation.
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Table 3.8. List of residues that are shifted in the presence of 2 eq inhibitors (based on comparison
with spectrum of a-syn with no inhibitor). The shifts are categorized from very large to very small
based on the magnitude of the change in their chemical shifts. Residues outside the C-terminus are

underlined.
Inhibitor
. . Very
induced Very large Large Medium Small
! small
shift
A53, D119, A107, L113, Q134,
W e Al24,M127,  EISLEL23, V40, G4l
- 812’9 ’ M116, L8, Y136, D135, V48, T54, G106
Y133, V52 T22
D119, E137, E126,
WY E130, D121, N122, M127,E131, D115 Q109, E104 T54, A53
S129, A124
E123, D115
E126, M127, E130, D119, E137, ’ ' T54, G41
YW N122, 5129, G106 D121, D135 Al124,E131, V3 V48, Y136, A53, V52
1112, V40
D119, E137, Al24,
E126, M127, E130,
D121, N122, Y133,
Y136, S129
yY* V3, L8, V40, G4L, E139, DII5, G132, E110, 1112,

Gal*

T92, V95, N103,
Al107, E110, M116,
and Y125

V3, L8, V26
V48,A53, G41, T54,

E123 G109

V40, D135, E131,

T44, V71, N122,
D121, M116, K21,
E126, G106

E130, M127, A124,
D119, S129

*Due to high amounts of peak attenuation, the inhibitor effects (binding shifts and peak
attenuation) for these peptides are listed as a comparison between 0 eq inhibitor and 1.2 eq
inhibitor. The peaks that disappeared only at 2.0 eq inhibitor are given in bold for cyclo-YY.
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3.5. Summary and Conclusion

In summary, these studies have confirmed that the hairpin hypothesis is valid when it comes to a-
syn inhibition by non-sequence homologous peptides. This is shown by the increasing activity of
peptides in the WW series as they become more structured. My results also demonstrate that the
presence of phenol groups alone is not enough to boost inhibitor activity since replacing Trp
residues with Tyr or Ser did not have a significant effect on aggregation. Finally, my results
showed that cooperativity between two known inhibitors of aggregation is not guaranteed as
evidenced by the lack of increase in the inhibitor activity of ac-cap-WW when gallic acid is

replaced as the N-acyl-cap of the peptide.

One of the most interesting discoveries that has come out of this study is the importance of the
hairpin first shown by Mirecka et al. as a possible early event in the formation of a-syn amyloid
fibrils. My results confirm that most of my potent inhibitors have a secondary binding locus that
corresponds to the residues of this hairpin, serving as confirmation that targeting this hairpin could

result in novel therapeutics for PD and other synucleinopathies.
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Chapter 4: Human Amylin

4.1. Introduction

4.1.1. Discovering human amylin

In 1901, Eugene L. Opie noticed that patients with diabetes shared a common degeneration of their
islet cells in the pancreas. (Opie, 1901) He was the first to connect the presence of amyloid in the
islet cells with the development of diabetes. His discovery came close on the heels of the findings
by Oscar Minkowski, which showed the pancreas being affected in patients with diabetes. (Hayden
& Tyagi, 2001) However, Opie was unable to unequivocally confirm that the albuminoid substance
(hyaline) he was observing was in fact amyloid. It would be 60 years before the hyaline in islet
cells was confirmed to be amyloid, with the aid of Congo Red. (Ehrlich & Ratner, 1961) In 1973,
Westermark et al. identified these amyloid plagues to be made up of fibrils (Westermark, 1973)
and more than a decade later, he was able to determine that a 37-amino acid peptide he termed
islet amyloid polypeptide (IAPP) was the main component of the fibrils. (Westermark et al., 1986)
However, Westermark’s characterization of the peptide was incomplete: one residue was
incorrectly sequenced and the C-terminal amidation was not detected. At around the same time,
Cooper et al. separately identified the same peptide and accurately sequenced it. Cooper termed
the peptide amylin, (Cooper et al., 1987) and this 37-amino acid peptide has been known

interchangeably as IAPP and amylin ever since.

Human amylin (hAM) comes from an 89-amino acid precursor peptide. A 22-amino acid signal
peptide is cleaved to give the 67-amino acid proform of the peptide. In the Golgi apparatus and in
the insulin secretory granule, amino acids in the N- and C-terminus are cleaved by proprotein

convertase 2 (PC2) and proprotein convertase 1/3. Peptidyl amidating mono-oxygenase complex
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(PAM) then amidates the C-terminus of the peptide giving the final form of amylin. (Sanke et al.,

1988; Nishi et al., 1989)

4.1.2. The role of hAM in the body

In healthy individuals, hAM plays an important role in the digestive system. It was found that the
signal (increased blood glucose) that triggers the secretion of insulin, also triggers the release of
hAM from the pancreas. It has been shown that hAM is co-secreted with insulin at a 20:1 (insulin:
hAM) ratio. (Martin, 2006) The initial research into the function of hAM in the digestive system
posited a function that was in opposition to the function of insulin. (Kogire et al., 1991; Dégano et
al., 1993; Rink et al., 1993) However, it is now believed that that hAM’s role in digestion is
complementing the role of insulin by preventing the release of glucagon, decreasing gastric
emptying and stimulating satiety centers of the brain. (Cooper, 1994; Scherbaum, 1998; Kruger et

al., 1999; Silvestre et al., 2001; Akesson et al., 2003; Martin, 2006)

When hAM begins to misfold, it becomes toxic to cells, particularly the B-cells from which it
originates. The basis of hAM toxicity has been linked to multiple actions including a receptor
mediated mechanism, stress on the endoplasmic reticulum and defects in autophagy within the
system. (Cao et al., 2013) The most prominently studied effect has been the membrane
permeabilization characteristic of the peptide. Several studies have shown that hAM can cause
damage through pore or channel formation in the lipid bilayer. Mirzabekov et al. have shown that
channels formed by hAM are capable of promoting the influx of calcium ions and the efflux of
sodium and potassium ions. (Mirzabekov et al., 1996) This was supported by a study by Kayed et
al. that showed calcium levels being disturbed by the action of hAM on plasma membranes.

(Kayed et al., 2004)
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hAM has also been shown to cause the generation of reactive oxygen species (ROS). (Mattson &
Goodman, 1995) Schubert et al. observed increased accumulation of hydrogen peroxide in B12
cells in the presence of hAM which leads to free-radical induced lipid peroxidation and eventually
cell death. (Schubert et al., 1995) Further support to this toxicity pathway is the ability of ROS
scavengers to inhibit the cytotoxicity of hAM. Rifampicin and its analogues, p-benzoquinone and
hydroquinone were able to inhibit the toxicity of hAM. (Tomiyama et al., 1997) However, the
study that discovered these inhibitors also showed that rifampicin was able to bind to hAM
oligomers and prevent interaction with cell surface. This led to the conclusion that the action of
these inhibitors were two-fold: inhibiting oligomer-membrane interaction as well as ROS

scavenging.

Another possible basis of hAM cytotoxicity is the triggering of apoptosis. (Lorenzo et al., 1994)
Multiples studies have shown that hAM is able to promote the expression of tumor suppressor
genes - p21 and p53, upregulate c-Jun expression, as well as increase the levels of Fas/Fas ligand
and Fas-associated death domain (FADD). (Zhang et al., 1999, 2002, 2008) All these actions
promote the apoptosis of cells and could be one of the causes of B-cell death in Type Il Diabetes
(T2D). It has also been proposed that apoptosis can be triggered by elevated levels of calcium ions
in the cell. This could be a downstream effect of the aforementioned channels formed by hAM in

the plasma membrane. (Huang et al., 2010)

4.1.3. hAM fibrils: Formation and Morphology

In its monomeric form, hAM adopts a random-coil structure with a disulfide bond between the
cysteine residues at positions 2 and 7, and an amidated C-terminus. The sequence of hAM can be
broken up into three sections, the helix favoring N-terminus between residues 1-19 (Nanga et al.,

2008), the middle section between residues 20-29 that has been shown to form amyloid
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independently (Westermark et al., 1990; Tenidis et al., 2000) and the C-terminal tail. The first
proposal, that the residues within the 20-29 region of hAM were the most amyloidogenic, came
from Westermark et al. in 1990. However, over the years, different studies have shown that
different parts of the peptide are capable of forming amyloid fibrils. It is also worth noting that
studies have shown that the 20-29 region of hAM may not be the only important region for hAM
aggregation. One study that created random point mutations along hAM found that there were
multiple mutants that did not aggregate. Of these mutants, many had mutations in the 20-29 region
but a significant number also contained mutations at residues 13, 15 and 17, pointing to a possible

role being played by these positions in amyloidogenesis. (Fox et al., 2010)

As with other amyloidogenic peptides, the final fibril form of hAM was initially proposed to be
the most toxic form of the peptide. (Lorenzo et al., 1994; Mattson & Goodman, 1995; Mirzabekov
et al., 1996; Tomiyama et al., 1997; Janciauskiene & Ahrén, 1998; Bai et al., 1999; Hiddinga &
Eberhardt, 1999; Jaikaran & Clark, 2001; Yan et al., 2007) However, there is a significant amount
of research that supports the theory that, similar to the other amyloid peptides, a soluble oligomeric
form of hAM is more toxic. (Janson et al., 1999; Anguiano et al., 2002; Kayed et al., 2004; Ritzel
etal., 2007; Aitken et al., 2010) Using thioflavin T fluorescence, transmission electron microscopy
and circular dichroism, Konarkowska et al. showed that the fibril form of hAM was not toxic to
cells. (Konarkowska et al., 2006) Inhibitor studies with rifampicin have also shown that inhibiting
the fibril formation does not necessarily decrease cytotoxicity, leading to multiple inhibitor studies

focused on earlier stages of amyloidogenesis. (Meier et al., 2006)

The amyloidogenesis of almost all amyloid forming peptides is believed to begin with a monomer
undergoing self-self recognition, followed by hydrophobic interactions that result in [-sheet

oligomer formation. The oligomers continue to grow through monomer addition and eventually
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become protofibrils and finally fibrils. (Dobson, 2003) Experimental observation of hAM dimers
shows that hAM forms an extended B-sheet by electro-spray ionization mass spectroscopy as well
as MD simulation supporting the formation of B-sheets as part of the amyloidogenesis pathway.
(Dupuis et al., 2011) However, there is a prominent hypothesis that hAM monomers may undergo
an intermediate secondary structure before B-sheet formation: that an a-helical species may form
prior to B-structuring. Numerous studies using circular dichroism (CD), two-dimensional infrared
spectroscopy and NMR have observed an increase in the a-helical character of hAM just prior to
B-sheet formation. (Kayed et al., 1999; Goldsbury et al., 2000; Lopes et al., 2007; Yonemoto et
al., 2008; Ling et al., 2009) Williamson and Miranker first put forth the hypothesis that the a-
helical form of hAM may be an on-pathway intermediate in fibril formation. (Williamson &
Miranker, 2007) They showed that the N-terminal region of hAM had helical propensity even in
the monomeric state; this has been established in our laboratory (Cort et al., 2009; Huggins et al.,
2011; Sivanesam, Shu, et al., 2016) as well as by Raleigh and coworkers (Abedini & Raleigh,
2009). They posited that this secondary structure may be important for the hormonal function of
hAM since a large portion of this sequence is highly conserved in hAM and CGRP, both of which

bind to a common receptor.

Crystal structures of hAM fused to maltose-binding protein (MBP) showed that the N-terminus of
hAM forms a helix that is capable of forming a dimer with itself or with a molecule of insulin.
(Wiltzius et al., 2009) The dimer formed showed prominent aromatic stacking between the F15
residues of each monomer at the dimer interface. Replacing the phenylalanine at this position with
residues that are favored or tolerated in helices - such as serine, alanine and aspartic acid - resulted
in increased amyloidogenesis, whereas lysine resulted in reduced amyloidogenesis. Mutations of

residues outside of the dimer interface had a much smaller effect on amyloid formation supporting
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the helical intermediate hypothesis. The results of this study were supported by data from position
15 mutations with leucine and isoleucine, as well as the unnatural amino acids, tert-leucine and
norleucine. (Tu & Raleigh, 2013) The data showed a positive correlation between helical
propensity and rate of aggregation since leucine, which has the highest helical propensity of the
four residues, showed the highest rate of aggregation while tert-leucine, which has the highest -
propensity, had the lowest rate of aggregation. Random point mutations within the hAM sequence
also showed that mutation of residue 13 from alanine to a glycine resulted in a marked decrease in
hAM aggregation, most likely due to a disruption of the a-helix by this mutation. (Fox et al., 2010)
A swap-mutation between residues L12 and N14 (becoming N12 and L14) also resulted in a
mutant that does not aggregate despite the fact that this mutation does not affect the formation of
a B-sheet. (Williamson et al., 2009) However, the mutation would disrupt the formation of an a-

helix, providing further credence to the helical intermediate hypothesis.

