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Mammalian amyloidogenesis is implicated in over 50 diseases and its formation is typically
considered inherently pathological. Conversely, many bacteria utilize amyloid fibrils as a
structural scaffold to fortify a surface bound 3D matrix known as a biofilm. Bacterial and
mammalian amyloidogenesis involves the production of toxic, soluble a-sheet oligomers prior to
the formation of nontoxic p-sheet fibrils. The existence of a conserved conformation in the toxic
intermediates formed during amyloidogenesis presents a strategy to inhibit aggregation in the
context of mammalian amyloid disease and bacterial infection. Here, de novo peptides that stably
adopt a-sheet conformation are employed to inhibit bacterial and mammalian amyloid formation,
neutralize the oligomeric toxicity of mammalian amyloid peptides, and structurally destabilize
bacterial biofilms, rendering them more susceptible to antibiotics. The knowledge of a conserved
amyloid inhibition mechanism by a-sheet peptides is also used to investigate the microbial
Alzheimer’s disease hypothesis, providing insight into the molecular mechanisms that govern the
role of amyloid-p in the innate immune response and positing an evolutionary role for

mammalian amyloidogenesis in the defense against microbial infection.
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Chapter 1. Introduction

1.1 Introduction to Amyloid Proteins

Amyloidogenic proteins and peptides undergo conformational changes from their native
structure, misfold, and self-aggregate to form amyloid fibrils'2. These self-aggregating proteins
have been identified in both mammalian and bacterial species®3#. Mammalian amyloid proteins
are associated with over 50 diseases, including Alzheimer’s Disease (AD), Parkinson’s Disease
(PD), and type 2 diabetes (T2D)>%®. Bacteria can also form amyloid fibrils using programmed
machinery, and they incorporate the fibrils into their extracellular biofilms to protect the
organism from the surrounding environment, including the host immune response and
antibiotics®#. Regardless of the function and native structure of an amyloidogenic protein, the
corresponding fibrils form cross-B-sheet structure’. A growing body of evidence demonstrates
that toxicity associated with amyloid diseases is due to the soluble oligomeric species rather than
the fibrillar plaques®*. Furthermore, there is increasing evidence that both mammalian and
bacterial toxic oligomers are composed of a nonstandard protein secondary structure known as a-
sheet!16, The elucidation of a nonstandard oligomeric secondary structure that is conserved

between species presents a unique strategy to target both mammalian and bacterial amyloid.

1.2 The Amyloid Aggregation Pathway

The amyloid aggregation pathway has been studied extensively, primarily in the context
of human disease pathology. Aggregation occurs via a nucleation-dependent mechanism with
three main phases of aggregation: lag, exponential, and plateau (Figure 1.1)!". The lag phase

begins when a protein or peptide undergoes conformational changes to form an aggregation-



competent monomer®®, This aggregation competent species alone has a low propensity for
oligomerization, although small aggregates have the capacity to form over time®!8. The lag phase
ends with the formation of an aggregation nucleus, the structure from which amyloid fibrils
assemble!1®, The exponential phase is characterized by rapid oligomerization, resulting in the
formation of fibrils composed of B-sheet structure®®. The plateau phase describes the end of the
aggregation pathway when fibrils, or plaques, are deposited in surrounding tissues (mammals) or

extracellular space (bacteria)®.

Lag Exponential Plateau

Protofibrils

Monomers

* Fibrils

Oligomers

B-sheet Content

A 4

Time
Figure 1.1. Amyloid aggregation pathway. Aggregation begins with the lag phase which is
characterized by the formation of an aggregation-competent monomer and subsequent
oligomerization. In the exponential phase, the amyloid protein changes structure and forms 3-

sheet protofibrils. Finally, the plateau phase describes the stage at which fibrils have rearranged

to adopt highly ordered cross-p-sheet structure.



1.3 Mammalian Amyloidogenesis is Disease-Associated

Amyloid fibrils and plaques are the pathological hallmarks of amyloid diseases. As such,
amyloid research has historically focused on the study and characterization of the fibrils, rather
than the oligomers or the misfolded monomers. One of the most extensively studied amyloid
systems is the amyloid- peptide (AB), an intrinsically disordered peptide that is associated with
AD?, Notably, extensive studies of AR and other amyloid fibrils show that the fibrils, or amyloid
state, are not responsible for disease-related pathology® 112921 Instead, studies of AP oligomers
indicate that the low molecular weight oligomers (~8-70 kDa) are the toxic species linked to
hippocampal long-term potentiation impairment, microglial activation, and synaptic
dysfunction®1921, Higher molecular weight oligomers, protofibrils, and plaques display little to
no cytotoxicity in biological assays*®*. In fact, plague formation may serve a protective function
by removing toxic oligomers from surrounding tissue®.

The toxicity of low molecular weight soluble oligomers is not unique to A and AD;
studies show that the insoluble fibrils of many amyloid proteins are stable and nontoxic, while
oligomers are the primary toxic species® %2225, Islet amyloid polypeptide (IAPP), for example,
is an intrinsically disordered peptide?® whose amyloid formation is associated with T2D?7-2°,
Electron microscopy experiments in which an aqueous solution of IAPP was applied to cultured
islet cells demonstrated small IAPP oligomers disrupting the cell membranes, resulting in
apoptosis®. This finding suggests that B-cell apoptosis associated with T2D is likely also caused
by small, low-molecular weight IAPP oligomers, rather than fibrils®®. Given that oligomers are
thought to be the trigger responsible for downstream pathology in amyloid-associated diseases, a
deeper understanding of the structural characteristics of these low molecular weight species is

necessary and may inform novel diagnostic and therapeutic strategies.



1.4 Functional Amyloid Fortifies Bacterial Biofilms

While mammalian amyloid formation is considered inherently pathological, many
bacteria utilize amyloid fibrils, often referred to as “functional amyloid”, to fortify the biofilm
(Figure 1.2). Biofilms are microbe-generated, surface-associated extracellular matrices (ECMs)
composed of cells and secreted insoluble extracellular molecules (proteins, polysaccharides, and
extracellular DNA) that facilitate cell communication and protect cells from the surrounding
environment (i.e., host immune response and antibiotics)3!. Biofilm cells are 10-1000 times less
susceptible to antibiotics than free-floating, or planktonic, cells®2. Decreased susceptibility is
attributed to (1) the physical ECM barrier that restricts penetration, (2) limited nutrient sources
within the biofilm causing reduced growth rates and metabolic activity, and (3) differences in
global gene expression between sessile and planktonic bacteria®*-°. Biofilm-associated
infections are difficult to treat due to reduced antibiotic sensitivity, and current treatment
strategies typically involve intense antibiotic administration which can result in the development

of multidrug resistant pathogens?6:36.



Planktonic

Biofilm

L

Figure 1.2. Functional amyloid fortifies the surface-associated biofilm matrix. Biofilms form
when planktonic cells adhere to a surface and build an extracellular matrix composed of proteins,
polysaccharides, and extracellular DNA. Many bacteria, including both gram-negative and gram-
positive species, incorporate mature amyloid fibrils (represented here by gray cross structures)
into their extracellular biofilms to reinforce the biofilm as a structural support and to resist

dispersion by chemical or mechanical agents.

Functional bacterial amyloid fibrils are biochemically similar to those involved in
mammalian amyloid diseases, revealing the conservation of the amyloid fold over millions of
years of evolution3’. Because functional amyloid is produced in the extracellular space and is not
required for cell growth, amyloid fibrils represent an attractive target for the disarming of
bacterial pathogens and the clearance of biofilm infections without the increased risk of

resistance invoked by selective pressure.



1.5 Toxic Oligomers Adopt a-Sheet Structure

Recent studies suggest that toxic oligomers formed by bacterial and mammalian species
adopt a nonstandard secondary structure, known as a-sheet, prior to the conversion to p-sheet
structure16:38-41 o-Sheet was first identified in molecular dynamics (MD) simulations of
several structurally and functionally unrelated amyloid proteins*'-53. a-Sheet structure is
stabilized by hydrogen bonding between individual a-strands, similar to the formation of the
standard B-sheet secondary structure*4254-57 Amino acids that form the strands are locally
helical, occupying the left- (o) and right-handed (ar) helical regions of Ramachandran space
(Figure 1.3A)*1:5456:58 Sequential alternation between aL and ar backbone (®, V) dihedral
angles results in the formation of an elongated strand (Figure 1.3B)*:5556:58, Sheets are formed
through bifurcated hydrogen bonding between individual residues in adjacent strands (Figure
1.3C)#156:59, Bifurcated hydrogen bonding is also seen in a-helices, but not in B-sheet structures,
and it can significantly increase structural stability*%6. a-Sheet is also unique in that the amide
groups are aligned along one side of the peptide backbone, while the carbonyl groups are located
along the other!3:384156.60 The alignment of NH groups on one side of the sheet and CO groups
on the opposite forms a strong molecular dipole across the sheet which may assist in

oligomerization through monomer—monomer interactions?041.56.61,
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Figure 1.3. a-Sheet structure. A) Sequential amino acids in the a-strand conformation have
backbone @ and ¥ angles that alternately occupy the ar and av regions of Ramachandran space.
B) The sequential alternation between ar and aL conformation results in the alignment of
carbonyl groups on one side of the peptide backbone, and the alignment of the peptide's amide
groups on the other side of the backbone. C) Bifurcated hydrogen bonding between the A, G and
H strands of transthyretin (TTR) stabilize the peptide in a-sheet conformation. Figure reproduced

with permission134L,

To experimentally probe the structure of soluble oligomers and further characterize the
toxic species associated with mammalian amyloid, de novo hairpin peptides were designed and
engineered through MD simulations and produced by solid-phase peptide synthesis. These
peptides were designed to adopt a conformation complementary to the non-standard a-sheet
structure that was observed in MD simulations, and the designed peptides are themselves a-

sheet. The designed peptides were hypothesized to selectively bind to the toxic oligomers of



amyloid proteins regardless of the protein's native structure to facilitate isolation and
characterization of the nonstandard structure®32°,