Studies that manipulate the amount of helix formed by the monomer also demonstrate a correlation
between helicity and amyloid formation. For example the presence of lipid membranes,
particularly anionic lipids, have been shown to promote hAM aggregation. Evers et al. propose
that the lipids induce the nucleation of hAM which leads to oligomerization followed by the
detachment of larger aggregates that eventually become the plaques that are observed in T2D
patients. (Evers et al., 2009) The increased ability of hAM to form amyloid in the presence of
membranes is well studied (Zhang et al., 2017), however studies are showing that the ability to
disrupt model membranes may not correlate directly with cytotoxicity. (Brender et al., 2008; Cao
et al., 2013) One study used computational methods to identify compounds that can alter the

structure and behavior of membrane-bound hAM. Experimental studies of the identified
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compounds showed that the compounds that were predicted to enhance membrane binding did not

enhance cytotoxicity. (Nath et al., 2015)

On the other hand, interactions that “overstabilize” the helix formed by hAM are capable of
inhibiting aggregation. Hexafluoroisopropanol (HFIP) at high concentrations has been shown to
promote helicity and can be used to inhibit the aggregation of hAM. (Higham et al., 2000) This
type of interaction has also been proposed to be the mechanism by which insulin inhibits hAM
aggregation in the secretory granule. (Wiltzius et al., 2009) The insulin interaction with hAM is
much stronger than the hAM-hAM interaction due to a larger buried surface area, resulting in
inhibition of aggregation. The same mechanism has been proposed for the inhibition of hAM
aggregation by rat amylin (rAM). One study mutated two residues (A13P and F15D) within the
N-terminal region of rAM, creating a peptide that formed a far less stable a-helix. This mutant was
unable to inhibit hAM aggregation at the same level as wild type rAM leading to the conclusion
that rAM stabilizes the helical region of hAM thus reducing amyloidogenesis. (Cao et al., 2010)
Therefore, stabilization of the N-terminal a-helix of hAM may be a viable target for inhibitor
design. Thus far, most peptidic hAM amyloidogenesis inhibitors have been related to the
demonstrably most aggregation prone segment, 2!NNFGAILSS?, of the hAM sequence. (see

section 4.2.2)

The final conformation of the fibrils has been studied by multiple groups and has resulted in a
number of structures being proposed. In 2005, Kajava et al. created a model of hAM in the
protofibril state using a yeast prion model they had previously proposed. (Kajava et al., 2005)
Their structure had 3 B-strands that were antiparallel to one another. Strand 1 (12-17), stand 2 (22-
27) and strand 3 (28-30) were all connected via short loops between them. Their structure provided

an explanation for why rAM does not aggregate readily, since the proline residue at positions 25,
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28 and 29 would inhibit the hydrogen bond formation between the strands. It was also noted that
the histidine at position 18 in hAM (arginine in rAM) is more favorable for parallel in-register
stacking which could further explain the solubility of rAM when compared to hAM. A molecular
dynamics (MD) simulation also shows that hAM monomers form stable B-sheets with a loop in

the trimer and pentamer stage of aggregation while rAM does not. (Liang et al., 2013)

In 2007, Luca et al. used solid-state NMR to elucidate the structure of the amyloid fibrils formed
by hAM. (Luca et al., 2007) Their data showed that hAM fibrils were striated ribbons that had a
cross-p strand structure which is typical of amyloid fibrils. Each fibril is made up of 2 twisted
columns of peptide and each column of peptide is made up of multiple layers of peptide monomer
that form parallel intermolecular B-sheets, another hallmark of amyloid fibrils. Each monomer unit
is then made up of 2 B-strands (not including residues 1-7 in the N-terminus that is connected by
the disulfide bridge between C2 and C7) with a loop between them from residues 18-27. (Figure
4.1) The structure proposed here was further supported by a separate study that used the crystal
structures of 2 fragments of hAM (NNFGAIL and SSTNCG) to model a structure for the full-
length peptide monomer in the fibril conformation. (Wiltzius et al., 2008) Their data showed that
SSTNVG oligomers form a class | steric zipper, similar to that formed by other amyloidogenic
peptides. (Sawaya et al., 2007) NNFGAIL oligomers on the other hand, have a bend at the glycine
residue that allows the asparagine side chain to interact with the backbone carbonyl of glycine. In
their deduced structure for full-length hAM monomers in amyloid fibrils, they proposed that
SSTNVG is forming a steric zipper with other monomers of the peptide while NNFGAIL is part

of the hairpin turn, similar to what was suggested by the solid state NMR data.
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Figure 4.1. The structure of
two monomers of hAM
forming parallel B-sheets in
the fibril state as proposed by
Luca et al. No cross-strand
H-bonding is implied, this is
not a hairpin of B-sheet. The
loop residues, shown in green
circles, are between position
18 and 27. The first 7 N-
terminal residues that are not
part of the N-terminal B-
strand are shown in blue
circles. V17, the fastest
position to become immobile
and V32, the slowest position
(as proposed by Shim et al.,
2009) are shown in red
circles.
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The results of both these studies stand in contrast to most conclusions: that the 20-29 region of
hAM is the most amyloidogenic portion of the peptide. However, a study done by Shim et al. using
2D infrared spectroscopy showed that the formation of the 2 B-strands in hAM may be nucleated
by residues within the loop. (Shim et al., 2009) Their study, done using strategically labeled amino
acids showed that V17 was one of the fastest residues to transition from random-coil to -sheet
while V32 was the slowest. They concluded that the formation of the two B-strands was

independent from one another with the N-terminal strand forming faster than the C-terminal strand.

4.1.4. hAM and the amino acid proline: the rise of pramlintide

Other species have been found to have analogues of amylin including cats and non-human
primates. (Howard, 1978; Yano et al., 1981; Spear et al., 1984; Westermark, Wernstedt, O’Brien,
et al., 1987; Westermark, Wernstedt, Wilander, et al., 1987; Nishi et al., 1989) Some of these

species, i.e. rats, show no evidence of islet amyloid deposits. Rat amylin (rAM) differs from human
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amylin (hAM) by six residues at positions 16, 18, 23, 25, 28, and 29. Of these six positions, three
positions, 25, 28 and 29 are of particular interest. In rAM these positions replace an alanine and
two serines with proline residues. The presence of prolines at these residues has been implicated
as the reason rAM maintains solubility and does not have a tendency to aggregate. The prolines at
positions 25 and 29 may be important because in cats the presence of one proline at position 29
does not preclude amyloid formation. In the degu, a small caviomorph rodent, amylin has two
prolines at positions 28 and 29, yet this variant is also capable of forming amyloid deposits.
However, hamsters, that have two prolines at positions 25 and 29, do not form amyloid fibrils.

(Westermark et al., 1990)

Peptide Sequence

20 30
Human amylin (hAM)  KCNTATCATQRLANFLVHS SNNFGAILSS TNVGSNTY-NH,

20 30
Rat amylin (rAM) KCNTATCATQRLANFLVRS SNNLGPVLPP TNVGSNTY—NH2

20 30
Pramlintide (prAM) KCNTATCATQRLANFLVHS SNNFGPILPP TNVGSNTY—NH2

Figure 4.2. The sequences of full-length hAM as well as the analogue of amylin found in rats, rat
amylin is given above. The sequence of a synthetic analogue of hAM, pramlintide is also shown.
The residues in rAM and prAM that differ from hAM are shown in bold. The region of hAM
generally considered to be the most amyloidogenic portion of hAM is underlined.

One important study showed that the presence of proline at all three of these positions has no effect
on the function of amylin since rAM and hAM have the same levels of biological activity. (Cooper
et al., 1988; Chantry et al., 1991) This most likely indicates that the structural consequences of
having proline residues at those positions does not affect the active conformation of the peptide.
This information led to the development of a synthetic form of human amylin, with three proline
substitutions (at positions 25, 28, and 29), designated as pramlintide. Pramlintide (prAM)’s
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receptor binding and biological activity was tested in rats and found to be comparable to that of
rAM and hAM in the same situation. (Young et al., 1996) In humans, prAM was first tested in the
late 1990’s as a potential companion to insulin administered to patients with Type I and Type II
diabetes. Results from early drug trials showed that prAM could reduce the postprandial
hyperglycaemia in patients with diabetes. (Kolterman et al., 1995; Kolterman, 1997) Studies also
showed that the infusion of prAM with insulin resulted in a significant reduction in the glucose,
insulin, C-peptide and lactate concentrations in patients with diabetes four hours after a meal.
(Thompson et al., 1997) At present, prAM is a commercially available drug that is administered

with insulin to patients with Type | and Type Il diabetes.

In vitro examination of the amyloidogenic propensity of prAM has led to mixed results. One study
found that prAM showed approximately 10% the aggregation capacity of hAM. The aim of the
study had been to determine the role of the six residues in hAM that differ in rAM, on the
aggregation propensity of the peptide. The results of the study showed that the presence of the
proline residues alone was not enough to completely eliminate aggregatory activity. Instead, the
three other mutations contribute in some degree to rAM’s propensity to remain monomeric. (Green
et al., 2003) The results of this study were supported by another study that showed prAM
aggregation to be dependent on pH as well as the type of buffer being used for the in vitro assay.
(da Silva et al., 2016) prAM showed no aggregation at pH 3 and 4 and lower aggregation rates in
Tris buffer systems compared to phosphate buffer systems. FTIR and X-ray diffraction data
showed that prAM formed fibrils that were similar in morphology and characteristic to hAM
fibrils. However, the rate of aggregation of both these peptides were different, with hAM
aggregating faster than prAM under all tested conditions. Molecular dynamics simulations of hAM

and prAM as well as hAM A25P and hAM S28P, S29P showed that aggregation happens more
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readily when these peptides are in the B-sheet free energy state. (Chiu et al., 2013) However, for
prAM and to a lesser extent, hAM S28P, S29P, the free-energy state of the a-helix conformation
is much lower and therefore more favorable. hAM A25P on the other hand, had a much smaller

AG between the a-helix and -sheet states resulting in a peptide that is more likely to aggregate.

The capabilities of prAM as an inhibitor of hAM aggregation has also been studied. Wang et al.
compared the effects of co-incubating hAM with different amount of rAM and prAM. (Wang et
al., 2015) Their results showed that both rAM and prAM slowed down the aggregation of hAM in
a dose dependent manner. However, prAM was more effective than rAM at increasing the lag time
to aggregation. Interestingly, their studies found that prAM was not reducing the number of fibrils
observed by TEM similar to rAM. Instead, there was evidence that prAM was co-precipitating
with hAM upon aggregation. They also studied the effect of mutating residues H18 and F23 of
prAM to arginine and leucine respectively. These mutations increase the sequence similarity
between prAM and rAM and either mutation resulted in a decrease in prAM’s inhibitor activity,

possibly indicating an important role for these residues.

More recently prAM has been studied as a potential drug-therapy to combat obesity. There is
evidence that the expression of prAM in response to lipids in transgenic mice, can reduce body
weight, blood lipid levels as well as food consumption. (Rossger et al., 2013) Human studies show
that prAM is capable of reducing the LDL-cholesterol levels in patients with T2D and the
triglyceride levels in patients with Type | diabetes. (Hoogwerf et al., 2008) Clinical trials of prAM
and a leptin-analogue, metreleptin, have shown promising results. (Ravussin et al., 2009) Patients
that were administered both drugs demonstrated significant weight loss over the course of 20

weeks with no signs of plateau in weight change.
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4.1.5. hAM and aromatics

The hAM sequence contains three aromatic residues that have received a lot of attention due to
their possible role in amyloid formation. In 1999, Kayed et al., shows that the aromatic rings in
hAM underwent stacking directly before fibril formation. (Kayed et al., 1999) This was confirmed
when an alanine scan of the core amyloidogenic unit of hAM (residues 22-27) highlighted the
importance of residue F23. (Azriel & Gazit, 2001) The presence of phenylalanine at this position
was examined by comparing the effects of NFGAILSS and NYGAILSS on aggregation of full-
length hAM. The results showed that while NFGAILSS accelerated fibril formation slightly,
NYGAILSS inhibited fibril formation. Mutation of residue 23 in the 22-27 fragment to any other
hydrophobic residue also resulted in a decrease in amyloidogenic propensity of this peptide. (Porat

et al., 2004)

In 2001, Padrick and Miranker used the intrinsic fluorescence of tyrosine to study the
amyloidogenesis of hAM. (Padrick & Miranker, 2001) Their results showed that in fibrils, Y37 is
solvent protected; but this is not true at the earlier stages of amylodogenesis indicating that this
residue may be one of the last to become structured. This was confirmed by the fluorescence
anisotropy measurements that showed Y37 is highly rigid in fibrils and the aromatic ring does not
rotate freely. Foerster energy resonance transfer (FRET) measurements between Y37 and the
remaining two aromatic residues in hAM show that these residues are in close proximity to one
another in the fibril structure, indicating that there could be a turn within the peptide monomer in
fibril form. While intermolecular interaction between phenylalanine and tyrosine could also be
responsible for the FRET data, the transfer efficiency observed gives rise to a distance of

approximately 10.2A, which is a lot lower than the interstrand distances of in register parallel -
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sheets. These results therefore support the generally accepted theory of strand-loop-strand of each

hAM monomer in the final fibril form.

A computational study also supports an interaction between all three aromatic residues, placing
each aromatic residue in one of three strands formed by hAM in the protofibril state. (Kajava et
al., 2005) Experimentally, the mutation of all three aromatic residues to leucine resulted in a much
longer lag time for the aggregation of the peptide when compared to wild-type hAM. (Marek et
al., 2007) The final fibrils formed, however, did have the same fibril morphology as those from
wild-type hAM as observed by transmission electron microscopy and atomic force microscopy.
Mutation of individual aromatic residues to leucine showed that F15 may be playing a more
significant role in inhibiting amyloid formation since the aggregation rate of F15L was two times
higher than WT. Meanwhile, F23 and Y37 may be playing a role in promoting amyloid formation
since F23L and Y37L had a two-fold and three-fold decrease in aggregation rates respectively. (Tu

& Raleigh, 2013)

There has also been a study showing the F23L mutant in two short fragments of hAM (comprising
residues 21-29 and residues 22-27) forming amyloid fibrils while the F23A mutant of these
fragments does not. (Tracz et al., 2004) The same study also showed that the F15L mutant of a
hAM fragment (comprising residues 10-19) was also capable of forming amyloid fibrils. While
these results show that the presence of aromatic residues is not required to form fibrils, it does not
immediately contradict the possible role being played by these residues in promoting the high rate
of aggregation nucleation observed for hAM. The aromatic interactions within hAM has garnered
a lot of attention and has resulted in multiple studies proposing that these aromatic interactions be
targeted in order to design inhibitors of hAM amyloidogenesis (vide infra). (Gazit, 2002; Porat et

al., 2004, 2006)
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4.2. Inhibitors of hAM aggregation

4.2.1. hAM and insulin

If the supposition that hAM undergoes aggregation at certain threshold concentrations is true, then
the question that must be answered is how does hAM remain monomeric in the secretory granule
at the high concentrations therein? In vitro, hAM can form fibrils at concentrations as low as 1uM
in physiological buffers; yet the concentration of hAM in the secretory granule has been found to
be between 1 —4 mM in healthy individuals. The answer to this conundrum is insulin. Insulin has
been shown to inhibit hAM fibril formation in a dose-dependent manner. (Westermark et al., 1996;
Larson & Miranker, 2004) As previously mentioned, insulin adopts an a-helical conformation that
can form a heterodimer with hAM, with prominent ni-stacking between residues F15 of hAM and

Y 16 of the insulin B-chain. (Wiltzius et al., 2009)

Examination of the individual components of insulin showed that only the B-chain of insulin was
capable of inhibiting hAM aggregation while the A-chain had no effect. (Susa et al., 2014) At an
equimolar ratio, ion mobility studies show that the presence of the complete insulin protein or just
the insulin B-chain forced hAM to adopt a more compact structure that does not transition to
amyloid fibrils. These results support the conclusions of a previous study that show residues 9-20

of the insulin B-chain binding to hAM. (Gilead et al., 2006)

4.2.2. Peptide inhibitors of hAM

Most peptide inhibitors of hAM are derived from sequence homologues that have been modified
in some small way. The most common modification is mutation of residues, frequently making
use of proline residues. Rat amylin (rAM) which differs from hAM at only 6 positions has been

shown to inhibit hAM amyloid fibril formation in a dose-dependent manner. (Cao et al., 2010)
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However, an even more conserved peptide, hAM-I26P, was more effective at inhibiting
aggregation. (Abedini et al., 2007) At equimolar concentrations, hAM-I126P was able to increase
the lag time of hAM aggregation by 20-fold and decrease the eventual maximum thioflavin T

fluorescence observed three fold.