The de novo hairpin peptides (APs) were designed using the Structural Library of
Intrinsic Residue Properties (SLIRP) associated with the Dynameomics project®?-%4, SLIRP was
used to measure the propensities for various combinations of amino acids to occupy the desired
regions of conformational space observed in MD®2-% (Figure 1.4A). It was determined that
sequential alternation between L- and D-amino acids would produce an extended sheet structure
that mimics the a-sheet conformational signature observed in MD simulations of amyloid
proteins containing all L-amino acids*® (Figure 1.4B). A variety of sequences were chosen
according to these criteria and the sequences were used to engineer a library of de novo peptides

predicted to adopt stable a-sheet structure.

A) B)

180 f
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V()

180 -180 180
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Figure 1.4. De novo a-sheet peptide design. A) Intrinsic residue propensities for L- and D-

alanine were calculated from MD simulation of a GGXGG peptide system®. B) Sequential
alternation between L- and D-amino acids produces elongated strand conformation in which
sequential residues alternate between ar and av propensity, templating the structure observed in

MD simulations!3°. Figure reproduced with permission®1°.



a-Sheet structure can be readily visualized using circular dichroism spectroscopy (CD), a
technique which utilizes right- and left-handed circularly polarized light to determine protein
secondary structure®®. Because of the alternating oL and ar chirality residues that compose a-
sheet structure and de novo a-sheet peptides, the nonstandard conformation produces a relatively
flat and featureless spectrum by CD. As predicted, de novo hairpin peptides, such as AP5,
AP401, and AP516, which each have alternating L- and D-amino acids but different sequences,
produce relatively flat and featureless CD spectra, confirming that the designed peptides adopt

stable a-sheet structure (Figure 1.5).

AP5 AP401 —AP516

-1000 +

-2000 +

[0] MRE (deg cm? dmol?)

-3000 : : : : : :
200 210 220 230 240 250 260 270
Wavelength (nm)

Figure 1.5. CD spectroscopy of AP5, AP401, and AP516. De novo hairpin peptides (25 uM)
with alternating L- and D- amino acids produce relatively flat and featureless CD spectra,
representative of the a-sheet conformation. AP5 (blue) has predominantly L-amino acids,
resulting in slightly reduced CD signal at lower wavelengths. AP401 and AP516 (orange and
pink, respectively) are composed of predominantly D-amino acids, and a slight CD signal

increase is observed at lower wavelengths.
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This Dissertation explores the role of a-sheet structure in both mammalian (Ap and
IAPP) and bacterial (E. coli and S. aureus) amyloidogenesis and investigates the capacity for de
novo a-sheet peptides to inhibit amyloid formation by each of these species. Various
experimental techniques are employed to characterize the aggregation of Ap and IAPP and to
determine the secondary structures sampled by each peptide throughout the course of
aggregation. Experiments described here confirm that a-sheet oligomers are the primary toxic
species, while random coil monomers and B-sheet fibrils are relatively nontoxic. Various de novo
hairpin peptides, including AP5, AP90, and AP401 are shown to inhibit aggregation and
neutralize oligomeric toxicity of both AB and IAPP, as well as to inhibit bacterial amyloid
formation in E. coli and S. aureus. Additionally, o-sheet peptides are employed as a strategy to
weaken biofilm ECM structure and promote antibiotic susceptibility, revealing a novel strategy
to target biofilm infections. The work described in this Dissertation uncovers a shared
conformation between mammalian and bacterial oligomers and provides evidence for an
inhibitory strategy that can be used to defend against pathological mammalian amyloid and

functional biofilm-associated amyloid.

1.6 Microbial Alzheimer’s Disease Hypothesis

The aggregation of AP is associated with AD, a disease which is characterized by
progressive cognitive dysfunction and that is the 61 leading cause of death in the United States’.
During amyloidogenesis, AP forms toxic, soluble a-sheet oligomers — implicated in neuronal
death and disease pathology — prior to the deposition of mature fibrils®11.2371.72 Previously, AR

aggregation was considered an inherently aberrant process, but recent studies suggest that
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aggregation may be triggered as a protective mechanism to target microbial infection in the
brain.

The microbial AD hypothesis was derived from numerous studies that observed
colocalization between A plaques and microbial pathogens in various brain regions of AD
patients’3-8, Pathogens discovered directly colocalized with AB plaques include herpes simplex
virus 1 (HSV1), Chlamydia pneumoniae (C. pneumoniae), bacterial lipopolysaccharide (LPS),
Borrelia burgdorferi (B. burgdorferi), Porphyromonas gingivalis (P. gingivalis), and more’482-
8 _In one study, B. burgdorferi, a spirochete implicated in Lyme disease, was found in 25.3% of
analyzed AD cases and was 13 times more prevalent in AD samples as compared to controls®,
Another study found the presence of C. pneumoniae in 89% of AD samples tested, and only 9%
of controls®®. The discovery of pathogens in AD brain samples calls into question the widely held
belief that AP aggregation is inherently disease-associated and suggests that oligomerization and
subsequent fibrilization of Ap may be employed as an innate immune response to an invading
infection.

Overwhelming evidence of the implication of microbial pathogens in AD pathology
promoted investigation into the possible role of AP as an antimicrobial peptide. As hypothesized,
AP demonstrates antimicrobial activity against numerous pathogens including E. coli, Candida
albicans (C. albicans), S. aureus, Pseudomonas aeruginosa (P. aeruginosa), and more6:87,
These observations resulted in the development of the microbial AD hypothesis, which suggests
that AP aggregates to protect against infection present in the brain. However, a chronic
inflammatory response coupled with the accumulation of toxic a-sheet oligomers results in

neuronal death and AD pathology. The classification of A as an antimicrobial peptide has the



12

potential to revolutionize the understanding of AD and may inform novel therapeutic and early
intervention strategies.

AP is believed to function as an antimicrobial peptide by entrapping pathogens such as
bacteria, fungi, and viruses in extracellular fibrillar proteins, thereby protecting the host cells
from the invading infection®8°, This Dissertation investigates whether the oligomeric form of
AP functions as the first defense against pathogens (as they are the primary toxic species) prior to
‘entrapment’ by fibrils®112371 In this hypothesis, AB oligomers combat pathogens by inhibiting
their amyloid formation, therefore weakening the infection, and rendering the bacteria more

susceptible to the host immune response and subsequent entrapment by AP plaques (Figure 1.6).

ol (3

E. coli oligomers

Figure 1.6. The a-sheet-mediated microbial Alzheimer’s disease hypothesis. First, E. coli
crosses the blood brain barrier and deposits in brain tissue. The bacteria begin to form a surface-
associated biofilm, and secrete toxic, a-sheet containing oligomers (blue) in the process of
forming amyloid. Exposure to these toxic oligomers elicits AP oligomerization (red) to inhibit
curli formation through a-sheet interactions. Overaccumulation of toxic, a-sheet containing Af

oligomers causes cell death, resulting in AD progression. Finally, AB forms mature fibrils (gray).
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Previous studies suggest that bacterial and mammalian amyloid proteins can inhibit one
another’s aggregation, and inhibition is likely mediated by the oligomeric species®. In one study,
TTR, a mammalian protein involved in various amyloid diseases including familial amyloidotic
cardiomyopathy320.91 was shown to inhibit CsgA fibrilization by sequestering the bacterial
amyloid protein formed by E. coli into ‘dead-end’ oligomers®. Monomeric TTR (M-TTR),
which rapidly oligomerizes into a-sheet aggregates®®1>30 was also shown to significantly
inhibit uropathogenic E. coli biofilm formation®. As discussed in Chapter 1.5, soluble
oligomers of various amyloid species, including AB, IAPP, CsgA, PSMal, and TTR adopt a
nonstandard secondary structure known as a-sheet'*-131516Further, de novo peptides that adopt
stable a-sheet structure successfully inhibit amyloid formation and oligomeric toxicity by
binding to aggregates with the same structure' 16, Bacterial amyloid inhibition by de novo o-
sheet peptides has also been shown to reduce biofilm density in E. coli and S. aureus, rendering
the bacteria more susceptible to various antibiotics'®. This Dissertation investigates the effect of
amyloid formation by uropathogenic E. coli on A aggregation in neuroblastoma cells and

probes the capacity for AB oligomers to inhibit E. coli biofilm formation.