N-methylation of amino acid residues has also been a useful tool in designing inhibitors. The
residue 23-27 span of hAM have been shown to be the shortest fragment capable of forming
aggregates of similar morphology to amyloid fibrils. (Tenidis et al., 2000; Mazor et al., 2002) N-
methylation of G24 and 126 in this segment of hAM has yielded potent inhibitors of hAM
aggregation. Kapurniotu et al. showed that N-methylation of G24 and 126 in the NFGAIL and
SNNFGAILSS fragments yielded peptides that were non-amyloidogenic as well as not cytotoxic.
(Kapurniotu et al., 2002) These peptides were also able to inhibit the aggregation of their non-N-
methylated counterparts, providing support for a relatively novel approach to hAM inhibitor design
at the time. When tested as inhibitors of full-length hAM, the N-methylated fragment, NFnGAmIL
was able to inhibit the amyloidogenesis of full-length hAM to a small extent at substoichiometric
concentrations and to a larger extent at a 1:10 molar ratio of hAM to inhibitor. It was also able to
increase the viability of pancreatic 3-cells when co-incubated with hAM. (Tatarek-Nossol et al.,
2005) Yan et al. showed that N-methylation of G24 and 126 in full-length hAM vyields a peptide
that is capable of fully blocking amyloidogenesis as well as reversing the amyloidogenesis of pre-
formed fibrils. (Yan et al., 2006) The N-methylation does not interfere with the activity of hAM
since this mutant is able to bind to hAM receptors and activate them at approximately the same

level as hAM.

While the studies above focus on the 20-29 region of hAM being a highly amyloidogenic patch,

there are studies that have shown fragments from this region to be inhibitors of amyloidogeneis
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under their assay conditions. Scrocchi et al. designed an overlapping series of hexapeptides for
residues 20-29 of hAM and found that SNNFGA and GAILSS were strong inhibitors of hAM,
maintaining the random-coil structure of hAM for up to 72 hours. (Scrocchi et al., 2002) However,
only SNNFGA was able to lower the cytotoxicity of hAM toward RIN-1056 pancreatic B-cells

while GAILSS had no effect.

While peptide inhibitors of hAM are commonly derived by modifying the sequence of hAM,
Ghosh et al. demonstrated that a small peptide with no sequence homology, TVYVYSRVK-NH,
termed TK9 was able to inhibit the aggregation of hAM when incubated at a 2:1 (TK9:hAM) ratio.
(Ghosh, et al., 2015) This peptide, which was taken from the C-terminal sequence of the SARS
corona virus envelope protein, was shown to be capable of forming amyloid fibrils itself in vitro.
However, the process took several days indicating that it was a slow aggregating peptide. The
inhibition of hAM by TK9 is similar to the activity of a nine-residue peptide, adopted from the

same protein that is capable of inhibiting the fibrillation of insulin.(Banerjee et al., 2013)

4.2.3. Small molecule inhibitors of hAM

A number of the inhibitors of hAM aggregation are also known to inhibit the aggregation of other
amyloidogenic peptides. For example, | have previously described the activity of the phenols (-)-
epigallocatechin gallate (EGCG) and resveratrol against a-synuclein. These small molecules have
also shown high levels of activity against hAM. In 2009, Mishra et al. first demonstrated that
resveratrol had dose-dependent activity against hAM in vitro. Assays done in the presence of
membranes that typically promote the aggregation of hAM also showed resveratrol inhibiting
amyloid formation. Finally, in vivo assays of hAM in pancreatic cells showed a 30% increase in
cell viability in the presence of equimolar concentrations of resveratrol were co-incubated with

hAM. (Mishra et al., 2009)
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A study of possible mechanisms of resveratrol action on hAM by computational modeling suggests
that this inhibitor may be blocking the lateral growth of a single-layered B-sheet by interfering with
the side-chain stacking of the monomers in the oligomer form. In particular, this phenol may be
targeting the m-stacking of the aromatic side chains. (Jiang et al., 2011) Experimentally, the action
of resveratrol was examined using mutants of hAM at positions R11, H18, F15, and Y37. (Tu et
al., 2015) Mutation of any of these residues to leucine resulted in a decrease in the inhibitory
activity of resveratrol. Removal of the N-terminal 7 residues also resulted in the same observations.
However, the mutation of F23 to leucine did not produce a noticeable effect on resveratrol activity.
The study concluded that the N-terminus as well as the aromatic residues were interacting with
resveratrol in some way. The anomalous result of the F23 mutation may have been due to the fact
that F23 resides in the loop in the hAM amyloid fibril and may not have interactions with other
monomers of hAM with which resveratrol could interfere. Resveratrol has also been used in
clinical trials to examine its effects on insulin sensitivity in patients diagnosed with insulin resistant
T2D. The results were fairly promising with most patients, showing decreased insulin resistance

within 4 weeks of taking the oral form of resveratrol. (Brasnyo et al., 2011)

Despite these promising results, resveratrol has been found to be less effective than EGCG at
disaggregating pre-formed hAM fibrils. (Tu et al., 2015) Meng et al. found that EGCG was able
to completely inhibit hAM aggregation at 1:1 ratios along with protecting pancreatic cells against
the cytotoxicity associated with hAM. (Meng, Abedini, Plesner, Verchere, et al., 2010) Studies
examining the possible targets of EGCG within hAM revealed that EGCG did not interact
specifically with any of the aromatic residues, amino groups, or the sulfhydryls within hAM. (Cao
& Raleigh, 2012) Instead, the research proposed that EGCG had a non-specific interaction with

monomers and intermediates. The same study also examined the most important moieties of
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EGCG that were responsible for its inhibitory activity. The results showed that the gallate ester
and one of the hydroxyl groups, depicted in Figure 4.3, were the most important for activity since
the loss of either one of these groups resulted in decreased activity while the loss of both

completely abolished the inhibitory activity of this small molecule.

The importance of the phenol and hydroxyl groups of EGCG is shared by another inhibitor of
hAM: baicalein. Baicalein (5,6,7-trihydroxyflavone) is a flavonoid found in the roots of certain
flowering plants. It is also one of the active ingredients in the Japanese herbal supplement, Sho-
Saiko-To. This small molecule has been shown to inhibit hAM aggregation in a dose-dependent
fashion. (Velander et al., 2016) Structure-activity relationship studies showed that at least two
hydroxyl groups were necessary for the flavone action and at least one of those groups had to be
at position 6 since 5,7-dihydroxyflavone had no activity against hAM. Based on LC-MS results,
the study proposed that the formation of a Schiff-Base with an o-quinone intermediate may be the

mechanism of action.

Congo Red is an unusual inhibitor of hAM aggregation. It’s a diazo dye that is used to stain
amyloid materials in cells. In the presence of amyloid fibrils, Congo red emits an apple-green
birefringence under polarized light. Aitken et al. showed that the co-incubation of Congo red at
equimolar concentrations of hAM resulted in a decrease in hAM aggregation as well as an increase
in the viability of RINmS5F cells. (Aitken et al., 2003) However, the in vitro results of Congo red
inhibition may be dependent on assay conditions since a previous study showed that Congo red
had no effect on fibril formation while in vivo studies showed some protection from hAM

cytotoxicity. (Lorenzo & Yankner, 1994)

One common motif among the many small-molecule inhibitors of hAAM amyloidogenesis is the

presence of a benzene ring, often as a phenol. Besides the previously mentioned small molecules,
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other inhibitors such as acid fuchsin (Meng, Abedini, Plesner, Middleton, et al., 2010), tetracycline
(Forloni et al., 2001; Aitken et al., 2010) and phenol red (Porat et al., 2004) all contain at least one
benzene ring within the molecule. Profit et al. examined the effect of the electrostatic repulsion of
benzoic acids conjugated to the 22-29 fragment of hAM on hAM aggregation. (Profit et al., 2017)
Their results found several conjugates that were capable of increasing the rate of fibril formation
thus forcing hAM to spend less time in the highly toxic soluble oligomer state. They were also
able to isolate a conjugate of pyromellitic acid that was capable of inhibiting hAM amyloid
formation when present in 10-fold excess. When the activities of these benzoic acids were studied
without conjugation to the hAM fragment, trimesic acid emerged as a strong inhibitor of

aggregation.

Finally, nanoparticles are an interesting class of hAM inhibitors that has only recently been
discovered. Initial studies showed that nanoparticles made up of 1:1 N-isopropylacrylamide: N-
tert-butylacrylamide (NiPAM:BAM) were able to inhibit the fibril formation of full-length hAM
as well as the 20-29 fragment of hAM. (Cabaleiro-Lago et al., 2010) Further examination showed
that particles made up of 100% NiPAM were even more effective at inhibiting amyloidogenesis.
The mechanism of action of these particles was proposed to be through the adsorption of hAM

monomers onto the surface of the particle, thus reducing the monomer concentration in solution.
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Figure 4.3. The structure of some small molecule inhibitors of hAAM amyloidogenesis. For EGCG,
the two most important moieties: gallate ester (green) and 3-hydroxyl group (red) of the

trihydroxyl phenyl ring are highlighted.
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4.3. Method Development

Developing assay conditions for hAM aggregation proved to be a balancing act between the
concentration of hAM, the ionic strength of the buffer, the pH of the buffer, and the use of
appropriate amounts of HFIP which is known to promote aggregation optimally at 5 vol-% at low
pH. (Yanagi et al., 2011) After multiple trials, the following assay conditions were found to give
a reproducible aggregation course: 50uM hAM in 50 mM phosphate buffer, pH 2.0 with 25 mM
NaCl and 2 vol-% HFIP. It has been shown that at lower pH, hAM aggregation is slowed down,
which is useful since the concentration of hAM used in this assay was higher than the norm. (da
Silva et al., 2016) This yielded an assay where hAM achieved maximal f-signal by CD in 135
minutes in the presence of 25 mM NaCl and 2 vol-% HFIP. Maximal ThT fluorescence was

observed between 160 and 180 mins.

Each CD and ThT measurement was taken in triplicate. For CD, in every replicate, measurements
were taken at 45 minute intervals beginning with t=0 minutes. For ThT, the three replicates were
staggered so that each one had the first measurement taken at a slightly later time point, allowing
one to plot a graph with points at every 10 minutes for the first 180 minutes and every 20 minutes
for the next 180 minutes. This was done by taking the first measurement at t=0 minutes for run 1,
at t=10 minutes for run 2 and t=20 minutes for run 3. The subsequent measurements were all taken

at 30 minute intervals up to 180 minutes, then 60 minute intervals up to 360 minutes.

Percent inhibition calculations for the ThT fluorescence assay used the following equations:

S in the presence of inhibitor

Percent inhibition = 100 — (

x 100)

Sin the absence of inhibitor

where S = the average of the ThT signals at 160, 170 and 180 mins.
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The average signal taken at these three points was used because in the control, the maximum ThT

appeared at one of these three time points.

4.4. Results

4.4.1. The WW series

As described previously, the use of non-sequence homologous peptides as inhibitors of
amyloidogenesis has been successful for inhibiting the aggregation of two other amyloidogenic
peptide: AP that is implicated in Alzheimer’s disease and in the present work a-synuclein.
(Chapter 3.4.2) However, little work has been done to study peptide inhibitors of hAM aggregation
that are not derived from the sequence of hAM. Dr. Kelly Huggins’ initial discovery of peptide
WW, which is capable of inhibiting the amyloidogenesis of a-synuclein as well as hAM gave rise
to the hairpin hypothesis. The hairpin hypothesis proposes that a combination of aryl side-chains
and pre-structured p-strands will interact more favorably with the pre-amyloid state of hAM thus

preventing self-self recognition and the subsequent formation of amyloid fibrils.

The uninhibited control for hAAM aggregation showed a transition from random-coil to a maximum
B-signal by CD at 135 minutes. (Figure 4.4A) However, when monitored by ThT fluorescence,
maximal amyloid formation is not detected until approximately 160 minutes at which point the
fluorescence remains constant up to 300 minutes before beginning to decrease. (Figure 4.4B) The
decrease is most likely occurring due to insoluble aggregate formation indicating a transition from
the soluble-oligomer/small-protofibril phase to larger protofibrils and the extended fibril stages of

amyloidogenesis.
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Figure 4.4. Panel A- CD spectra for the hAM in the absence of inhibitor. Panel B- Staggered ThT
spectrum representing three replicates of hAM aggregation in the absence of inhibitor.

Building on the ground work of Dr. Huggins, my initial studies in hAM inhibition involved testing
the peptide WW and variants with different degrees of hairpin structuring in order to examine if
the hairpin fold played the previously suggested role in inhibitor activity. Of the peptides tested,
the most well folded variant was cyclo-WW. This cyclized version of the peptide WW has proven
to be a potent inhibitor of a-synclein aggregation as well. The other variants tested were capped-
WW and cp-WW. cp-WW is the circularly permuted variant of WW as well as the uncyclized
variant of cyclo-WW. A cartoon representation of the three peptides is shown in Figure 4.5A.
Circular permutation involves changing the location of the termini of a peptide while preserving
all other aspects of the sequence. For cp-WW, this is done by adding a favorable hairpin turn —
IpPK- connecting the N- and C-terminus while the original turn is-IpGK- is severed. Connecting

the original turn gives rise to cyclo-WW.
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Figure 4.5. (A) - Cartoon representation of three peptides: WW, cyclo-WW and cp-WW. The
cross-strand hydrogen bonds are indicated as blue dashed lines. (B) - Comparison of backbone

Hn chemical shift deviation of 4 peptides.




The graph in Figure 4.5B compares the backbone Hn values for the residues of these 4 peptides.
The residues for cp-WW are reordered to match that of the other three peptides so that a
comparison can be made. The proper ordering of amino acids for cp-WW is given in Figure 4.5A.
All four peptides show the characteristic structuring of a B-hairpin with a prominent hairpin
register. The chemical shift deviation of G20 in capped-WW demonstrates that this hydrophobic
cap is not fully formed since a well formed cap has been known to have CSDs of up to 3.0 ppm
for the Gly-Hn in the unit. Since the termini of these peptides vary due to circular permutation of
one peptide and backbone cyclization of another, the most useful tool to compare the fold of these
peptides is a strand residue CSD comparison. For this the H-bonded strand residues at positions 4,
6, 13 and 15 ,as shown in Figure 4.5B, can be used. The data shows that at positions 4 and 15,
peptide WW is the least structured variant, especially since these residues are further away from
the turn-flanking Trp/Trp stabilization. In the case of capped-WW, cp-WW and cyclo-WW, the
stability offered by the B-cap, the end-capping Trp/Trp interaction and the backbone cyclization

stabilizes positions 4 and 15 resulting in similar CSDs.