1.7 Overview of Chapters

The conservation of nonstandard a-sheet secondary structure in the soluble oligomeric
species of bacterial and mammalian amyloid proteins represents a novel strategy to target
biofilm-associated infection and human amyloid disease, while also revealing the existence of a
molecular mechanism that may explain the previously observed interactions between amyloid

proteins. This Dissertation explores the universality of a-sheet structure in the toxic oligomers
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produced during amyloidogenesis and investigates whether the conservation of the amyloid fold
across species suggests a physiological role for the formation of mammalian amyloid.

Amyloid diseases, such as Alzheimer’s disease and type 2 diabetes, afflict millions and
incur a significant financial burden. The toxic oligomeric intermediates of A and IAPP
produced prior to the deposition of B-sheet fibrils are the primary toxic species responsible for
cell death and disease progression. In Chapter 2, synthetic a-sheet peptides are employed to
inhibit the aggregation of Ap and IAPP and neutralize the toxicity of the oligomeric a-sheet
intermediates of each species. A library of de novo a-sheet peptides, each with sequentially
alternating L- and D-amino acids but varied sequences, exhibit inhibitory properties toward both
AP and IAPP. Further, the designed a-sheet peptides neutralize oligomeric toxicity in relevant
cell models via selective binding of the a-sheet conformation present in the oligomeric species of
each amyloidogenic peptide. These insights provide experimental evidence for the existence of a
conserved nonstandard conformation in Ap and IAPP and suggest that de novo a-sheet peptides
may serve as an effective strategy to inhibit amyloidogenesis and neutralize toxicity in
mammalian amyloid diseases.

The role of amyloid fibrils in the fortification of extracellular biofilms and in the
reduction of E. coli and S. aureus sensitivity to antibiotics is investigated in Chapter 3. In this
chapter, a-sheet peptides are employed against both bacteria and are shown to inhibit amyloid
formation, reduce biofilm density, and improve biofilm susceptibility to multiple different
antibiotics. The findings reported in this chapter elucidate a strategy to promote biofilm
sensitivity to antibiotics without invoking selective pressure and increasing the risk of acquired

resistance. Further, the results described in this chapter provide evidence for the presence of a
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conserved nonstandard conformation in the oligomers of both bacterial and mammalian amyloid
proteins.

Chapter 4 employs the knowledge of a conserved oligomeric conformation and amyloid
inhibition mechanism to the microbial Alzheimer’s disease hypothesis. The effect of amyloid
formation by E. coli on A aggregation is quantified in human neuroblastoma cells. Further, the
role of AP oligomers in the innate immune response is probed using E. coli biofilm inhibition
and antibiotic susceptibility studies. The findings reported in this chapter suggest that the
production of toxic AP a-sheet oligomers may be employed to protect against bacterial infection

via specific a-sheet interactions, positing a role for A in the innate immune response.
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Chapter 2. Characterization of the a-Sheet Conformation in

Mammalian Amyloid

2.1 Summary

AP and IAPP, associated with AD and T2D, respectively, were experimentally
characterized using fibrilization kinetic assays and circular dichroism spectroscopy (CD) to
investigate how each peptide changes conformation throughout the course of aggregation.
Studies with de novo a-sheet peptide inhibitors showed that amyloid inhibition is not sequence
specific, but rather conformation dependent. Cellular viability studies confirmed that oligomers
of both AP and IAPP are the primary toxic species formed during amyloidogenesis, and designed
a-sheet peptides successfully neutralized oligomeric toxicity in relevant cell models. These

findings reveal a novel strategy to inhibit amyloid formation in mammalian disease systems.

2.2 Background and Motivation

Mammalian amyloid formation is associated with over 50 diseases, including
Alzheimer’s disease (AD) and type 2 diabetes (T2D)>6. AD is the 61 leading cause of death in
the United States and is characterized by neuronal death and progressive loss of cognitive
function’®"2, Disease progression involves the aggregation of the 42-amino acid amyloid-p
peptide (hereafter referred to as AB), which is intrinsically disordered in its ‘normal’ biologically
active monomeric state!!. During amyloidogenesis, AP forms toxic, soluble oligomers —

implicated in neuronal death and disease pathology — prior to the deposition of mature

fiborilst.7192-94,
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Diabetes is the 7™ leading cause of death in the United States, afflicting approximately 37
million people®>%. An estimated 90-95% of these cases are T2D%%, T2D is characterized by
insufficient insulin secretion and reduced response by insulin-sensitive tissues caused by
pancreatic islet B-cell dysfunction and death®’. B-cell death is attributed to multiple factors,
including islet amyloid production®’. Islet amyloid polypeptide (IAPP) is a 37-residue peptide
hormone that is synthesized in B-cells and co-secreted with insulin®. Unlike IAPP in species
such as mice and rats, human IAPP is amyloidogenic and forms fibrillar amyloid deposits®®:1°,
Human IAPP is intrinsically disordered; under amyloidogenic conditions, it aggregates to form a
heterogeneous distribution of soluble oligomers prior to forming insoluble and nontoxic B-sheet
fibrilst9-197 | APP fibrils are present in over 90% of T2D cases®’191:197 and the soluble
oligomers that are formed prior to -sheet fibrils are reported to be cytotoxic and responsible for
B-cell death®®,

The development of a new strategy to inhibit amyloid formation and oligomeric toxicity
is desirable, as doing so would aid in the treatment of amyloid disease. Decades of research on
various methods aimed at clearing amyloid plaques proved fruitless, as B-sheet fibrils are stable
and nontoxic!!. Instead, the primary species responsible for toxicity and pathology in amyloid
diseases are the low molecular weight soluble oligomers that are formed prior to insoluble
fibrilsl0.11.22,23,27,30,71,97.108.109 ‘Therefore, treatment strategies should focus on targeting the toxic
oligomers rather than the mature fibrils.

An attempt to elucidate the structure composing toxic AP oligomers by Glabe, Kayed,
and coworkers revealed the existence of a conserved conformation between the oligomers
formed by amyloidogenic proteins during aggregation2119.111 A polyclonal antibody, now

known as Al1, was raised against molecular mimics of soluble A oligomers in effort to produce
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a molecule that targets the soluble toxic aggregates of AP with no specificity toward the
monomeric or fibrillar forms?2110.111 While they successfully produced an antibody with
specificity for AP oligomers, they found that A11 also binds to many oligomeric species,
regardless of the amyloid protein's native structure or amino acid sequence. Additionally, A1l
does not exhibit specificity toward the corresponding monomers or amyloid fibrils of these
proteins??110111 A11 was also shown to inhibit oligomeric toxicity?>110111 suggesting that the
low molecular weight species also share a conserved mechanism of toxicity that is inherently
related to oligomeric structure.

The cross-reactivity of the A11 antibody led to the elucidation of a-sheet structure
through MD simulations?#%:42:44-53:58,112-115 and the production of de novo a-sheet peptides for
experimental characterization of the nonstandard conformation3154%, As was observed with
Al1l, de novo a-sheet peptides were designed to bind to oligomers with the same conformation
and exhibit no specificity toward the monomeric or fibrillar forms of an amyloidogenic
peptide!! 131540 This chapter explores the role of a-sheet structure in the amyloidogenesis of A
and IAPP. The capacity for de novo a-sheet peptides to inhibit aggregation and neutralize

toxicity of these two amyloid peptides is also investigated.

2.3 Results

2.3.1 Ap Oligomers Adopt a-Sheet Structure

A standard Thioflavin T (ThT) study was conducted to visualize the aggregation of Ap.
ThT is a fluorescent dye that binds to B-sheet rich structures, and it is frequently employed to
measure the extent of amyloid formation over time'*6. Ap aggregated at 75 uM in phosphate

buffered saline (PBS; pH 7.6) and 25°C exhibited a lag phase of approximately 30 hours (Figure
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2.1A). The relatively flat ThT signal observed in the lag phase is followed by a rapid exponential
signal increase, indicating that the formation of an aggregation competent species is a significant
rate limiting step in Ap aggregation. The production of stable B-sheet rich fibrils is evident at
approximately 50 hours, when the ThT signal reaches a plateau (Figure 2.1A). Aggregation
studies shown in Figure 2.1A were utilized to inform subsequent spectroscopy and toxicity

experiments.
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Figure 2.1. Ap Characterization. A) ThT signal is measured over time and is indicative of f3-
sheet fibril formation. AB has random coil structure at the beginning of aggregation (purple) and
transitions to a-sheet structure (red) at the end of the lag phase. The ThT signal plateaus when
AP forms fibrils with B-sheet structure (green) at the end of aggregation. Values are mean £ SD
for three replicates. B) CD spectra of three pre-incubated AP samples that are representative of
the secondary structures populated by A throughout aggregation. Ap has random coil structure
at t=0 hours (purple). a-Sheet structure (red) is present in AP at t=30 hours and is representative
of a late lag phase sample. B-sheet structure is found in AP at t=72 hours (green) and corresponds

to a sample in the plateau phase of aggregation. While random coil, a-sheet, and p-sheet
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conformers are enriched in the aggregation stages described above, mixed populations are likely

present.