At position 6 however, all 4 peptides seem to share similar CDSs, while at position 13, cyclo-WW
seems to have the lowest CSD, indicating weaker hydrogen bonding than the other 3 peptides. This
discrepancy could be attributed to the strength of the EtF face interaction of the adjacent tryptophan
residue. A CD comparison of WW, capped-WW and cyclo-WW shows that the exciton couplet of
cyclo-WW at 5°C is very weak, only 68,000 deg-cm?-dmol™ while those of capped-WW and WW
are 5-fold and 2-fold larger respectively at the same temperature. This data indicates that the
Trp/Trp interaction is not as strong in cyclo-WW as the other peptides which could be why the

hydrogen bonding of adjacent residues is affected.
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In inhibition studies with these 4 peptides, cyclo-WW emerged as the most potent inhibitor,
followed by capped-WW, WW and finally cp-WW. (Table 4.1) The potency of cyclo-WW was
such that even at 0.25 molar eq (versus hAM) of added peptide, |1 was able to observe a 60%
inhibition of amyloid fibril formation. Capped-WW also proved to be a strong inhibitor with 0.5
eq capped-WW having a higher level of inhibition than 2 eq WW. However, increasing
concentrations of capped-WW proved underwhelming with 2 eq of capped-WW only showing a
74.4% inhibition by ThT while 4 eq of WW had an 88.3% inhibition. The peptide, cp-WW was

the least effective with no concentration dependent increase in inhibitor activity between 4 eq and

1leq.
4 eq 2 eq leq 0.5¢eq 0.25 eq 0.1eq
WWwW 88.3 50.4 9.7
capped-WW 744 61.7 63.0
gal capped-WW 74.1 76.8 70.7
bz-capped-WW 81.6 68.7 72.8
cp-WW 49.0 45.1 47.7
cyclo-Ww 91.1 89.4 88.4 58.8 ~0

Table 4.1. The percent inhibition of each peptide in the WW series at different concentrations
based on ThT measurements.

The results so far support the hairpin hypothesis since cyclo-WW, with the most stable hairpin
folded, is the most potent inhibitor of hAM amyloidogenesis. The data also allows me to draw one
further conclusion: the mechanism of inhibition by the WW series does not involve the unfolding
and restructuring of the peptide to other conformations, including linear conformations. If
restructuring were involved, the rigidity of cyclo-WW would prevent any change in the structure

thus making this inhibitor the least potent of the 4 peptides tested. The potency of cyclo-WW in
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the in vitro assay is supported by in vivo testing in rat insulinoma cells. The assays, performed in
the lab of a collaborator, Dr. Aphrodite Kapurniotu, show that this peptide is also able to mitigate
hAM related toxicity in cells when present in concentrations as low as 0.5 eq relative to hAM.
Taken together, the in vitro and in vivo results show a peptide with strong inhibitor activity that
may be safe from proteolytic digestion due its cyclic nature making this an interesting peptide for

further studies.

Cell culture studies were also done for capped-WW. The results showed that this peptide was as
potent as cyclo-WW in maintaining the viability of cells in the presence of hAM. The results of
this study contradict my in vitro results that show 2 eq capped-WW not having the same potency
as 0.5 eq cyclo-WW. The reason for this contradiction could be the difference in buffer pH between
the 2 assays. The in vitro studies were done at a lower pH than the in vivo studies and could be
affecting the hairpin structure of capped-WW since it is not covalently stabilized. However, my
CD comparisons of the peptide at pH 2 and pH 6.5 do not show significant differences in the molar
ellipticity of the peptide, indicating that the pH has very minor effects on hairpin structure. The
conflicting results cannot then be attributed to structure and may be a result of some other
characteristic of the peptide under in vivo conditions. One possibility could be a difference in cell
membrane penetration of the peptide. Capped-WW may be able to penetrate cells more easily
resulting in higher concentrations within cells while cyclo-WW may be unable to enter cells as

easily resulting in lower activity at high concentrations than in in vitro assays.

Since capped-WW was showing promising results in both assays, | decided to explore if adding
benzoyl conjugates to the N-terminus of the peptide would affect inhibitor activity. | chose two
conjugates, the benzoyl group and a gallate. The gallate unit has been shown to be an essential

feature for hAM inhibition by EGCG. Benzoyl groups and benzene rings, on the other hand, are a
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common motifs shared in a lot of non-peptidic hAM inhibitors. Unfortunately, neither conjugate
provided improved inhibition, compared to capped-WW, at the higher concentrations. At 1 eq of
added inhibitor there is about 10% greater inhibition by the conjugate-capped-WW peptides than
capped-WW. These results could be indicative of a lack of synergy between the two motifs,
especially at higher concentrations. It could also be an indication that the N-terminus of the peptide
is not making significant contacts with hAM at higher concentrations, thus making the added

moieties at this position less available for interaction.

4.4.2. New studies of hAM sequence fragments

Following my non-sequence homologous peptide inhibitor studies, | studied the effect of the 22-
29 fragment of hAM on aggregation. The 20-29 region of hAM had been considered the shortest
sequence within hAM capable of forming amyloid fibrils. (Glenner et al., 1988; Westermark et
al., 1990; Moriarty & Raleigh, 1999) However, Tenidis et al. showed that within this sequence,
the pentapeptide FGAIL and the hexapeptide NFGAIL were also capable of forming fibrils.
(Tenidis et al., 2000) Their studies demonstrated that the fibrils formed by FGAIL were very long
and broad whereas those formed by NFGAIL resembled the typical amyloid fibril morphology. In

vitro studies of this peptide when co-incubated with hAM showed no effect on hAM aggregation.

Since hAM seeds have been known to accelerate the aggregation of hAM monomers, (Hu et al.,
2017) I wanted to study the effect of seeds comprised of hAM fragments on the amyloidogenesis
of full-length hAM. However, since NFGAIL was expected to be extremely hydrophobic and
difficult to purify by HPLC, | chose to begin my study with the 22-29 fragment of hAM:
NFGAILSS. The expectation was that this fragment would seed aggregation and decrease the lag
time of aggregation. In order to accommodate these potential observations, the assay conditions

that were being used at the time needed to be modified. I examined the growth of B-signal over
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time for various sodium chloride (NaCl) concentrations in the presence of 2 vol-% HFIP.
Decreasing the salt concentration proved to be too drastic as the peptide remained random-coil for
up to 6 hours. After various attempts, | finally obtained conditions that demonstrated the
transitioning of hAM secondary structure from random-coil to B by CD over the course of 240
minutes in the presence of 50 mM NaCl and 1 vol-% HFIP. The lag time was approximately 50
minutes as monitored by ThT fluorescence. (Figure 4.6 B) Maximal ThT fluorescence was reached

at approximately 260 minutes.
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Figure 4.6. Panel A — CD spectra of hAM in the absence of peptides, under 1% assay conditions
taken at hourly intervals up to 4 hours. Panel B — Staggered ThT runs representing 3 replicates of
hAM under 1% assay conditions.

An interesting observation that was made under these conditions is the presence of an a-helix-like
signal by CD at time points t=60 minutes and t=120 minutes. (Figure 4.6A) The signal at the
second maximum, which is attributed to the n = =* transition of the peptide backbone, is blue
shifted from 222 nm to approximately 214 nm at t=60 minutes. At t=120 minutes, the signal red
shifts to 219 nm putting it a little closer to the expected signal for this transition. The reason for

this shift is unclear. However, the a-helix structure has been proposed to be an on-pathway
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intermediate in the amyloidogenesis of hAM. The data from this assay shows that a helical

intermediate may be present under my assay conditions as well.

To investigate if pre-formed seeds of the 22-29 (NFGAILSS) fragment of hAM could seed hAM
aggregation, I allowed a 2 mM sample of the fragment to aggregate at room temperature without
shaking or stirring for 2 weeks. At this point, a precipitate was visible, indicating that aggregation
had occurred. The sample was spun down and the supernatant was used in experiments containing
hAM. The concentration of the fragment had to be estimated based on the initial concentration of
the monomer. The results from the experiment were wholly unexpected. (Table 4.2) Instead of
seeding aggregation, the addition of solution from aged NFGAILSS to the hAM sample resulted
in the complete inhibition of amyloidogenesis. The inhibition of the aged sample was approaching

100% at 0.4 eq peptide (monomer based concentration) to hAM.

leq 0.4 eq 0.1eq
fresh NEGAILSS 77 66 11 Table 4.2. The percent inhibition of
each  fragment at  different
aged NFGAILSS 79 85 67 concentrations (and with different
NEGAILS 73 31 preparations) based on ThT
measurements.
NFGAIL 37 15

In order to investigate these results further, fresh samples of NFGAILSS were prepared and tested.
The data showed that even fresh NFGAILSS was able to inhibit aggregation at 0.4 eq peptide to
hAM. However, the activity of the fragment decreases dramatically at 0.1 eq peptide to hAM.
Figure 4.7 shows the ThT fluorescence time course for hAM aggregation with the aged and fresh
fragments present at sub-stoichiometric concentrations. The inhibitory activity of fresh at 0.4 equiv

matches that of aged NFGAILSS at 0.1 eq. There is a possibility that, since the concentration of
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the aged sample is estimated based on the initial monomer concentration, what was assumed to be
0.1 eq could in fact be a significantly lower concentration of peptide aggregate or peptide
remaining in the supernatant, given that the aged sample was allowed to aggregate and form a
precipitate. These results point to a role being played by the oligomers formed by the NFGAILSS
fragment in inhibiting hAM aggregation. It is also possible that the presence of two serine residues
affects the way this peptide interacts with full-length hAM. Supporting an hypothesis that that the
serine residues play a role in inhibiting hAM aggregation, Scrocchi et al. have previously shown

that the peptide GAILSS is a potent inhibitor of hAM aggregation.
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Figure 4.7. The graph represents the 3 staggered measurement of ThT fluorescence of
substoichiometric aged and fresh NFGAILSS in the presence of hAM. The solid line represents
the change in ThT fluorescence over time for hAM in the absence of inhibitor.

Given that these results stand in contrast to the results observed by Tatarek-Nossol et al. with

NFGALIL, I decided to systematically examine whether the addition of the two serine residues to

the hexapeptide had any effect on the fragment’s ability to inhibit hAM aggregation. In order to
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do this, I synthesized two more peptides, NFGAILS and NFGAIL. As shown in Table 4.2, the
percent inhibition by NFGAILS at 1 eq mirrored that of NFGAILSS at the same concentration but
at substoichiometric concentrations, the activity of NFGAILS begins to decrease. The removal of
all serines, results in a peptide that has very little activity at equimolar concentrations versus hAM.
This result is more in keeping with previously reported studies that show immediate change in
conformation of hAM upon the addition of 10- or 20- fold NFGAIL. (Scrocchi et al., 2002) The
CD results shown in Figure 4.8A confirm that there is little to no change in random-coil structure
of hAM throughout the time course of the assay in the presence of 1 eq NFGAILS. On the other
hand, incubation with NFGAIL results in a distinct a-helix signal. (Figure 4.8B) This signal was
also observed by Scrocchi et al. immediately upon the addition of 10-fold NFGAIL to a sample of
hAM. (Scrocchi et al., 2002) A similar a-helix signal can be seen in the uninhibited control at 120
minutes. (Figure 4.6A) This could be an indication that NFGAIL binds to full-length hAM and
delays the formation of the a-helix conformer thus slowing down aggregation to a certain extent.
This would explain why the random-coil state seems to be more populated at 120 mins in the
presence of NFGAIL than in an uninhibited control. This could also be an indication that the 2

serine residues are solubilizing and play a role in maintaining the random-coil structure of hAM.
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Figure 4.8. CD spectra of hAM when co-incubated with equimolar concentrations of (A)
NFGAILS and (B) NFGAIL. The legend for both spectra is in the middle. The spectra in panel B
provide another instance in which hints of helical structuring are evident.
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4.5. Summary and Conclusions

The present study has served to validate the hairpin hypothesis first developed from the work of
Dr. Kelly Huggins. My results have yielded a peptide, cyclo-WW that is very potent against hAM
aggregation and is able to inhibit amyloidogenesis at substoichiometric cocentrations. This result
IS even more exciting considering that the same peptide is able to inhibit another amyloidogenic
system, a-synuclein at low concentrations as well. The ability of cyclo-WW to inhibit two peptides
that share no sequence similarity to the inhibitor or with each other also serves as proof that there
are common steps in the amyloid pathway that can be targeted by inhibitors. Cyclo-WW may be

emerging as a universal inhibitor of amyloidogenesis.

My analysis of the effect of a hAM fragment on aggregation proved very interesting. Contrary to
initial expectations, aged samples of NFGAILSS were strongly inhibitory toward hAM
amyloidogenesis instead of acting as seeds that increase the rate of amyloidogenesis. Sequential
removal of the C-terminal serine residues showed that these residues play a role in the inhibition
observed for peptide and its aged solutions. The data from these studies also supported the
hypothesis that hAM forms an a-helix structure prior to B-oligomer formation that is typically

expected of amyloidogenic peptides.

Future work for these studies must include NMR experiments that could help elucidate the
secondary structure adopted by hAM during amyloidogenesis. These experiments could serve to
determine if the residues within hAM are indeed forming an o-helix intermediate during
amyloidogenesis. Binding experiments should also be done to determine if cyclo-WW binds to

hAM monomers, thus providing a mechanism for the inhibition of these peptides. It would also
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provide information on the positions within hAM that are targeted by this peptide which could

prove useful in determining residues that are important in the formation of amyloid fibrils.
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Chapter 5: Antimicrobial Peptides
5.1. Introduction

The advent of antibiotics was celebrated as one of the greatest discoveries of the 20" century and
Alexander Fleming was touted as a hero for his discovery of penicillin. Yet almost a century later,
the use of antibiotics has led to a completely different problem altogether: the evolution of the
antibiotic-resistant bacteria. Medical research has discovered over 20,000 potential genes
expressed by bacteria that are capable of antibiotic resistance. (Liu & Pop, 2009) To date, some of
the major pathogens in the world have developed antibiotic resistance such as M. tuberculosis,
Escheria coli, Staphylococcus aureus and Streptococcus pneumoniae. (Davies & Davies, 2010)
The main methods of developing antibiotic resistance are from the horizontal acquisition of
resistance genes, recombination of foreign DNA into the chromosome, or by mutations in the
chromosomes. (Martinez & Baquero, 2000) Antibiotic resistance can be caused by a single
spontaneous mutation but more often is caused by a misuse of antibiotics that results in a gradual
increase in mutations resulting in resistance. Developing antibiotic resistance is a slow process and
occurs over multiple generations. This is due to the fact that the expression of antibiotic resistant
phenotypes is often not limited to one mutation and frequently require the expression of several
mutated proteins before complete antibiotic resistance is conferred. (Martinez-Freijo et al., 1998;
Hooper, 1999) Horizontal acquisition of resistance genes, on the other hand, is a faster way for
bacteria to develop and spread resistance. Since bacteria can acquire multiple genes, this often
results in resistance to multiple antibiotics. Consequently, there is an inability to fight these

bacteria with available medications.

In most cases, antibiotic resistance greatly affects antibiotics that need to permeate the bacterial

cell wall in order to act on targets within the cell. Therefore, the development of antimicrobial
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peptides (AMPs) has garnered a lot of interest. AMPs target the lipopolysaccharide layer of
bacterial cell walls, making them more effective and less likely to encounter resistance from
bacteria. (Bahar & Ren, 2013) The rate at which AMPs are able to act on bacteria has also proven
to be quite useful in overcoming the rapid mutation rates that could lead to antibiotic resistance.
(Loeffler et al., 2001). The first AMP, gramicidin, was discovered in 1939 from a soil Bacillus
strain that showed activity against pneumococcal infections in mice. (Dubos, 1939) In 1956, the
first animal originated AMP, defensin, was found in rabbit leukocytes. (Hirsch, 1956) Since then,
nearly 4000 AMPs have been discovered in plants, animals, and humans and approximately 1600
more have been synthesized. (Zhao et al., 2013) In humans, a wide variety of these peptides have
been found to play a role in innate immunity and can be divided into three major groups: defensins,
cathelicidins, and histatins. (De Smet & Contreras, 2005) All three groups of peptides have
demonstrated activity against both gram-positive and gram-negative bacteria, yeasts, fungi and

enveloped viruses. (Turner et al., 1998; Rothstein et al., 2001; Sajjan et al., 2001; Joly et al., 2004)

Almost all AMPs can be classified into 4 groups based on their secondary structure: a-helix, -
sheet, extended conformation, or loop conformations. (Powers & Hancock, 2003; Jin et al., 2005;
Hancock & Sahl, 2006; Midura-Nowaczek & Markowska, 2014) Despite the differences in
secondary structure, most AMPs that act on bacterial membranes share similar characteristics.
These peptides are typically amphipathic, having a polar and non-polar face. This allows AMPs to
interact with the charged outer membrane of a bacterial cell through electrostatic interactions of
the polar face and subsequently use the non-polar face to insert themselves into the bacterial
membrane. (White et al., 1995; Madani et al., 2011) AMPs tend to have high positive net charges,
containing large numbers of the cationic amino acids, arginine, R and lysine, K. This is because

most bacterial cell walls are anionic and attract positively charged peptides. In gram-positive
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bacteria, the presence of teichoic acid in the peptidoglycan is responsible for the anionic character
while in gram-negative bacteria, the anionic character is derived from the lipopolysaccharides in
the outer membrane. (Figure 5.1) The anionic character of bacterial cells contrasts with
mammalian cells, which have more zwitterionic phospholipids on the outer leaflet and negative
phospholipids on the inner leaflet of their cell membranes. (Verkleij et al., 1973; Shai, 2002) This
distinction allows AMPs to selectively target bacterial cells without harming surrounding

mammalian cells.
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Figure 5.1. The image represents the cell wall of a) gram-positive and b) gram-negative bacteria.
Gram-positive bacteria have a thick peptidoglycan layer unlike gram-negative bacteria. Instead,
Gram-negative bacteria have an asymmetrical outer membrane that rests on top of a very thin
peptidoglycan layer. (Image adapted from Tripathi et al., 2012)

5.1.1. Mechanism of Action

Most AMPs that act on bacterial cell walls are thought to induce the formation of pores that cause

the contents of the cell to leak out, resulting in cell death. (Silvestro et al., 2000) Many different
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models have been proposed, but the most common models are the pore forming model and the
membrane disruption model (also known as the ‘carpet’ model). (Brogden, 2005) All models are
typically described as beginning with the electrostatic attraction of the positively charged peptide
to the anionic bacterial cell wall. Once peptides have identified their target, they typically bind to
the membrane. This state is known as the surface state (or S-state). For most AMPs, once a
threshold concentration is reached, the peptide begins to insert itself into the membrane resulting
in membrane permeabilization, known as the I-state. It is in the transition from the S-state to the
I-state where the differences in the proposed mechanisms of action lie. (Figure 5.2)

Figure 5.2. The image depicts the three different mechanisms by which antimicrobial peptides can

act on membranes of bacterial cells. A) Barrel-stave pore formation B) Toroidal pore formation
C) Carpet membrane disruption (Image adapted from Park et al., 2011)

RO
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AMPs that form pores are found to form two different types of pores, the less common barrel-stave

pore and the toroidal pore. The barrel-stave pore is characterized by a dissociation of the peptide
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from the lipid head group of the cell membrane to form a pore with a central lumen made up of
the hydrophilic face of the peptide while the hydrophobic face is in contact with the tails of the
lipid bilayer. This change in peptide orientation relative to the cell membrane can be detected using
oriented circular dichroism techniques. Oriented circular dichroism relies on the energy transition
of > ©* in helical peptides. When the axis of the helix is perpendicular to the light (orientation
of peptides in the S-state), the 7> n* signal transition shows a maximum negative at 205 nm.
However, in the I-state when the axis of the helix is parallel to the light, the signal at 205 nm is
vastly decreased. This results in a CD signal that is approaching 0. (Yang et al., 2001) This
technique is particularly useful in determining the threshold concentration at which AMPs

transition from the S-state to the I-state.

To date, the peptide that is most commonly known to form a barrel stave pore is alamethicin.
Alamethicin is an o-helical peptide produced by the fungus Trichoderma viride, containing
multiple helix-favoring Aib (2-aminoisobutyric acid) residues. Studies have shown that when in
contact with bacterial membranes, at the threshold concentration, eight alamethicin monomers
aggregate to form a barrel-stave pore. This was shown by numerous neutron scattering experiments
that showed the inner and outer diameter of the pore formed by alamethicin. (He et al., 1995, 1996)
The difference in the diameters corresponds to the thickness of the alamethicin helix (~1.1 nm),
that has been determined from the crystal structure. (Fox & Richards, 1982) The consistency of
the pore formed has been further shown using ion-conductance experiments. The results of these
experiments show that alamethicin induces single-channel conductance with multiple discrete
states that is caused by the joining or leaving of one monomer to the aggregate. (Baumann &

Mueller, 1974; Latorre & Alvarez, 1981; Mak & Webb, 1995)
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With the barrel-stave pore being the first pore to be characterized, all subsequent pore forming
peptides were thought to form a similar pore. However, studies into the pores formed by the AMP,
magainin showed that another type of pore formation was possible: the toroidal pore. The toroidal
pore is formed by almost all other pore forming AMPs such as magainin (Ludtke et al., 1996;
Matsuzaki, Nakamura, Murase, et al., 1997), protegrin (Yang et al., 2000) and melittin (Yang et
al., 2001). Unlike the barrel-stave pore, peptides do not dissociate from the lipid head group when
transitioning from the S-state to the I-state. Instead, the peptide forces the membrane to bend
inwards resulting in a pore. One indication that a second type of pore could be formed came in the
comparison of the size of the pore formed by magainin and alamethicin. The pore formed by
magainin was much larger and was highly variable in size. The thickness of the wall of the pore
was also much larger than that of alamethicin, as detected by neutron scattering. (Ludtke et al.,
1996; Yang et al., 1999) The number of monomers in each pore, based on oriented CD, similarly
did not agree with the number of monomers observed for alamethicin pores. Based on the barrel-
stave model, approximately 11 magainin monomers would be required to create a pore of that size
and yet only 4-7 monomers are observed in each pore. (Ludtke et al., 1996) It was also theorized
that a barrel-stave pore of that size would be highly destabilized and experience shape deformation,
and yet the pore formed by magainin did not exhibit these abnormalities. (Yang et al., 2001) This

resulted in the conclusion that magainin was forming a different type of pore than alamethicin.

Further evidence of a different pore was observed in fluorescent studies that showed magainin
constantly attached to the polar head group, even when pores were formed. (Matsuzaki et al., 1994)
Finally, the difference in ability to crystallize the pores formed by magainin and alamethicin
contributed to the conclusion that the two AMPs formed different types of pores. (Yang et al.,

2000) Yang et al. postulated that the difference in charge between magainin and alamethicin may
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be causing the formation of different pores. Alamethicin, as one of the few almost neutral AMPs
would not have to contend with a high Coulomb energy that could interfere with the aggregation
of monomers in order to form a barrel-stave pore; whereas magainin, with a net charge of +5, may
need the shielding provided by the lipid head groups in order to form a pore. (Yang et al., 2001)
Data shows that most pore-forming AMPs form toroidal pores that have the same characteristics

as those formed by magainin. (Yang et al., 2001)

AMPs have also been posited to disrupt membranes by the ‘carpet’ model. This model was initially
proposed by Pouny et al. as the mechanism of action of dermaseptin S. In their studies, they labeled
the N-terminal residue with a fluorescent dye and studied the effects on fluorescence in the
presence of small unilamellar vesicles (SUVs). The results showed a blue shift upon the addition
of SUVs with a subsequent release of entrapped calcein. (Pouny et al., 1992) Furthermore, their
studies showed that dermaseptin S demonstrated lower aggregation rates than alamethicin. Taken
together, they felt the results pointed to a different mechanism of action than the typical pore
formation. FTIR data has also been used to support the carpet model. Results from experiments
done with an AMP showed that the peptide remained parallel to the membrane throughout
membrane rupture leading to the conclusion that pore formation was not possible. (Oren et al.,
1999) The ‘carpet’ model posits carpeting of the cell membranes with the AMP, eventually
resulting in the disruption of the curvature of the lipid bilayer. This model has been proposed for
a few AMPs including cecropins, (Shai, 1999) and LL-37, a human AMP in the cathelicidin family

(Oren et al., 1999).

Despite the focus on AMP activity against cell membranes, there is growing evidence that these
peptides may also have intracellular targets. Bierbaum and Sahl demonstrated that the lantibiotic

Pep 5 reactivated the autolysin, N-acetylmuramoyl-_-alanine-amidase on bacterial cell walls that
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is typically inhibited by lipoteichoic acids. (Bierbaum & Sahl, 1987) There is also evidence that
some AMPs inhibit cell wall synthesis by preventing the maturation of peptidoglycan precursors
into peptidoglycan. (Brotz et al., 1998; Islam et al., 2012) Another intracellular process that is
frequently targeted by AMPs is cell filamentation. This process can be a result of either blocking
of DNA replication or the inhibition of septum formation. (Salomén & Farias, 1992; Subbalakshmi
& Sitaram, 1998) There is also evidence that some AMPs bind to DNA and that others interfere
with the synthesis of DNA, RNA, and some proteins within the bacterial cell. (Yonezawa et al.,

1992; Patrzykat et al., 2002; Brogden, 2005)
5.1.2 p-sheet antimicrobial peptides

While o-helical AMPs are well studied and derivatives of these peptides are frequently
synthesized, less is known about the relationship between structure and activity of -sheet AMPs.
Most B-sheet AMPs retain their secondary structure through the presence of disulfide bridges
formed between cysteine residues across the strand or through backbone cyclization. There is a
lack of information on whether non-covalent stabilizations could prove to be just as useful as
covalent stabilizations in maintaining the secondary structure of a B-sheet AMP and still preserve

their antibacterial activity.

In order to examine if it is possible to improve the stability of naturally occurring B-hairpin AMPs
with non-covalent stabilizations, | studied two peptides, tachyplesin I and gomesin. Tachyplesin |
is a 17-amino acid peptide that was first extracted from the hemocyte of the horseshoe crab,
Tachypleus tridentatus. (Nakamura et al., 1988) NMR studies have shown that this peptide adopts
an antiparallel B-sheet structure with two disulfide bridges and a four-residue B-turn. (Kawano et
al., 1990; Laederach et al., 2002; Edwards et al., 2016) The importance of the disulfide bridge in

tachyplesin | has been examined in several studies with varying results. Replacement of the
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cysteine resides with aromatic residues has been shown to result in completely linear peptides that
lack AMP activity. (Rao, 1999) Contrary results were found by Ramamoorthy et al. Their study,
involving the deletion of all four cysteine residues changed the hairpin register but did not
adversely affect the AMP activity of the peptide. (Ramamoorthy et al., 2006) Yet another study
that prevented the formation of disulfide bridges by protecting the cysteine residue side chains
with acetamidomethyl (Acm) groups reduced the ability of tachyplesin | to permeabilize
membranes. (Matsuzaki, Yoneyama, Fuijii, et al., 1997) These conflicting results illustrate the lack
of understanding of the importance of the B-hairpin structure of tachyplesin I, making it an ideal

peptide for my studies.

Another interesting [3-sheet AMP that is suitable for mutational analysis is gomesin, an 18-amino
acid peptide first discovered in the hemocytes of the tarantula, Aconthoscurria gomesiana. (Silva
et al., 2000) Like tachyplesin I, gomesin forms two disulfide bridges and adopts an antiparallel -
sheet structure. (Mandard et al., 2002) Mutation of the cysteine residues into serine residues, which
results in a disordered peptide, proved to be catastrophic for the AMP activity of gomesin. The
presence of at least one disulfide bridge, however, was enough to retain some AMP activity but

the activity was much lower than that of the wild type. (Féazio et al., 2006)

The lack of viable alternatives to disulfide bridges to stabilize B-sheet secondary structure is a
common struggle in the design of B-sheet AMPs. Protegrin I, a naturally occurring AMP found in
porcine leukocytes, has been extensively studied. The importance of the disulfide bridge was
highlighted by studying the activity of the peptide with universal cysteine to alanine mutations.
(Harwig et al., 1996) The peptide, without disulfides, lacked any (-sheet secondary structure and
did not show any activity but with just one of the two disulfide bridges, the protegrin-I mutant

displayed similar activity to wild type. A contrary result was found when protegrin-I disulfide
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bridge formation was prevented by reducing the cysteine residues or by protecting the cysteine
residue side chains with Acm groups. Both mutants showed a more potent minimum inhibitory
concentration against gram-negative bacteria. Coupled with ion conductance experiments to study
the formation of pores by these peptides, the study concluded that the disulfide bridges were crucial

for membrane permeabilization but may not be needed for AMP activity. (Mangoni et al., 1996)

Tam et al. attempted to further investigate the importance of the disulfide bridge by making
mutants of protegrin-I that involved side chain cyclization of the peptide as well as addition and
removal of disulfide bonds. Their mutants showed improved activity against both gram-negative
and gram-positive bacteria while showing decreased hemolytic activity. (Tam et al., 2000) This
study emphasized the possible correlation between peptide fold stability and AMP activity.
Protegrin-I has also been grafted onto a template for backbone cyclization that makes use of the
propensity of the p-Pro-_-Pro motif to form a hairpin turn. (Shankaramma et al., 2002) Of the
peptides studied, 7 mimetics emerged as having reasonable activity against gram-positive and
gram-negative bacteria. One of the mimetics also demonstrated very low hemolytic activity which
made it extremely suitable for follow-up mutational studies. (Robinson et al., 2005) This mimetic
seemed to be a suitable starting point for my own mutational studies, aimed at discovering if non-
covalent stabilizations could prove equally effective at stabilizing the B-sheet structure while

maintaining activity.