CD spectroscopy was conducted to investigate the structural conformations sampled by
AP during aggregation. CD utilizes right- and left-handed circularly polarized light to determine
protein secondary structure®, and this spectroscopic technique can be used in parallel with
kinetic data to monitor conformational changes over time. A sample obtained at the beginning of
aggregation (t=0 hours) produced CD spectra indicative of random coil structure (Figure 2.1B).
AP is intrinsically disordered in its monomeric form, and the CD spectra produced by the t=0
sample is representative of this. To isolate an AP sample late in the lag phase of aggregation
where a-sheet structure is predicted to be present, Ap was incubated statically for 30 hours as
informed by Figure 2.1A. The late lag phase AP aggregation sample produced a relatively flat
and featureless spectra by CD (Figure 2.1B). Because the nonstandard structure is composed of
amino acids whose backbone dihedral angles sequentially alternate between oL and or regions of
Ramachandran space, flat CD spectra is predicted for the a-sheet conformation. The CD
spectrum obtained in Figure 2.1B is similar to the spectra produced by de novo a-sheet peptides
(Figure 1.4) and therefore confirms that AP adopts a-sheet structure at the end of the lag phase.
Finally, Ap was incubated for 72 hours to isolate a sample in the plateau phase of aggregation.
This sample produced a CD spectrum with a minimum at approximately 220 nm (Figure 2.1B),
which is indicative of B-sheet structure and aligns with the high ThT signal produced by Ap
during the plateau phase (Figure 2.1B). The data reported in Figure 2.1 was obtained from the

same AP stock solution, allowing conclusions to be made regarding the structural changes
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observed by A throughout aggregation. CD data confirms that A is largely unstructured at the
beginning of aggregation. In amyloidogenic conditions (low temperature), Ap then transitions to
a-sheet conformation at the end of the lag phase (30 hours for the conditions reported here), and
by 72 hours the peptide has deposited into B-sheet-rich amyloid fibrils. The characterization of
aggregation kinetics and conformational changes sampled by Ap throughout aggregation was

then used to inform future inhibition and cellular toxicity studies.

2.3.2 AP o-Sheet Oligomers are Toxic to Human Neuroblastoma Cells

Cell viability experiments with human neuroblastoma cells (SH-SY5Y) were conducted
to determine the relative toxicity associated with the monomeric, oligomeric, and fibrillar forms
of AB. An MTT assay was used to measure cell viability of human neuroblastoma cells treated
with AB. MTT is a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) that is reduced to purple formazan crystals by NADH-dependent oxidoreductase
enzymes present in metabolically active cells during glycolysis*'’. Following cell lysis and
solubilization of the formazan crystals, a colorimetric assay was used to quantify formazan and

determine the relative metabolic activity, and viability, of the cells.
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Figure 2.2. Oligomeric Ap is toxic to SH-SY5Y human neuroblastoma cells. Cell viability is
measured relative to the control, which is SH-SY5Y in the absence of AB. Ap samples were
incubated at 75 pM and diluted to 25 pM in cell media prior to administration to human
neuroblastoma cells. A 0-hour monomeric Ap sample caused a 15% reduction in cell viability
(p=0.02). Incubation of neuroblastoma cells with a late lag phase oligomeric sample (=30 hours)
caused a 51% reduction in cell viability (p=0.0005). An AB sample incubated for 48 hours
resulted in a 42% drop in cell viability with respect to the control (p=0.001). Values are mean £

SD for three replicates.

Three Ap samples (t=0, t=30, and t=48 hours) were isolated using the same methods
described above (Figure 2.1B) and applied to SH-SY5Y cells. Ap was incubated at 75 uM and
diluted 1:3 in cell media prior to application to human neuroblastoma cells, resulting in a final
concentration of 25 uM (Figure 2.2). The random coil sample (t=0) was minimally toxic to the

human neuroblastoma cells, resulting in a 15% reduction in cell viability with respect to the
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untreated control (Figure 2.2). The late lag phase a-sheet sample caused a 51% reduction in
MTT signal with respect to the untreated control, corresponding to the largest drop in cellular
viability by the AB samples (Figure 2.2). The plateau sample (t=48 hours) caused a 42%
reduction in relative cell viability, indicating that neuroblastoma cells grown in the presence of
the plateau Ap sample were approximately 9% more viable than those grown with the late lag
phase sample (Figure 2.2). The toxicity of the 48hr sample is likely due to incomplete
fibrilization of AP, as this sample corresponds to A at the beginning of the plateau (Figure
2.1A). It is likely that toxic oligomers were still present in the 48hr sample, in addition to the -
sheet fibrils, although at a smaller concentration than in the 30hr sample due to continued
aggregation. The data reported in Figure 2.2 confirm that soluble oligomeric ApB, which has a-
sheet structure (Figure 2.1B), is the primary toxic species formed during amyloidogenesis. This
correlates with previous research demonstrating that the monomeric and fibrillar conformers of
amyloidogenic peptides are largely nontoxic, while the low molecular weight oligomers are

responsible for cellular toxicity and AD pathology®1.

2.3.3 De novo a-Sheet Peptides Inhibit Ap Aggregation and Oligomeric Toxicity

With knowledge that a-sheet oligomers are the primary species responsible for cellular
toxicity observed in AD pathology, inhibition studies with de novo peptides were conducted. A
library of 22 a-sheet peptides (APSs), each with varying amino acid sequences and stable a-sheet
conformation (Figure 1.5; Appendix A, Table A.1), was utilized to determine the significance
of primary sequence, if any, in preventing AP aggregation. An ‘endpoint inhibition’ study was
employed, such that AB was co-incubated with each AP (1:1; 75 uM) until aggregation reached a

plateau (as determined by Figure 2.1A). After 120 hours, ThT was added to each co-incubation
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solution, and the ThT fluorescence was measured. Each of the 22 tested de novo peptides
successfully inhibited Ap aggregation, but to varying extents. AP501, AP505, AP510, and
AP532 were the most potent inhibitors, resulting in almost complete inhibition of AP
fibrilization (Figure 2.3). Each experimental peptide inhibited AP aggregation by at least 50%,
with exception to AP90 and AP504 which inhibited the production of A fibrils by only 38%
and 24%, respectively (Figure 2.3). The results reported here indicate that inhibition by de novo
a-sheet peptides is not sequence dependent, although the varied inhibitory effects observed
suggest that primary sequence may affect the potency of the a-sheet peptides against a particular
amyloidogenic peptide. While the results reported in Figure 2.3 indicate that the a-sheet
conformation itself is responsible for promoting inhibition of AP aggregation, optimization of the

de novo inhibitors’ primary sequences may result in increased effect.
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Figure 2.3. De novo a-sheet peptides inhibit Ap aggregation regardless of sequence. An
endpoint inhibition study with 22 a-sheet peptides (APs) that have varying amino acid sequences
was conducted to demonstrate that A fibrilization is inhibited by APs regardless of primary
sequence. AP501, AP505, AP510, and AP532 were the most potent inhibitors, resulting in
almost complete inhibition of Ap fibrilization. Ap and a-sheet peptides were incubated at a 1:1

ratio (75 pM). Values are mean + SD for three replicates.

Cellular toxicity studies were then conducted to measure the capacity for the peptides to
neutralize oligomeric toxicity. AP5 and AP90 (4:1 AP:Ap) were incubated with Ap for 30 hours
to isolate the toxic oligomeric conformation (as informed by Figure 2.1 and Figure 2.2). In this
study, 25 uM AP reduced SH-SY5Y cell viability by 44%, as measured by MTT (Figure 2.4).

When co-incubated with AP5 or AP90, cell viability increased to 83% and 77%, respectively
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(Figure 2.4). Inhibition of AB by AP5 and AP90 caused a significant increase in neuroblastoma
cell viability but did not promote complete recovery of SH-SY5Y viability (Figure 2.4). The
results reported in Figure 2.4 indicate that de novo a-sheet peptides inhibit toxicity of A

oligomers, and inhibition is conformation specific and primary sequence independent.
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Figure 2.4. a-Sheet peptides ameliorate cellular toxicity associated with Af oligomers in
human neuroblastoma cells. Cell viability is measured relative to the control, which is SH-
SYS5Y in the absence of Af and APs. Incubation with A oligomers resulted in 44% reduction in
SH-SY5Y viability (p=0.0005). The addition of AP5 (4:1 AP5:AB) improved cell viability,
corresponding to 83% viability with respect to the control (p=0.0009). AP90 (4:1 AP90:AB)
improved cell viability to a lesser extent, resulting in 77% viability with respect to the control

(p=0.03). Values are mean + SD for three replicates.
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2.3.4 1APP Oligomers Adopt a-Sheet Structure

Aggregation studies with human islet amyloid polypeptide (hereafter referred to as IAPP)
were conducted at 25°C with 25 uM peptide in PBS (pH 7.6). IAPP aggregated significantly
faster than A, resulting in a lag phase of approximately 3.5 hours (Figure 2.5A). Following a
rapid increase in ThT signal, aggregation plateaued at approximately 10 hours, indicating that
IAPP formed B-sheet rich fibrils (Figure 2.5A). The relatively short lag phase of IAPP suggests
that the peptide begins to form low molecular weight oligomers almost immediately. Rapid
oligomerization makes isolating a monomeric species more challenging, and it is therefore
possible that samples isolated at the beginning of aggregation (t=0 hours) are also composed of a

small number of low molecular weight oligomeric species.
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Figure 2.5. IAPP characterization. A) ThT signal is measured over time and is indicative of j3-
sheet (fibril) formation. IAPP has random coil structure at the beginning of aggregation (purple)
and transitions to a-sheet structure (blue) at the end of the lag phase. The ThT signal plateaus

when IAPP forms fibrils with B-sheet structure (green) at the end of aggregation. Values are
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mean = SD for three replicates. B) CD spectra of three pre-incubated IAPP samples,
representative of the three secondary structures populated by IAPP throughout aggregation. IAPP
has random coil structure at t=0 (purple). a-Sheet structure (blue) is present in IAPP at t=3.5
hours and is representative of a late lag phase sample. B-sheet structure is found in IAPP at t=53

(green) and corresponds to a sample in the plateau phase of aggregation.

Three IAPP samples (t=0, t=3.5, and t=53 hours) were isolated to visualize the
conformational changes observed by IAPP over the course of aggregation by CD. IAPP isolated
at t=0 hours produced a CD signal indicative of random coil structure, although at lower
wavelengths, the signal is lifted slightly above what is expected for random coil monomeric
IAPP (Figure 2.5B). As discussed above, this may be indicative of the presence of a small
concentration of a-sheet oligomers influencing a slight lift in the predominantly random coil
(monomeric) signal. An IAPP sample isolated after 3.5 hours of aggregation produced a
relatively flat and featureless CD signal, indicating that IAPP adopts a-sheet structure toward the
end of the lag phase (Figure 2.5B). The CD spectrum of an IAPP sample collected late in the
plateau (t=53 hours) is indicative of B-sheet structure, evident by the strong minimum at 220 nm

(Figure 2.5B).

2.3.5 IAPP a-Sheet Oligomers are Toxic to Rat Insulinoma Cells
Cell viability studies were conducted with rat insulinoma INS-1 cells to measure the
relative toxicity of the conformations sampled by IAPP during aggregation. Three 25 uM IAPP

samples were prepared based on the data obtained in Figure 2.5 and diluted to 10 uM in cell
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media prior to their addition to the insulinoma cells. A random coil, monomeric IAPP sample
(t=0 hours) caused INS-1 viability to drop 56%. The a-sheet IAPP oligomers exhibited
significant toxicity to the cells, corresponding to a 75% reduction in INS-1 viability. B-Sheet

fibrils reduced cell viability by only 29% (Figure 2.6).
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Figure 2.6. IAPP oligomers are toxic to INS-1 rat insulinoma cells. Cell viability is measured
relative to the control (INS-1 cells in the absence of IAPP). IAPP samples were incubated at 25
MM and diluted to 10 uM in cell media prior to application to rat insulinoma cells. A 0-hour
monomeric IAPP sample caused a 56% reduction in cell viability (p=0.005). Incubation of
insulinoma cells with a late lag phase oligomeric sample (t=3.5 hours) caused a 75% reduction in
cell viability (p=0.001). An IAPP sample incubated for 24 hours resulted in a 29% drop in cell
viability with respect to the control (p=0.01). Oligomeric IAPP was 19% more toxic than
monomeric IAPP (p=0.03) and 46% more toxic than the fibrillar species (p=0.001). Values are

mean = SD for three replicates.
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2.3.6 De novo a-Sheet Peptides Inhibit IAPP Aggregation and Neutralize Oligomeric Toxicity
Aggregation inhibition studies were conducted with IAPP and several de novo peptides
with various sequences but stable a-sheet structure (Figure 1.5; Appendix A, Table A.1) to
assess the capacity for peptides with a-sheet conformation to prevent IAPP fibrilization
regardless of amino acid sequence. Co-incubation samples were prepared with 25 uM IAPP and
100 M AP (excess AP 4:1). ThT signal was read after 72 hours to ensure |APP aggregation had
plateaued. Of the 27 inhibitor peptides tested, more than half (14 of 27 — AP500, AP504d,
AP505d, AP510d, AP521, AP522, AP522d, AP523d, AP524, AP524d, AP530, AP533, AP533d,
and AP534) inhibited IAPP fibrilization by 90% or greater with respect to the control (IAPP
without inhibitor) (Figure 2.7). Although elevated potency was observed with the inhibitors

listed above, every peptide tested inhibited IAPP fibrilization by 50% or greater (Figure 2.7).
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Figure 2.7. De novo a-sheet peptides inhibit IAPP aggregation regardless of sequence. An
endpoint inhibition study with 27 a-sheet peptides (APs) that have various sequences was
conducted. Inhibition greater than 90% was observed for more than half of the inhibitors tested.
The assay was conducted with AP in excess to IAPP 4:1 (100 to 25 uM). Values are mean + SD

for three replicates.

Following the aggregation inhibition study, which demonstrated that a-sheet peptides
prevent IAPP aggregation regardless of amino acid sequence, cell viability studies were
conducted to determine whether the de novo peptides can also neutralize IAPP oligomeric
toxicity. SH-SY5Y human neuroblastoma cells were used for this assay, along with IAPP that

had been incubated at 150 uM and diluted to 50 uM in cell media prior to application to the
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cells. The altered concentration was used because a new lot of IAPP produced different
aggregation kinetics, allowing for a higher concentration to be used while maintaining a
sufficient lag phase. The kinetic and CD corresponding to the IAPP used in Figure 2.8 is shown
in Appendix B.1 (Figure B.1). When applied to human neuroblastoma cells, IAPP oligomers
caused an 89% drop in cell viability, as measured by MTT (Figure 2.8). Cellular viability was
significantly recovered when co-incubated with AP5, corresponding to only 17% toxicity with

respect to the SH-SY5Y control (Figure 2.8).
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Figure 2.8. AP5 inhibits IAPP oligomeric toxicity in human neuroblastoma cells. Cell
viability is measured relative to the control, which is SH-SY5Y in the absence of IAPP and AP5.
Incubation with IAPP oligomers resulted in 89% reduction in SH-SY5Y viability (p=0.0002).
The addition of AP5 (1:1 AP5:Ap) improved cell viability (p=0.0004), corresponding to 83%

viability with respect to the control (p=0.015). Values are mean + SD for three replicates.
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2.4 Discussion

AP and IAPP are amyloidogenic peptides whose toxic oligomers are involved in diseases
that are the 61 and 7™ leading causes of death in the United States, respectively. Strategies to
prevent the aggregation and oligomeric toxicity of these peptides are desirable to mitigate the
pathology of AD and T2D. The findings reported in Chapter 2 elucidate the structural changes
that AB and IAPP undergo during amyloidogenesis. As both peptides are intrinsically disordered,
they are largely unstructured in their monomeric form and produce CD spectra indicative of
random coil structure (Figure 2.1B and 2.5B). In amyloidogenic conditions, both peptides
transition to a-sheet structure at the end of their respective lag phases. Finally, Ap and IAPP
form insoluble, nontoxic B-sheet-rich fibrils at the end of aggregation.

Notably, previous CD studies have reported that IAPP produces a-helical intermediates
prior to the transition to B-sheet!!8, The CD spectra for the monomeric starting conformation of
IAPP reported in Figure 2.5B may be consistent with a minor population of a-helix, but others
have obtained much more pronounced helical spectra in the presence of, and/or after extended
treatment with, helix-promoting alcohols, including Tris buffer, and fluorinated alcohols such as
HFIP8, The helix-promoting effect of Tris is evident by comparing the monomeric starting
structure of IAPP in Tris and PBS (Appendix B, Figure B.2), explaining the discrepancies
observed between the CD spectra reported here and in other studies'® while also emphasizing
the impact that various buffers can have on experimental results.

Isolation of Ap and IAPP samples enriched in the random coil, a-sheet, and B-sheet
conformations demonstrated that a-sheet oligomers are the primary toxic species formed during
amyloidogenesis (Figure 2.2 and Figure 2.6). This is consistent with previous studies that

determined that the low molecular weight oligomers formed prior to mature fibrils are
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responsible for toxicity in amyloid diseases®1%:1127.30.105,106,108,111 "y rther, de novo peptides that
adopt stable a-sheet conformation were shown to inhibit aggregation and neutralize toxicity of
both AP and IAPP, regardless of the de novo peptide’s amino acid sequence (Figure 2.4 and
Figure 2.8). The capacity for a-sheet peptides of varying sequences to inhibit aggregation and
neutralize oligomeric toxicity of both Ap and IAPP suggests that inhibition and toxicity
neutralization is conformation, rather than sequence, dependent. The findings reported in
Chapter 2 are consistent with the studies conducted by Glabe, Kayed, and coworkers in which
the A1l antibody exhibited specificity for several oligomers produced by amyloidogenic proteins
that have various sequences, structures, and physiological functions??!1%111, The elucidation of a
conserved oligomeric secondary structure and amyloid inhibition mechanism can inform novel

therapeutic strategies in the treatment and prevention of amyloid diseases.