Finally, | studied another peptide that was designed based on a completely engineered AMP.
Frecer et al. had demonstrated that many membrane binding peptides have a repeating motif of
cationic-hydrophobic-polar amino acids. Their attempt at utilizing this motif to design a [3-sheet
peptide that binds membranes yielded a peptide with multiple valine and lysine residues along

with cysteine residues that were necessary to ensure the -hairpin conformation. (Frecer et al.,
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2004) Utilizing this concept, Yu et al. designed a peptide with repeating units of phenylalanine
and lysine that contained a short -GSG- loop in the middle to promote secondary structure. (Yu
et al., 2012) Some of the peptides they designed had low hemolytic activity and good AMP activity
which led to a follow-up study where they mutated all the phenylalanine and lysine residues of
their most potent AMP to tryptophan and arginine respectively. (Yu et al., 2015) This yielded the
peptide, I-RW which is a completely novel, unnatural AMP that is ripe for mutational studies to
improve the stability of the peptide fold and to examine possible correlations between structural

stability and activity.

5.2. Assay development

More detailed assay protocols are provided in Chapter 2.

E.coli assay development was simple due to the ease with which the bacteria is able to grow in LB
broth. Maximum turbidity of cells was reached at approximately 20 hours of incubation with few
precautions taken to ensure sterile conditions. Corynebacerium glutamicum (C.glu) however is
known to have difficulties growing. My initial measurements showed that C.glu grew at half the
rate of E.coli and required a much more sterile environment to avoid non-specific bacterial growth
interference. Due to the increased incubation period needed to grow C.glu to a sufficiently high
turbidity, evaporation of wells was a serious issue. The problem was resolved with the parafilming
of 3 out of the 4 sides of the well plate as well as the aid of wells that were used as moisture barriers
on the periphery of each plate. The wells that served as moisture barriers were topped up every 20

hours or so to ensure that wells containing the sample were free from evaporation.
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5.3. Results and discussion

5.3.1. Gomesin and tachyplesin |

| began my studies by making small mutations to the wild-type sequence of tachyplesin | (TP1)
and gomesin (see Tables 5.1 and 5.2 for sequences). This allowed for the determination of the
effects of small changes on the structure of the peptide as well as on the activity of the peptide. As
discussed in Chapter 1, the Trp/Trp edge-to-face interaction (EtF) can be employed to increase the
association of B-strands in a hairpin peptide. (Anderson, Kier, et al., 2016) For these two peptides,
| studied the effect of Trp/Trp pairs at two different locations: immediately flanking the hairpin
turn and at the ends of the peptide in the form of a -cap. The simplest B-cap employs the use of a
KW/WK or a KW/WR at the N- and C-terminus of the peptide. In studies done by other members
of the lab, the RW/WE pair, which serves as the closest analog to the B-cap in question, increased

the stabilization of a hairpin up to 6 kd/mol. (Anderson et al., 2014; Kier et al., 2015)

Table 5.1. The table shows the sequence of gomesin and its mutants along with their activity
against gram-negative, E.coli and gram-positive, C.glu. The mutations made to each peptide
relative to gomesin is indicated in bold. The ICsp represents the concentration of peptide that results
in approximately 50% bacterial growth (where 100% growth is taken to be the growth of bacteria
in the absence of AMP). The MIC is the lowest concentration at which bacterial growth is
undetectable. N.T. = not tested.

E.coli C.glu
Peptide Sequence

ICso MIC  ICso MIC
M) (M) (M) (uM)

Gomesin —-ECRRLCYKQRCVTYCRGR-NH2 14.9 25 <0.006 0.195
Gommutl --ECRRLWYKGRWVTYCRGR-NH2 72 >100 N.T. N.T.
Gommut 2 KWICRRLWYRGRWITYCRWR 8.6 125 0.10 0.780
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Since the goal of the study was to eliminate dependence on disulfides and introduce non-covalent
stabilizations, | began my gomesin mutations by replacing the turn-flanking cysteine residues with
a Trp/Trp pair. | also mutated the glutamine residue in the turn into a glycine residue in order to
promote turn formation. The mutant, gommut-1, showed a strong exciton couplet by CD (with
max at 228 nm), indicating a favorable Trp/Trp EtF interaction along with a high apparent melting
temperature, pointing to high fold stability. However, this mutant had lost all of the activity of the
native peptide versus E.coli. (Table 5.1) The NMR results (Appendix C2) showed that the strands
of the mutant had an incomplete alignment, especially towards the ends of the peptide, which could

be the reason why activity was lost.

In an effort to improve the structure, especially around the termini, gommut-2 was made with a
small change to the turn (from YKGR to YRGR) and the addition of a f-cap to the termini. By
NMR, the hairpin register was evident in the backbone-Hn of residues C4 to C17. Hydrogen
bonding could be seen at residues R5, L7, 114 and Y16, with a strong CSD of 1.8 ppm being
observed for residue 114 (Appendix C3). But by CD, the peptide showed a slightly lower exciton
couplet magnitude than would be expected of a peptide with two Trp/Trp pairs. The smaller exciton
couplet is most likely an indication of distortion of the hairpin structure and could be an indication
that replacing a glutamic acid in the traditional B-cap with an arginine may not be enough to confer
the stability that is typical of this non-covalent interaction. However, the addition of this cap
improved the activity of the peptide significantly, going from an ICsp of 72 uM in gommut-1 to
8.6 UM in gommut-2. This decrease in 1Csg indicated that gommut-2 had better biological activity
than wild-type gomesin in E.coli. Unfortunately, | was unable to show similar results with the
gram-positive bacterium, C. glu. In this system, the mutant had a 4-fold decrease in activity

compared to gomesin. (Table 5.1)
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Keeping the results from the gomesin mutations in mind, I tackled TP1 by first adding a -cap to
the peptide. As a control, | also synthesized a second mutant with all four cysteine residues

replaced with valine residues, see Table 5.2.

Table 5.2. The table shows the sequence of tachyplesin and its mutants. The mutations made to
each peptide relative to tachyplesin are indicated in bold. The bioassay results for E. coli are also
given. The ICsg represents the concentration of peptide that results in approximately 50% bacterial
growth. The MIC is the lowest concentration at which bacterial growth is undetected. (Table
adapted from (Sivanesam, Kier, et al., 2016))

Peptide Sequence ICso MIC
(M) (uM)

Tachyplesin 1 (TP1) - KW-CFRVCYRGICYRRCR-NH: 2.03 3.1

Tachymut 1 (TM1) - KWWCFRVCYRGICYRRCR-WK > 100 > 100

Tachymut 2 (TM2) - KWWVFRVVYRGIVYRRVR-WK 6.5 125

Tachymut 3 (TM3) - KWWVFRVVYpRIVYRRVR-WK 2.04 3.1

Tachymut 4 (TM4) - (KWWVERVVY-C-IVYRRVR-WK) > 100 > 100

Tachymut 5-ac Ac-WWVFRVVYPRIVYRRVR-WTGPKK-NH> >100 >100

(TM5-ac)

Tachymut 5-bz Bz-WWVFRVVYPRIVYRRVR-WTGPKK-NH, 12.4 25

(TM5-bz)

Tachymut 5-py Py-WWVFRVVYpRIVYRRVR-WTGPKK-NH; >100 >100

(TM5-py)

Tachymut 5-my My-WWVFRVVYPRIVYRRVR-WTGPKK-NH> >100 >100

(TM5-my)

Tachymut 6 (TM6) Bz-WWVFRVVYpRIVYVRRR-WTGPKK-NH; 215 100

In a reversal of the results seen with gommut-2, the addition of the B-cap completely abolished
activity and conferred solubility issues to tachymut 1 (TM1). However, the valine control, named

tachymut-2 (TM2) showed a reasonable ICso. NMR data showed that while TP1 demonstrated a
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B-sheet CSD pattern (Appendix C6), this pattern was less pronounced in tachymut 1 (TM1)

(Appendix C7) and almost completely absent in TM2 (Appendix C8).

With this result, | turned my attention to the turn of the peptide. In the following mutant, the turn
was improved from a —~YRGI- to —YpRI- turn. The presence of a p-Pro at the T1 position of a
[2,4] turn has been shown to greatly improve hairpin turn propensity.(Haque et al., 1994) NMR
results confirmed that this held true for this peptide since the hairpin register that was not evident
in TM2, was once again observed in the N-terminal strand of tachymut-3 (TM3) between residues
3 and 8. (Appendix C8 & C9) In Figure 5.3, the CSDs of backbone Hn for TM3 is compared to
that of TP1. This comparison shows that the presence of the -cap, KW/WK provides a significant
amount of stabilization at the ends of TM3 that was previously not evident (increased positive
CSD at position W19 and K20 indicates that these residues have a more rigid structure than the C-

terminal residues in TP1).
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Figure 5.3. The graph depicts the CSDs of backbone Hn of TP1 and TMS3.
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The greater favorability of the hairpin turn is also evident in the approximately 0.6 ppm upfield
shift experienced by Y14-Hn in TM3 as compared to TP1. The CD data (Appendix C15) also
showed a large exciton couplet indicative of a strong EtF interaction between terminal tryptophans.
Structurally, TM3 appears to adopt a similar fold as TP1 but without the aid of any covalent staples
which is very encouraging. In terms of biological activity, TM3 had recovered all the activity of
TP1, in both E. coli and C. glu systems, which demonstrates that the covalent stabilization is not
necessary for activity. (Table 5.2 & 5.3) Instead, this data indicates that non-covalent interactions

that stabilize hairpin fold, can be utilized to design effective AMPs.

Peptide MIC (uM) Table 5.3. The table shows the results from the
- gram-positive assay of select peptides with C.

Tachyplesin | 0.195 glu. (Table adapted from Sivanesam et al.,

Tachymut 3 0.195 20162)

Tachymut 5.1 No activity

To test if the type of B-hairpin peptide mattered, | synthesized a variant of TP1 that did not have a
hairpin turn. Instead, the peptide, tahcymut-4 (TM4) had a cysteine residue at the middle of the
peptide that would form a dimer with a central cross-strand disulfide linkage. (Anderson et al.,
2014; Kier et al., 2015) Along with the B-caps at the termini, these peptides form homodimeric-
turnless B-sheets which proved to be more stable than TM3 by CD (Appendix C16), showing no
signs of melting up to 65°C. Unfortunately, eliminating the B-turn abolished the peptide activity
in E. coli pointing to a definite link between the presence of the hairpin turn and biological activity.

(Table 5.2).

The next mutant, returned to the hairpin turn seen in TM3 and attempted to improve on the
structure at the termini. For this, the simple KW/WK cap was replaced with a more hydrophobic
version. (Kier et al., 2010) The hydrophobic cap employed, Z-W/WTGXXX-NH, has an acyl
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group at the N-terminus (see Chapter 1 for more details). For TM5, | used Z-W/WTGPKK-NHa.
This is because with the addition of this cap the N-terminal and C-terminal Lys residues would be
removed. To avoid reducing the overall net charge by +2, two lysine residues were added to the
C-terminal tail at a position where they were unlikely to play a role in the structure of the peptide.
Since the positive charge of AMPs is known to play an important role in targeting bacteria, it is
important to maintain the overall net charge of the peptide. As for the Z position, four different
groups were used: acetyl- (from acetic anhydride), benzoyl- (from benzoic acid), myristyl- (from
myristic acid) and pyrene carbonyl- (from pyrene carboxylic acid). Pyrene carboxylic acid is a
polycyclic aromatic molecule made up of 4 benzene rings fused together while myristic acid is a
carboxylic acid with a chain of 14 carbons. These adducts were chosen to study the effects of
adding large hydrophobic groups to the AMPs and to determine if the presence of these adducts

would increase the membrane binding affinity of the peptides.

The structural comparison of these peptides was complicated by the fact that TM5-ac had
concentration dependent solubility issues that prevented any characterization by NMR. A CD
comparison of all four Z-groups showed that the exciton couplet was severely diminished in TM5-
ac and TM5-bz compared to TM3 (Appendix C15, C17 & C18). For TM5-py and TM5-my, the
exciton couplet was not visible at all. Instead for TM5-py, minima at 204 nm and 241 nm were
observed (Appendix C19) while the CD spectrum of TM5-my showed a strong minimum (220
nm) and maximum (200 nm) at high temperatures and three minima (193 nm, 208 nm, 218 nm) at
low temperatures (Appendix C20). The CD data of TM5-py could be explained by the fluorescent
character of pyrene. Typically, pyrene has been used to determine solvent environments since it is
very sensitive to solvent polarity. This could be affecting the CD measurements to some degree.

As for TM5-my, the CD spectra indicate that the peptide has a mixed random-coil and a-helix
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structure at low temperatures. At high temperatures, however, these signals give way to what looks
like a mixture of random-coil and B-sheet structures. For both peptides, the exciton couplet is so

weak that all the other moieties in the peptide are overcoming the expected couplet signal by CD.

Interestingly, despite the identical sequence, only one of the four TM5 mutants, the one with the
less hydrophobic and smaller benzoyl group, showed any activity against E.coli (Table 5.2). While
we expected that the adducts would create a membrane-anchoring effect that would aid in initial
binding, there is a possibility that they prevented the peptide from a) achieving the required
orientation within the membrane or b) gaining access to intracellular targets. There are reports
that adding fatty-acyl functional groups to known AMPs improved biological activity. (Chicharro
et al., 2001; Mak et al., 2003; Lockwood et al., 2004) However, these adducts were added to
amphipathic a-helical peptides since acyl groups as N-caps are known to enhance helix formation.
Since the peptides in the present study favor a [-sheet structure, the presence of an N-terminal
modification that typically favors helix formation could be detrimental to structure and activity.
This is shown by the slight helical character that can be detected in TM5-my by CD at low
temperatures (see Appendix C20). The combination of a-helix and random-coil signatures by CD
at low temperatures could be caused by the presence of the p-Pro residue in the turn that causes a
kink in a helix initiated by the N-acyl adduct. The remainder of the peptide from that point on
would presumably assume a random-coil structure. It is worth noting that a benzoyl group at the
N-terminus has been shown to favor helix formation to a greater extent than acetyl groups and yet,
the presence of the benzoyl group in TM5-bz does not abolish biological activity. When comparing
the biological activity of TM5-bz with TM3 and TP1, the data may point to a role being played by
the specific location of lysine residues in TP1 since moving them to the C-terminus in TM5 results

in dramatic loss of activity.
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The final TP1 mutant synthesized was TM6. This mutant was meant to study the importance of
residue positioning in TP1 by swapping a valine residue and an arginine residue in the C-terminus.
The resulting peptide, which closely mimics TM5-bz showed a two-fold decrease in 1Cso compared
to TM5-bz. Once again, this result reaffirms the importance of specific locations of positively
charged residues in TP1. However, this data appears to over-ride a hairpin stability effect. From
Figure 5.4, it is clear that TM6 has a better, more populated, hairpin fold conformation. The
switching of V16 (in TM5-bz) to position 14 in TM6 results in increased deshielding at this
position as well as at the adjacent Y13 residue, possibly indicating stronger hydrogen bonding in
this region of TM6. The B-cap also appears to be stronger in TM6 with a nearly 2-fold increase in
the CSD of G20-Hn as well as W2-Hn. Overall, my studies conclude that while covalent
stabilization is not necessary to maintain activity, there does not seem to be a direct correlation

between hairpin stability and AMP activity.
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Figure 5.4. The graph depicts the CSDs of backbone Hn for TM5-bz and TM6 that only differ by
the switching of positions of one valine and one arginine at position 14 and 16.
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5.3.2. Acyclins

In a study conducted in 2000, Tam et al. showed that there was a correlation between peptide
stability and antimicrobial activity for the naturally occurring AMP, protegrin I. (Tam et al., 2000)
This led to the design of a cyclization template that would allow for the constraining of protegrin
I’s B-hairpin conformation without the use of disulfide bridges. (Shankaramma et al., 2002)
However, this backbone cyclization poses the same problems as disulfide bridges: what if the lack
of conformational freedom is limiting the activity of these peptides? From Shankaramma et al.’s
study, mimetic 4, a cyclized analog of protegrin I, emerged as a potent antimicrobial that also had
relatively low hemolytic activity. | set out to determine if non-covalent interactions could be used
to stabilize the hairpin fold of mimetic 4 and if the increased conformational freedom did indeed

affect antimicrobial activity.