2.5 Conclusions

This chapter investigates the conformational changes observed by Ap and IAPP, each of
which are implicated in prevalent mammalian amyloid diseases. Both peptides were shown to
transition from random coil structure to the nonstandard a-sheet conformation at the end of their
respective lag phase and prior to transitioning to B-sheet fibrils. MTT studies confirmed that o-
sheet oligomers are the predominantly toxic species produced during the aggregation of Ap and
IAPP. Finally, de novo a-sheet peptides significantly inhibited aggregation and oligomeric
toxicity of the amyloid peptides, revealing that amyloid inhibition is conformation dependent,
and not sequence specific. The results reported here elucidate a novel strategy to target amyloid
formation associated with several mammalian diseases, regardless of the native structure or

function of the peptide or protein.



35

2.6 Materials and Methods

2.6.1 Preparation of Ap Stock

AB(1-42), hereafter referred to as AP, was obtained from ERI Amyloid Laboratory, LLC
(Oxford, CT) and stock solution was prepared as discussed in Shea et al., 2019'%. AB was
solubilized using hexafluoroisopropanol (HFIP, Sigma-Aldrich; St. Louis, MO) to 1 mg/mL. The
AP solution was sonicated in a water bath sonicator for 5 minutes, then incubated on ice for 25
minutes. The sonication and icing incubation process was repeated a second time. The HFIP was
then evaporated under a gentle N2 stream, and the AB was concentrated using a SpeedVac
concentrator (Savant 1SS110, Thermo Fisher Scientific; Waltham, MA) for two hours on low
setting. The monomerized AP film was stored at -20°C until use. A stock was prepared by
removing the aliquoted film from -20°C and allowing it to equilibrate to room temperature for
approximately 5 minutes. The film was dissolved to 0.75 mg/mL in 6 mM NaOH (pH 11.6,
Sigma-Aldrich; St. Louis, MO) solution and sonicated in a water bath sonicator in 5-minute
intervals until fully solubilized. The solution was centrifuged at 7,000 rpm for 2 minutes in a
0.22 um Costar Spin-X cellulose acetate centrifuge filter (Sigma-Aldrich; St. Louis, MO) to
remove any remaining seeds. The solution was then transferred to an Eppendorf LoBind
microcentrifuge tube (Sigma-Aldrich; St. Louis, MO) and the concentration was measured using
a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific; Waltham, MA) at 280 nm using an
extinction coefficient of 1490 M- cm. The stock solution was incubated at 25°C for 4 hours to
promote complete monomerization and was either used immediately or stored at 4°C for up to

one week.
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2.6.2 AP Aggregation

Stock A was aliquoted into Eppendorf LoBind microcentrifuge tubes (Sigma-Aldrich;
St. Louis, MO) and diluted using phosphate buffered saline (PBS) buffer (10 mM phosphate, 130
mM NaCl, and 2.7 mM KCI; Sigma-Aldrich, St. Louis, MO) to 75 puM. One tube was prepared
for each time point that was to be measured by ThT. First, a portion of the stock AP was
aliquoted into a LoBind tube. PBS buffer was then added gently to the side of the tube for a final
volume of 185 uL and final concentration of 75 uM and the solution was gently mixed 3x by
pipette. Aliquots were statically incubated at 25°C. At the desired time point, a single tube was
removed from the incubator for measurement by ThT. Concentrated stock ThT (Thermo Fisher
Scientific; Waltham, MA) was prepared monthly by dissolving ThT powder to 5 mg/ml in H20.
Concentration was measured of 1:10 dilutions of the stock using a NanoDrop 2000 Spectrometer
at 412 nm using an extinction coefficient of 36,000 M-t cm. Concentrated ThT stock was added
to the AP solution, with the calculated volume corresponding to a final concentration of 24 uM
ThT for aggregation studies (typically ~1.0 pL). The resulting solution was gently mixed once by
pipette, and 60 pL was added to a single well (in triplicate) in a black 384-well plate and read on
a multimode plate reader (Perkin Elmer; Waltham, MA). Relevant parameters include: Aex 438

nm, Aem 495 Nm, measurement height 7.5 mm, 8 flashes.

2.6.3 Peptide Synthesis

Synthetic a-sheet peptide inhibitors were designed in silico'®'>40, using backbone
dihedral angle constraints derived from MD simulations?#!42:44-46:49-53,58,62,63,112,113 gn(
synthesized using solid phase peptide synthesis (SPPS)'31540, The designed peptides contain two

a-strands of seven residues each, with amino acids alternating sequentially between L-
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conformation and D-conformation in each of the strands. The a-strands are connected by a five-
residue turn comprised of either all L- or all D-amino acids, which gives the peptide a hairpin
shape. Finally, the tail of each strand consists of a Gly and an Arg residue, followed by acetyl
and amide caps at the N- and C-terminus, respectively. Peptides were assembled by solid phase
peptide synthesis on Rink amide resin with Fmoc chemistry and HBTU activation. Peptides were
cleaved from the resin and side chain deprotected by TFA/TIPS/H20 (95:2.5:2.5) and
precipitated by cold ether. Crude peptides were purified to >95% by RP-HPLC using 5 uM C12
or C18 100 A columns (Phenomenex; Torrance, CA) and atomic masses were confirmed by
electrospray mass spectrometry on a Bruker Esquire lon Trap (Bruker; Billerica, MA). All
peptides were lyophilized after purification and stored at -80°C until use. Dimeric a-sheet
peptides were produced using a previously established protocol'®°. Briefly, 0.25 mg of the
respective lyophilized monomeric peptide was dissolved in 4 uL DMSO and then diluted in 300
pL 50 mM sodium carbonate buffer (pH 9.6) for a final monomer concentration of 250 uM. The
peptide solution was incubated at 37°C for 2 hours, facilitating complete oxidation of disulfide
bonds and promoting dimerization. Dimerization was confirmed by a lack of absorption at 412
nm by Ellman’s reagent (Thermo Fisher Scientific; Waltham, MA) as measured by a NanoDrop
2000 Spectrometer. Sequences for the a-sheet designs described in this study are listed in

Appendix A (Table A.1).

2.6.4 Ap Inhibition by a-Sheet Peptides
Endpoint aggregation studies were conducted for A inhibition experiments. A stock
was prepared as discussed in Chapter 2.6.1 and aliquoted into Eppendorf LoBind

microcentrifuge tubes (Sigma-Aldrich; St. Louis, MO) with the calculated volume corresponding
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to a final concentration of 75 uM in 185 pL. APs were synthesized in house according to the
methods described in Chapter 2.6.3 and prepared by removing the aliquoted, lyophilized pure
peptide from -80°C and allowing it to equilibrate to room temperature for approximately 5
minutes. The lyophilized AP was then solubilized to 2 mg/mL in H20, thoroughly mixed, and the
concentration was measured using a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific;
Waltham, MA) at 280 nm using the respective extinction coefficient (Appendix A, Table A.1).
APs were diluted to 75 uM in PBS (1:1 AB:AP) in a separate Eppendorf LoBind microcentrifuge
tube. Concentrated ThT stock was prepared as described in Chapter 2.6.2 and added to the AP +
PBS solution, with the calculated volume corresponding to a final concentration of 24 uM ThT
for aggregation studies (typically ~1.0 pL). Finally, the AP + PBS + ThT solution was added —
gently — along the side of the AB-containing tube and gently mixed 3x by pipette. In the case of
controls, H20 was used in place of the AP. 60 pL was added to a single well (in triplicate) in a
black 384-well plate and read on a multimode plate reader in 24-hour intervals for 14 total
readings (~two weeks) (Tecan; Mannendorf, Switzerland). Relevant parameters include: Aex 438
nm, Aem 495 Nm, measurement height 7.5 mm, 8 flashes. Between readings, the 384-well plate
was covered in foil to prevent photobleaching of the ThT fluorescent dye and was incubated
statically at 25°C. Relative ThT fluorescence values were obtained by first subtracting the ThT
blank value from each signal, then subtracting the AP or Ap + AP starting value from the
respective endpoint value (i.e., ABfinal — Apinitial OF [Ap + APJtinal — [AB + APJinitiat, and dividing
the corrected initial Ap values by each of the adjusted values (i.e., [[AB + AP]fina — [AB +
AP]initiat J/[ APrinal — APinitiai]]). Percent inhibition values were obtained by multiplying the relative

ThT values by 100 and subtracting the multiplied value from 100.
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2.6.5 Preparation of IAPP Stock

Human IAPP (referred to hereafter as IAPP) was obtained from ERI Amyloid
Laboratory, LLC (Oxford, CT) and solubilized using hexafluoroisopropanol (HFIP, Sigma-
Aldrich; St. Louis, MO) to 1 mg/mL. The IAPP solution was sonicated in a water bath sonicator
for 5 minutes, then incubated on ice for 25 minutes. The sonication and icing incubation process
was repeated a second time. The HFIP was then evaporated under a gentle N2 stream, and the
IAPP was concentrated using a SpeedVac concentrator (Savant 1SS110, Thermo Fisher
Scientific; Waltham, MA) for two hours on low setting. The monomerized IAPP film was stored
at -20°C until use. IAPP stock was prepared by removing the aliquoted film from -20°C and
allowing it to equilibrate to room temperature for approximately 5 minutes. The film was
dissolved in chilled PBS buffer (10 mM phosphate, 138 mM NaCl, 2.7 mM KCI, pH 7.4, Sigma-
Aldrich; St. Louis, MO) to 1 mg/mL and sonicated in an ice-chilled cold-water bath for 1 minute.
The aliquots were placed on ice after sonication and the stock concentration was measured using
a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific; Waltham, MA) at 280 nm using an
extinction coefficient of 1520 M-t cm™. The stock solution was prepared fresh for each

experiment and used immediately.

2.6.6 IAPP Aggregation

Stock IAPP was aliquoted into Eppendorf LoBind microcentrifuge tubes (Sigma-Aldrich;
St. Louis, MO) and diluted using PBS buffer to 25 puM (used for Figures 2.5-2.7) or 150 uM
(used for Figure 2.8 and Appendix B, Figure B.1). One tube was prepared for each time point
that was to be measured by ThT. First, a portion of the stock IAPP was aliquoted into a LoBind

tube (Sigma-Aldrich; St. Louis, MO). PBS buffer was then added gently to the side of the tube
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for a final volume of 185 L and gently mixed 1x by pipette. Aliquots were incubated at 25°C.
At the desired time point, a single tube was removed from the incubator for measurement by
ThT. Concentrated stock ThT (Thermo Fisher Scientific; Waltham, MA) was prepared monthly
as described in Chapter 2.6.2 and added to the IAPP solution, with the calculated volume
corresponding to a final concentration of 24 uM ThT for aggregation studies (typically ~1.0 pL).
The resulting solution was gently mixed 1x by pipette, and 60 pL was added to a single well (in
triplicate) in a black 384-well plate and read on a multimode plate reader (PerkinElmer;
Waltham, MA). Relevant parameters include: Aex 438 nm, Aem 495 nm, measurement height 7.5

mm, 8 flashes.

2.6.7 Circular Dichroism Spectroscopy

Circular dichroism (CD) studies were conducted to determine Ap and IAPP secondary
structure. Ap and IAPP stocks were prepared and pre-incubated as described in Chapter 2.6.1
and Chapter 2.6.5, respectively. Pre-incubated Ap at 75 UM was diluted in PBS to a
concentration of 25 uM, and the timepoints were informed by Fig. 2.1a. Pre-incubated IAPP at
25 uM was diluted in PBS to a concentration of 10 uM, and the timepoints were informed by
Figure 2.5a. Dilutions were performed by first adding a portion of the peptide solution to a
LoBind tube (Sigma-Aldrich; St. Louis, MO). Buffer volume was calculated to achieve a final
concentration of 25 uM (Ap) or 10 uM (IAPP) in a final volume of 310 pL. The calculated
volume of buffer was added gently — along the side of the tube — to the peptide-containing
LoBind tube and mixed 1x by pipette to ensure adequate mixing. 300 pL of the resulting solution
was added to a 1 mm pathlength quartz cuvette (Starna Cells; Atascadero, CA) and scans were

collected using a Jasco J-720 CD machine. All experiments aggregated 8 scans and used a
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Savitzky-Golay smoothing protocol, followed by reduction of noise by an FFT filter. The mean
residual ellipticity (MRE) was calculated by first subtracting the peptide signal from the blank

signal, and the curve zeroed against the value at 270 nm.

2.6.8 IAPP Inhibition by a-Sheet Peptides

Endpoint aggregation studies were conducted for IAPP inhibition experiments. IAPP
stock was prepared as discussed in Chapter 2.6.5 and aliquoted into Eppendorf LoBind
microcentrifuge tubes (Sigma-Aldrich; St. Louis, MO) with the calculated volume corresponding
to a final concentration of 25 uM in 185 pL. APs were synthesized in house according to the
methods described in Chapter 2.6.3 and prepared as described in Chapter 2.6.4. APs were
diluted to 100 uM in PBS (4:1AP:IAPP) in a separate Eppendorf LoBind microcentrifuge tube.
Concentrated ThT stock was prepared as described in Chapter 2.6.2 and added to the AP + PBS
solution, with the calculated volume corresponding to a final concentration of 24 uM ThT for
aggregation studies (typically ~1.0 pL). Finally, the AP + PBS + ThT solution was added —
gently — along the side of the tube IAPP-containing tube and gently mixed 1x by pipette. In the
case of controls, H20 was used in place of the AP. 60 pL was added to a single well (in
triplicate) in a black 384-well plate and read on a multimode plate reader at t=0, 3.5, 6, 8, 24, and
30 hours (Tecan; Mannendorf, Switzerland). Relevant parameters include: Aex 438 nm, Aem 495
nm, measurement height 7.5 mm, 8 flashes. Between readings, the 384-well plate was covered in
foil to prevent photobleaching of the ThT fluorescent dye and incubated statically at 25°C.
Relative ThT values were obtained by first subtracting the ThT blank value from each signal,
then subtracting the IAPP or IAPP + AP starting value from the respective endpoint value (i.e.,

| APPfinal — |APPinitiai O [IAPP + AP]finat — [IAPP + AP]Jinitiar, and dividing the initial IAPP values
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by each of the adjusted values (i.e., [[IAPP + AP]finai — [IAPP+ AP]initial J/[| APPfinal —
I APPinitial]]). Percent inhibition values were obtained by multiplying the relative ThT values by

100 and subtracting the multiplied value from 100.

2.6.9 SH-SY5Y Toxicity Experiments

SH-SY5Y cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay'!’. SH-SY5Y human neuroblastomas (American
Type Culture Collection; Manassas, VA) were cultured in 1:1 DMEM:F12 (Invitrogen; Carlsbad,
CA) supplemented with 10% FBS (Invitrogen; Carlsbad, CA), 100 units/mL penicillin
(Invitrogen; Carlsbad, CA), and 100 pg/mL streptomycin (Invitrogen; Carlsbad, CA). The cells
were seeded in a 96-well sterile tissue culture-treated plate (Corning; Glendale, AZ) at 2.4x10°
cells per well and cultured in CO2 water-jacketed incubator (37°C, 5% COz2; Thermo Fisher
Scientific; Waltham, MA) for 24 hours. For the samples reported in Figure 2.4, AB (75 uM) was
pre-incubated statically at 25°C for 0, 30, or 48 hours to isolate samples enriched in the random
coil, a-sheet, and B-sheet conformations, respectively. For the samples tested in Figure 2.6, AP
(75 uM) was pre-incubated statically at 25°C for 30 hours alone or with AP5/AP90. IAPP (150
pMM) was incubated alone or with AP5 for 1.9 hours for the experimented described in Figure
2.8. In the case of controls (A or IAPP incubated alone), H20 was used in place of APs. After
24 hours of cell seeding, the cell culture media was removed and replaced with 100 puL
preincubated A, IAPP, AB + AP, IAPP + AP, or vehicle control (NaOH + PBS + H20 for AP or
PBS + H20 for IAPP) samples that had been diluted 1:3 in cell media. The cells were cultured
with experimental solution for 24 hours at 37°C before addition of 25 uL MTT (5mg/mL in PBS;

Sigma-Aldrich), then incubated for 4 hours at 37°C. After 28 hours of incubation, 100 pL lysis
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buffer (50% DMF, 20% SDS, 1% glacial acetic acid, and 0.2% HCI) was added to each well and
statically incubated overnight at 25°C covered in foil. The optical density was read at 570nm
with a multimode plate reader (Tecan; Mannendorf, Switzerland). Relative cell viability values
were determined by first subtracting the MTT + media blank from each signal, and then

normalizing the values to the average SH-SY5Y control value.