Mimetic 4 had the following sequence: cyc(-LRLKKRRWKYRVpP-). | started my studies with
an inverse variant of this sequence to study the effect of sequence inversion on activity. The first
change that was made to the inverse sequence was the elimination of the p-Pro-.-Pro turn. In order
to stabilize the termini, the hydrophobic B-cap, benzoyl-W/WTGXXX-NH: was added (where
XXX represents residues added to the C-terminus in order to aid solubility and/or maintain the net
charge of the mutants). The hydrophobic cap has been shown to provide almost 2 kJ/mol more
fold stabilization than disulfide bridges, making it a highly stabilizing interaction. (Kier et al.,
2010) Some changes were also made to the residues within the strand (numbering based on
sequence above): L1 =2 Y, L3 = V, ad V12 - 1. These changes were made to improve the -
sheet fold of the strands. Without the aid of the backbone cyclization, the peptide sequence had no
nucleating turn that would promote B-hairpin formation. In order to remedy this, the residues in

the middle of the peptide, -WRRK- (in the non-inverse sequence above SKRRW?) were changed
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to -W-(p-R)-RK-. The presence of a p-amino acid followed by an -amino acid has been shown to
favor hairpin turn formation. (Anderson, Jurban, et al., 2016) The presence of a favorable hairpin
turn is important because turn nucleating sequences have been shown to increase the fold stability
at adjacent residues. (Anderson, Kier, et al., 2016) These mutations culminated in the synthesis of

my first mutant, acyclin-1.

Table 5.4. The sequence of all the acyclin peptides and their bioactivities are shown. The mutations
made to each peptide relative to acyclin-1 are indicated in bold. The ICso represents the
concentration of peptide that results in approximately 50% bacterial growth (where 100% growth
represents the growth of bacteria in the absence of AMP). The MIC is the lowest concentration at
which bacterial growth is undetected.

IC,, (uM) MIC (uM)

Peptide Sequence
E coli  C.glu E coli C. glu

Acyclin-1 Bz-WIRYK-WrRK-KVRYWTGP - -NH, 15.85 0.06 25 0.781
Acyclin-2 Bz-WIVYK-WrRK-VVRYWTGKR-NH, 40.00 0.03 >100 0.049
Acyclin-3 Bz-WIVYK-WpRK-VVRYWTGKR-NH, 43.50 0.04 100 0.195
Acyclin-4 BzZ-WIRYK-WpRK-VVRYWTGP - -NH, >100 0.01 >100 0.024
Acyclin-5 Bz-WIVYK-WpRK-KVRYWTGP - -NH, 95.00 0.13  >100 0.781

Acyclin-6 Bz-WIRYK-WpRK-KVRYWTGP - -NH, 45.00 0.10 >100 0.781

The stability of acyclin-1 was examined by NMR (Figure 5.5A) and CD (Appendix C22). The CD
data confirmed that an EtF interaction was occurring between the tryptophan residues nearest the
peptide termini. However, NMR data showed that the hairpin fold was not fully populated, with
CSDs not exceeding 0.5 ppm for residues within the strand. To improve the fold within the strand,
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further mutations were made to increase the number of B-branched amino acids within the strand.
The mutation of R3V and K10V however would result in a decrease in the net positive charge of
the peptide, which could adversely affect the peptide’s ability to bind to anionic membranes. To
overcome this, the proline residue at the C-terminus was replaced with a lysine and an arginine.
The addition of these residues would not adversely affect the B-cap but could be important for
AMP activity. These minor changes conferred a significant increase in hairpin fold population of

acyclin-2 as observed by NMR and CD (Figure 5.5 & Appendix C22, C23).

NMR showed significantly greater deshielding being experienced by the backbone-Hn’s of strand
residue sites of acyclin-2, as shown in Figure 5.5A. The data indicates that the turn is also well
formed as can be seen by the increased shielding experienced by K9, which is predicted to be a
part of the turn. By CD, the strength of acyclin-2’s exciton couplet was almost double that of
acyclin-1. Monitoring the molar ellipticity at 228 nm (the maximum observed in the presence of
Trp/Trp exciton couplets by CD) showed that at the lowest temperature, 5°C, acyclin-2 was
approaching maximum fold population while acyclin-1 was not (Figure 5.5B). This distinction can
be made because the molar ellipticity of acyclin-2 does not change significantly between 5°C and
15°C, indicating that cooling cannot further increase the strength of the exciton couplet. However,
at the same two temperatures, acyclin-1 demonstrates a trend that is still linear and has not reached

a maximum plateau, indicating that the exciton couplet has not yet reached an optimal interaction.
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Nonetheless, there was still a lack of hairpin fold characteristics at the turn region. While having
any p-amino acid followed by an -amino acid can form a hairpin turn, there are definite benefits
for having specific amino acids at each turn position (see Chapter 1.1.2). p-Pro in particular at
position T1 of a [2:4] turn has been shown to nucleate hairpin fold formation very effectively. This
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knowledge led to the development of acyclin-3, which differed from acyclin-2 by one residue. The
residues immediately flanking the p-Pro most dramatically felt this change with CSDs increasing
from 0.450 ppm to 0.799 ppm at W6. The B-hairpin register was also more pronounced at residue
V11. CD data (Appendix C24), however, showed that the strength of the exciton couplet at low
temperatures was unaffected by the change made at the middle of the peptide sequence. However,
the exciton couplet did not melt as much as acyclin-2 as temperature was increased, indicating that
the hairpin fold is more stable in the presence of the more favorable hairpin turn. The molar

ellipticity change at 228 nm between 5°C and 95°C was 114,400 deg-cm?-dmol™ for acyclin-2

versus 108,300 deg-cm?-dmol™ for acyclin-3.

Antimicrobial assays were done with these three mutants to determine if this new design would
have any AMP activity (Table 5.4). Acyclin-1 had an I1Cso of 15.85 uM against E. coli and 0.06
MM against C. glu. Acyclin-2 and acyclin-3 unfortunately had a similar I1Cso in E.coli as acyclin-1
which was contrary to the conclusions drawn by Tam et al. that correlated peptide stability and
AMP activity. However, in the gram-positive C. glu system, acyclin-2 showed a smaller minimum
inhibitory concentration (MIC) than acyclin-1 and acyclin-3. This discrepancy in MIC between
acyclin-2 and -3 that differ only by one residue could be due to the fact that the replacement of a
positive residue (p-Arg) in acyclin-2 with a neutral residue (p-Pro) in acyclin-3 resulted in the

decrease of the net positive charge that was crucial to activity.

Considering the results of the gram-negative assay, | decided to determine if the positive residues
that were moved to the C-terminus were in fact playing a key role in AMP activity at their initial
position. To do that, I synthesized three peptides, acyclin-4 (with R3 returned), acyclin-5 (with
K10 returned) and acyclin-6 (with both residues returned). For all 3 mutants, the C-terminus

proline was returned. The NMR characterization data showed that acyclin-4 and acyclin-5 did not
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show much difference in hairpin fold of the strands when compared to acyclin-3, except at
positions 3 and 10. (Figure 5.6A) As expected, the presence of non-p-branched residues at these
positions decreased the B-structure-diagnostic CSDs of the peptides. However, Figure 5.6A shows
that the effect of the mutation was isolated to the specific positions and did not affect the hairpin

fold of the adjacent residues.

But there were some downstream effects of the mutants on the G16-Hn CSDs with acyclin-5
showing a much higher CSD at this position than the previous mutants. This indicates that the -
cap was fully formed in this mutant but not in the others. CD data however showed that the removal
of even one B-branched residue from the strand of the peptide yielded a dramatic decrease in the
strength of the exciton couplet (Figure 5.6B, Appendix C24-C26), further highlighting the
importance of strand association in increasing the [3-cap interaction at the termini. Figure 5.6B also
demonstrates that reducing strand association at either the N-terminus (acyclin-4) or the C-
terminus (acyclin-5) affects the strength of the exciton couplet in a similar manner since both
mutants have an approximately 50% decrease in molar ellipticity at 228 nm at 5°C compared to

acyclin-3.
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Obtaining structural information by NMR for acyclin-6 proved to be challenging. The NMR
resonances of this peptide were extremely broadened at low temperatures. This phenomenon could
be due to the slow folding of the peptide or related to aggregation of the peptide in solution that,

increases the tumbling time of the peptide which can result in peak broadening. Fortunately,
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increasing the temperature of the solution provided better resolution allowing assignment. The
comparison between acyclin-6 and acyclin-4 at 320 K showed that having both positive residues
in the strand diminishes the B-stabilization afforded by even one B-branched valine residue. Figure
5.7 demonstrates that the effects of the mutations extend beyond the specific residue and result in
a general decrease in CSD for most of the residues within the strand. The hairpin register is also
less prominent with hydrogen bonded positions 12, Y4, W6, V11 and Y13 all showing decreased

upfield shifts as compared to acyclin-4 indicating a weaker interaction.
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Figure 5.7. The graph depicts the comparison of the chemical shift deviations of backbone Hy for
acyclin-4 and -6 at 320K.

My bioassay results proved to be even more interesting for the final three mutants (Table 5.4). In
E. coli, acyclin-4 and acyclin-5 showed little to no AMP activity while acyclin-6 showed activity
similar to that of acyclin-2 and acyclin-3. The fact that acyclin-6 differs from acyclin-1 by one

residue and yet has a lower activity than acyclin-1 could point to the importance of that arginine
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residue at the middle of the peptide and an overall importance of the net charge of the peptide. The
lack of activity by acyclin-4 and acyclin-5 in E. coli conversely is hard to explain. The results
would point to a major role being played by those two residues that is dependent on either having

both or none of them in the strands of the peptide.

In C. glu however, acyclin-4 showed a high level of activity with an extremely low ICso of 0.01
MM while acyclin-5 showed a much higher 1Cso of 0.13 pM. This difference could point to an
importance for having a cationic residue at position 3 but not at position 10 for gram-positive
activity. On the other hand, acyclin-6 shows similar activity as acyclin-1 possibly indicating a lack
of dependence on the presence of a positive residue at position 7. Taken together, the results
indicate that while hairpin stabilization is possible, it does not correlate to AMP activity in the case
of this peptide. Even more pertinent is the fact that the results from the gram-positive system do

not always agree with the results from the gram- negative system.

5.3.3. Peptide system RW

The designing of a completely novel peptide that binds membranes was first proposed by Frecer
et al. (Frecer et al., 2004) and then co-opted by Yu et al. to synthesize a peptide that had activity
as an AMP. After modifications and improvements, Yu et al. produced a peptide designated as |-
RW that was capable of binding membranes as well as inhibiting the growth of bacteria at a level
that is comparable to known AMP, polymyxin B. (Yu et al., 2015) While this study focused on
activity, there was no consideration given to the structure adopted by the peptide. Given that
arginine and tryptophan residues are commonly used to stabilize the fold of B-hairpin peptides, |
decided to attempt to optimize the fold of I-RW. NMR data of I-RW showed that there was no

evidence of classic B-hairpin register indicating that the peptide was most likely not adopting a
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specific conformation. (Figure 5.8) However CD data (Appendix C28) showed that the peptide
had a small exciton couplet (131200 deg-cm?-dmol™* molar ellipticity at 228 nm), indicating that
one or more pairs of tryptophans were in close proximity to one another. In order to encourage the
formation of a hairpin turn, the residues at the center of the peptide -RGSG- were replaced with
residues that are known to form a [3:5] hairpin turn, -NRRTG-. | also replaced both threonine
residues with arginine and finally, the C-terminal arginine was replaced with a tyrosine. The
pairing of RW/WY at the termini has been shown to be very favorable despite the lack of
coulombic interaction typically responsible for the favorable RW/WE or KW/WE pairing. (see

section 5.3.1)
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Figure 5.8. The graph depicts the CSD values for the backbone Hn of I-RW and its mutants.

This new mutant, termed 2-RW, had a strong exciton couplet by CD (Appendix C29). In figure

5.8, when compared to I-RW, 2-RW showed a prominent hairpin register throughout the peptide
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with CSDs indicating that the -NRRTGR- turn was formed. Nonetheless there was still evidence
of some terminal fraying at W13 and W2. This led to the synthesis of a second mutant that had the
hydrophobic B-cap, benzoyl-W/WTGP-NH>. NMR data, in Figure 5.8, shows that the new mutant,
3-RW did not have much higher stability in the strands compared to 2-RW but did show increased
stability at both termini. CD data for both mutants showed a strong exciton couplet at 228 nm.
(Appendix C29 & C30) Monitoring the melting of the maximum at 228 nm as temperature
increased resulted in similar molar ellipticity values at all temperatures, indicating that both

peptides had similar fold stability.

Table 5.5. The table shows the sequence of all the RW peptides as well as activity against E.coli
and C.glu. The mutations made to each peptide relative to I-RW is indicated in bold. The ICso
represents the concentration of peptide that results in approximately 50% bacterial growth (where
100% growth is taken to be the growth of bacteria in the absence of AMP. The MIC is the lowest
concentration at which bacterial growth is undetected.

ICs0 (LM) MIC (uM)
Peptide Sequence
E. coli C.glu E. coli C.glu
I-RW Ac-RWTWRGS - GRWTWR-NH> 12.2 0.05 25.0 0.781
2-RW * + - RWRWNRRTGRWRWY 7.8 N/A 12.5 N/A
3-RW  Bz--WRWNRRTGRWRWTGP-NH, 38.6 0.02 50.0 0.390

Biological data for I-RW and its mutants showed that there was little to no difference between the
MIC of all 3 peptides in the C. glu system (Table 5.5). However, as evidenced in Figure 5.9, there
is a difference in the activity of I-RW and 3-RW at concentrations below the MIC. In the gram-
positive system, 3-RW showed a higher level of activity than I-RW at lower concentrations of
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peptide. This may be related to the increased cationic character of 3-RW compared to I-RW. It
could also be attributed to the increased B-sheet character of the mutant compared to I-RW.
Unfortunately, solubility issues prevented the testing of peptide 2-RW against C. glu, which could
have served as a way to determine if net charge or hairpin fold played a role in the slightly

improved activity of 3-RW at low concentrations.

In E. coli, the three peptides showed similar MICs as well (Table 5.5). The ICsg of all three peptides
however were different, indicating that 2-RW was the most active of the three at lower
concentrations while 3-RW was the least active. The higher activity of 2-RW may be because it
has more arginine residues than the other mutants. However, this explanation is doubtful since 3-
RW, that has one more arginine residue than I-RW, has the highest ICso of all three peptides. Taken
together, the data indicates that increasing peptide secondary structure does not improve the

activity of this designed peptide against E. coli significantly.
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5.4. Summary and Conclusion

In conclusion, my data has shown that there is not always a correlation between the structure of a
peptide and its AMP activity. In the case of gomesin, increasing the hairpin fold did improve AMP
activity but only against the gram- negative, E. coli. For the tachyplesin I series, | was able to
synthesize a peptide that had no disulfide bridges but still retained the AMP activity of the native
proving that non-covalent stabilizations can be used to stabilize the hairpin fold of peptides without
sacrificing AMP activity. My studies with this system also showed that there is a dependence on
the type of turn used to create the B-sheet conformation since a turnless homodimeric mutant was
unable to inhibit the growth of E. coli. I also established that the addition of hydrophobic adducts
could result in complete abolishment of activity possibly due to an anchoring effect that prevents
the AMP from moving freely within the membrane to exert its effects. In this series, as well as the
acyclin and RW series, my data confirmed that improving the hairpin fold does not guarantee an
increase in activity. In fact, the results indicate that there are multiple factors that affect activity
including the number of positively charged residues as well as the position of those residues within

the strand.

My studies also showed that there is no guarantee that improved AMP activity against one species
will translate to similar changes against another. Peptides that have strong activity against E. coli,
i.e. gommut-2, may not have comparable activity against C. glu. This could be due to the difference
in the membranes of the two types of bacteria. As a gram-negative bacterium, E. coli does not have
the thick peptidoglycan layer that the gram-positive C. glu has. This difference may affect the
binding of the AMP to the membrane. There is also the possibility that these AMPs have

intracellular targets as well, and the different cell walls affect the ability of the peptide to enter the

148



cytoplasm. Unfortunately, without further examination of more strains of bacteria, it is difficult to

determine if the effects observed here are due to the cell wall or if it is due to the specific bacterium.
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Appendix Al. CD spectrum of Ac-cap-WW taken from 5 °C to 65 °C at 10 °C intervals.
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Appendix A2. CD spectrum of Bz-cap-WW taken from 5 °C to 95 °C at 10 °C intervals.
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Appendix A3. CD spectrum of Gal-cap-WW taken from 5 °C to 95 °C at 10 °C intervals.
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Appendix A4. Chemical shift deviations of backbone Hn for 3 peptides: Ac-cap-WW, Bz-cap-

WW and Gal-cap-WW.
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Appendix A9. Chemical shifts deviation for the backbone Hn and Ha of SY (uncyclized, non-
circularly permuted analog of cyclo-YS) at 280K, 290K, 300K, 310K and 320K. The relatively
small change in the CSDs as temperature is increased indicates that the fold population is not
much changed over this temperature range, quite stable at up to 300K, but the smaller absolute
CSD values compared to previous figure herein suggest that the hairpin population is smaller.
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Appendix A10. Chemical shift deviations of select protons in all the cyclic peptides tested. HB3
and/ or the aromatic protons [H6 -tyrosine residues; He3 - tryptophan residues] can be used to
determine the edge-ring and the face-ring of an edge-to-face orientation. The data indicates that
all four peptides with aromatic amino acids at both positions 3 and positions 16 have a strong
edge-to-face interaction with the edge-ring at position 16 and the face-ring at position 3. For
cyclo-YS, incapable of forming an edge-to-face aryl/aryl interaction, there is still a small amount
of shielding experienced by serine, HB3 due to the cross-strand tyrosine aromatic ring. (See
Chapter 1.4.2 for more details).
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Appendix B

Note: All overlaid HSQC spectra shown here are zeroed by aligning the A140 peak at 130.6 ppm
(w1-°N) and 7.942 ppm (w2-*H) since this peak shows no signs of peak attenuation or shifting in
the presence of most inhibitors or over the course of time.
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Appendix B1. 200 uM a-syn (dissolved in 50 mM phosphate buffer, pH 6.5) in the presence of 5
molar eq of EGCG (red) overlaid on a spectrum of a-syn collected in the absence of inhibitor
(blue). Select peaks are labeled to show that shifting is occurring throughout the protein and is not
confined to the C-terminus. (Image adapted from Sivanesam et al., 2015)
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Appendix B2. Titration of EGCG into a 200 uM sample of a-syn (in 50 mM phosphate, pH 6.5).
Panels have been selected that contain residues with titration related shifts. The changing of peak
shape over the course of time (such as in the case of G93) can give the impression ofa change in
chemical shift even when none actually occurs. Blue: no inhibitor; : 1 eq inhibitor; red: 1.5 eq
inhibitor. (Image adapted from Sivanesam et al., 2015)
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Appendix B3. Spectra of a-syn (in 50 mM phosphate, pH 6.5) taken before (blue) and after (red)
a 96-hour incubation with 1.5 eq EGCG in the presence of 2 vol-% HFIP. Peaks that have

disappeared at 96 hours are labeled. (Image adapted from Sivanesam et al., 2015)
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Appendix B4. TOP: Segments of the a-syn spectrum that displayed the largest titration shifts in
the presence of 0.6 eq (blue) and 1.5 eq (red) WW. BOTTOM: Segments of the a-Syn spectrum
that displayed the largest titration shifts in the presence of 0 eq (blue) and 0.6 eq (red) cp-WW.
Experiment carried out by Dr. Aimee Byrne using 400 uM a-syn dissolved in 50 mM phosphate
buffer, pH 6.5. Peaks that show titration related shifts are labeled. (Image adapted from Sivanesam

etal., 2015)
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Appendix B5. Titration shifts of a-syn in the presence of 0.6 eq (red) and 1.2 eq ( ) cyclo-
WW. 200 uM a-syn (in 50 mM phosphate pH 6.5) before the addition of inhibitor is shown in
blue. Peaks that are labeled in red represent those peaks that are outside the C-terminal segment of
a-syn. (Image adapted from Sivanesam et al., 2015)
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Appendix B6. Titration shifts for a-syn (dissolved in 50 mM phosphate buffer, pH 6.5) in the
presence of 1.2 eq cyclo-WW (blue) and 2.2 eq cyclo-WW (red) as well as after the addition of
1.5 vol-% HFIP (green). Peaks that are labeled are those that were completely attenuated in the
presence of 2.2 eq of cyclo-WW but reappeared upon addition of HFIP. (Image adapted from
Sivanesam et al., 2015)
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Appendix B7. Titration shifts associated with the addition of 0.5 eq (red) and 1.5 eq ( ) of

RW-HCH-WE to a-syn (dissolved in 50 mM phosphate buffer, pH 6.5) peaks prior to addition are
shown in blue. Peaks that show the largest chemical shifts have been labeled. (Image adapted from
Sivanesam et al., 2015)
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Appendix B8. General upfield shift observed upon addition of 1.5 vol-% HFIP (red) to an a-syn
sample (dissolved in 50 mM phosphate buffer, pH 6.5) containing 1.5 eq RW-HCH-WE (blue).
(Image adapted from Sivanesam et al., 2015)
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Appendix B9. Addition of 1.5 eq YY-uPro (red) to a 200 uM sample of a-syn (blue) (dissolved
in 50 mM phosphate buffer, pH 6.5) resulted in no prominent binding related chemical shifts. The
addition of 1.5 vol-% HFIP ( ) resulted in a general upfield shift as seen in Appendix B8.
(Image adapted from Sivanesam et al., 2015)
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Appendix B10. Titration
of cyclo-WW into 100
uM a-syn in 20 mM
Tris.HCI, pH 7.2 buffer.
The spectrum for a-Syn
in the absence of
inhibitor (red) is overlaid
with the spectra of a-syn
in the presence of 0.6 eq
cyclo-WW (green) and
1.2 eq cyclo-WW (blue).
Binding shifts for
residues within the C-
terminus are labeled. The
peak for A140 is
indicated with an ‘X’.

The peak for D121, E131
and M127 are completely
attenuated with the
addition of 0.6 eq cyclo-
WW. This peak
attenuation is seen to a
lesser extent with
residues N122, S129 and
G106 with attenuation
increasing as cyclo-WW
is titrated in. The peak
attenuation possibly
indicates strong
interaction with cyclo-
WW that immobilizes
these residues, the
strength of which
increases for G106, N122
and S129 as ratio of
inhibitor to a-syn is
increased.
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Appendix B11. Titration
of cyclo-WY to 100 pM a-
syn in 20 mM Tris.HClI,
pH 7 buffer. The spectrum
for a-syn in the absence of
inhibitor (red) is overlaid
with the spectra of a-syn in
the presence of 0.6 eq
cyclo-WY (blue) and 1.2
eq cyclo-WY (green).
Binding shifts for residues
within the C-terminus are
labeled. The peak for
A140 is indicated with an
X,
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Appendix B13. Spectrum of
a-syn with 2.0 eq gal-cap-WW
in the absence (blue) and
presence (green) of 2 vol-%
HFIP. Peaks that are visible
only in the presence of HFIP
are labeled.
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Appendix C1. NMR spectra for backbone Hn and Ho of gomesin taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C2. NMR spectra for backbone Hn and Ha of gommut-1 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C3. NMR spectra for backbone Hn and Ho of gommut-2 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C4. CD spectra of gommut-1 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).
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Appendix C5. CD spectra of gommut-2 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).
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Appendix C6. NMR spectra for backbone Hn and Ha of tachyplesin I taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C7. NMR spectra for backbone Hy and Ha of tachymut 1 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C8. NMR spectra for backbone Hy and Ha of tachymut 2 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C9. NMR spectra for backbone Hy and Ha of tachymut 3 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C10. NMR spectra for backbone Hy and Ha of tachymut 5-bz taken at 280K in 20
mM phosphate buffer, pH 6.5.
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Appendix C11. NMR spectra for backbone Hn and Ha of tachymut 6 taken at 280K in 20 mM
phosphate buffer, pH 6.5.
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Appendix C12. CD spectra of tachyplesin | taken in 20 mM phosphate buffer, pH 6.5 at 5°C to
95°C (at every 10°C interval). Kushibiki et al. report that at 25°C, CD spectra of 30 uM
tachyplesin 1 in 10 mM phosphate buffer, pH 7.4 has 2 maxima at 198 nm and 232 nm as well as
a minimum at 211 nm. (Kushibiki et al., 2014) The CD spectra shown here does show the
beginnings of a small maximum at 198 nm at low temperatures. However, there are two maxima
between 225 nm and 235 nm as opposed to one. There is also two minima as opposed to one

between 205 nm and 215 nm.
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Appendix C13. CD spectra of tachymut 1 (TM1) taken in 20 mM phosphate buffer, pH 6.5 at

5°C to 95°C (at every 10°C interval).
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Appendix C14. CD spectra of tachymut 2 (TM2) taken in 20 mM phosphate buffer, pH 6.5 at

5°C to 95°C (at every 10°C interval).
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Appendix C15. CD spectra of tachymut 3 (TM3) taken in 20 mM phosphate buffer, pH 6.5 at

5°C to 95°C (at every 10°C interval).
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Appendix C16. CD spectra of tachymut 4 (TM4) taken in 20 mM phosphate buffer, pH 6.5 at
5°C to 95°C (at every 10°C interval).
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Appendix C17. CD spectra of tachymut 5-ac (TM5-ac) taken in 20 mM phosphate buffer, pH
6.5 at 5°C to 95°C (at every 10°C interval).
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Appendix C18. CD spectra of tachymut 5-bz (TM5-bz) taken in 20 mM phosphate buffer, pH
6.5 at 5°C to 95°C (at every 10°C interval).
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Appendix C19. CD spectra of tachymut 5-py (TM5-py) taken in 20 mM phosphate buffer, pH
6.5 at 5°C to 95°C (at every 10°C interval).
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Appendix C20. CD spectra of tachymut 5-my (TM5-my) taken in 20 mM phosphate buffer, pH

6.5 at 5°C to 45°C (at every 10°C interval).
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Appendix C21. CD spectra of tachymut 6 (TM6) taken in 20 mM phosphate buffer, pH 6.5 at

5°C to 95°C (at every 10°C interval).
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Appendix C22. CD spectra of acyclin 1 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).
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Appendix C23. CD spectra of acyclin 2 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).
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Appendix C24. CD spectra of acyclin 3 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to
95°C (at every 10°C interval).
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Appendix C25. CD spectra of acyclin 4 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to
95°C (at every 10°C interval).

219



100000

50000

\

Molar ellipticity (deg-cm2-dmol)

-100000

-150000

A\
N

\
1& 205 215 225 235
50000 .

Wavelength (nm)

255

265

—5°C
—15°C
—25°C
——35°C
45°C
55°C
65°C
75°C
85°C
95°C

Appendix C26. CD spectra of acyclin 5 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).
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Appendix C27. CD spectra of acyclin 6 taken in 20 mM phosphate buffer, pH 6.5 at 5°C to

95°C (at every 10°C interval).

220



150000

100000

50000

Molar ellipticity {deg.cm?-dmol?)

&
=}
s}
o
s}

-

///g

-100000

-150000

Molar ellipticity x10*
(deg.cm?dmol?)

10

50
Temperature (°C)

100

-200000

Wavelength (nm)

—15°C
—25°C
—35°C
45°C
55°C
65°C
75°C
85°C
95°C

Appendix C28. CD spectra of I-RW taken in 20 mM phosphate buffer, pH 6.5 at 15°C to 95°C
(at every 10°C interval). Inset: Molar ellipticity at 228 nm measured at 15°C to 95°C (at every

10°C interval) with a third-degree polynomial trend line.
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Appendix C29. CD spectra of 2-RW taken in 20 mM phosphate buffer, pH 6.5 at 5°C to 95°C
(at every 10°C interval). Inset: Molar ellipticity at 228 nm measured at 5°C to 95°C (at every
10°C interval) with a third-degree polynomial trend line.
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Appendix C30. CD spectra of 3-RW taken in 20 mM phosphate buffer, pH 6.5 at 5°C to 95°C
(at every 10°C interval). Inset: Molar ellipticity at 228 nm measured at 5°C to 95°C (at every

10°C interval) with a third-degree polynomial trend line.
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