2.6.10 INS-1 Toxicity Experiments

INS-1 cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay*!’. INS-1 832/13 cells (immortalized rat pancreatic f3-
cells) were obtained from the University of Washington Diabetes Research Center. Cells were
cultured in RMPI-1640 (Invitrogen; Carlsbad, CA) medium supplemented with 10% fetal bovine
serum (Invitrogen; Carlsbad, CA), 1 mM sodium pyruvate (Invitrogen; Carlsbad, CA), 100
units/ml penicillin (Invitrogen; Carlsbad, CA), and 100 pg/ml streptomycin (Invitrogen;
Carlsbad, CA). The cells were seeded in a 96-well plate at 8x10* cells per well and cultured in a
CO2 water-jacketed incubator (37°C, 5% CO2; Forma Scientific) for 24 hours. The cell culture
medium was removed and replaced with 100 uL pre-incubated IAPP (incubated at 25 uM) that
was diluted to 10 uM in INS-1 cell media immediately prior to addition to the cells. The IAPP
was incubated at 25°C without agitation for 0, 3.5, or 24 hours to isolate samples enriched in the
random coil, a-sheet, and B-sheet conformations, respectively, as informed by Figure 2.5. The
cells were cultured with experimental solution for 24 hours at 37°C before addition of 25 pL
MTT (5mg/mL in PBS; Sigma-Aldrich), and then incubated for 4 hours at 37°C. After 28 hours
of incubation,100 pL lysis buffer (50% DMF, 20% SDS, 1% glacial acetic acid, and 0.2% HCI)

was added to each well and incubated overnight at 25°C covered in foil. The absorbance was
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measured at 570 nm with a multimode plate reader (Perkin Elmer; Waltham, MA). Relative cell
viability values were determined by first subtracting the MTT + media blank from each signal,

and then normalizing the values to the average SH-SY5Y control value.

2.6.11 Statistics
All statistical significance values reported were calculated using a two-tailed T-test. A
single asterisk indicates a p-value less than 0.05. Two asterisks indicate a p-value less than 0.01.

Three asterisks indicate a p-value less than 0.001.
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Chapter 3: Inhibition of Functional Bacterial Amyloid Improves

Biofilm Antibiotic Susceptibility

3.1 Summary

Many biofilm-associated bacteria, including Escherichia coli and Staphylococcus aureus,
generate amyloid fibrils to reinforce their extracellular matrix'216:32120-122 previously, the
oligomeric species of CsgA and PSMal, the primary protein subunits of the amyloid fibrils
produced by E. coli and S. aureus, respectively, were shown to adopt a-sheet structure late in the
lag phase of in vitro aggregation studies'?'®. Further, de novo synthetic a-sheet peptides
successfully inhibit amyloid formation and interrupt biofilm formation in both bacteria'216. Here,
the impact of a-sheet peptides on biofilm antibiotic susceptibility is investigated, and the
combined administration of antibiotics and a-sheet peptides is hypothesized to increase biofilm
antibiotic susceptibility. Two a-sheet peptides, AP90 and AP401, with the same sequence but
inverse chirality at every residue were tested to determine the effect of chirality on bacterial
amyloidogenesis. AP90 is L-amino acid dominant while AP401 is D-amino acid dominant6. For
E. coli, both peptides increased antibiotic susceptibility and decreased colony forming units as
compared to the control when administered with five different antibiotics, with AP401 causing a
greater increase in all cases. For S. aureus, increased biofilm antibiotic susceptibility was also
observed for both peptides, but AP90 outperformed AP401 in four out of five cases. Comparison
of these peptides demonstrates how the chirality of the designed inhibitors affects biofilm
inhibition of gram-negative E. coli and gram-positive S. aureus. The observed increase in

antibiotic susceptibility highlights the role amyloid formation can play in the tolerance of biofilm
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bacteria to specific antibiotics. Thus, the co-administration of a-sheet peptides and antibiotics

represents a promising strategy for the treatment of critical biofilm infections.

3.2 Background and Motivation

Nosocomial (healthcare-associated) infections afflict approximately 15% of all
hospitalized patients?3. These infections occur in both developed and developing countries, and
they often result in prolonged hospital stays, significant financial burden, and disability*?3,
Multidrug resistant bacteria are implicated in at least 14% of all nosocomial infections in the
United States, and this number continues to rise!?#12%, Increased resistance is accompanied by a
sharp decline in the development of new antibiotics, which has resulted in a global healthcare
crisis?®, Antibiotic resistance is caused in part by the overuse and misuse of antibiotics, as
selective pressure can accelerate conferred resistance!?’. Bacteria within a biofilm are
significantly less susceptible to antibiotics due to numerous complex mechanisms including the
structural barrier provided by the extracellular matrix (ECM), ECM-sequestered antibiotic-
degrading enzymes, and phenotypic/metabolic changes in sessile bacteria orchestrated by cell-to-
cell communication??,

Biofilms are microbe-generated, surface-associated ECMs composed of cells and
secreted insoluble extracellular molecules (proteins, polysaccharides, and extracellular DNA)
that facilitate cell communication and protect cells from the surrounding environment (i.e., host
immune response and antibiotics)3!. Biofilm cells are 10-1000 times less susceptible to
antibiotics than free-floating, or planktonic, cells®2. This reduced sensitivity is attributed both to
the physical barrier of the ECM and to the capacity for cells present in the nutrient-lacking

biofilm to exhibit low growth rates and reduced metabolic activity, effectively resulting in
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transient antibiotic resistance®3. Biofilms can foster “persister” cells that can often lead to
recalcitrance and reestablishment of infection, and they are thought to have a significant role in
acquired resistance®,

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are robust biofilm-
forming bacteria that are often implicated in drug-resistant nosocomial infections. Uropathogenic
E. coli (UPEC) alone account for approximately 50% of all hospital-acquired infections?,
Although antibiotic resistance varies between isolates, UPEC strains have exhibited resistance to
a wide range of antibiotics including fluoroquinolones, amoxicillin, cephalosporin, and
ampicillin?°. Many S. aureus strains have also demonstrated clinical resistance to a vast majority
of antibiotics including aminoglycosides, tetracyclines, all p-lactam antibiotics, and more3212°,

To date, many anti-biofilm efforts have focused on the destabilization of the 3D structure
of the biofilm ECM, prompting bacteria to return to the planktonic state and resulting in
increased sensitivity of the treated biofilm to antibiotics. Biofilm dispersal can be achieved
through various matrix-degrading enzymes such as proteases, deoxyribonucleases, and glycoside
hydrolases!3%-132, Other strategies employ antibiofilm peptides, peptide mimetic graphene
quantum dots, or oligosaccharides for specific protein or extracellular DNA targets in the
extracellular polymeric substance®*-135, While these techniques can render biofilms more
susceptible to antibiotic treatment, some biofilms have shown resistance to various dispersion
agents. Further, small molecule agents can be degraded by bacteria or can rapidly diffuse away
from biofilms. Thus, the identification of new extracellular targets, such as amyloid proteins, and
the development of novel inhibition or dispersion methods is desirable.

Multidrug resistance of E. coli and S. aureus is partially attributed to their ability to form

biofilms that are structurally reinforced by the incorporation of insoluble amyloid fibrils!232.120-
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122 Mature amyloid fibrils serve as structural scaffolds and mediate dispersion of chemical or
mechanical agents'16:31.121.136.137 'F coli, a gram-negative bacterium, produces amyloid fibrils
known as curli in its biofilm'?11%8_ Curli biogenesis involves seven genes that are transcribed by
two separate operons: csgBAC and csgDEF*?%, CsgA and CsgB form the amyloid fibrils, and
CsgC, CsgD, CsgE, and CsgF are involved either in the secretion-assembly machinery or
function to activate transcription of the csgBAC operon'?!. This complex machinery has evolved
to tightly regulate curli biogenesis to avoid unnecessary resource expenditure and to protect the
cell from self-toxicity associated with the accumulation of intracellular aggregates'?*. The
toxicity risk is minimized by secreting precursors to the growing curli fibers outside of the cell
thereby restricting amyloid formation to the cell surface alone.

In S. aureus, a gram-positive bacterium, phenol soluble modulins (PSMs) aggregate to
form amyloid fibrils that fortify the biofilm matrix'2136.137 PSMs are surfactant-like peptides
that, in the monomeric form, are responsible for the promotion of biofilm disassembly*%’.
However, during biofilm assembly, PSMa3 forms small aggregates capable of seeding
fibrilization that then undergo secondary nucleation by PSMal, PSMa3 and PSMB1%3¢. Notably,
mutant strains lacking the machinery to produce PSMs are more susceptible to biofilm
degradation?®’. Although the mechanisms of amyloid formation in S. aureus are not fully
characterized, the regulation of PSM aggregation has a clear and significant role in biofilm
assembly and disassembly*?’.

Previous studies demonstrate that by inhibiting amyloid fibrilization, de novo a-sheet
peptides (APs) can weaken bacterial biofilms and significantly reduce biofilm density in various
bacteria, including E. coli and S. aureus*?1¢. Importantly, in vitro aggregation studies with CsgA

and PSMal indicate that both proteins form a-sheet structure at the end of the lag phase of
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aggregation and that a-sheet peptides significantly inhibit the aggregation of CsgA and
PSMa1%218, Therefore, the in vitro aggregation studies suggest that amyloid inhibition by a-sheet
peptides in E. coli and S. aureus is mediated by interactions between the oligomeric species
formed by CsgA and PSMal, respectively, that have the same conformation.

Interestingly, amyloid and biofilm inhibition by APs does not cause cell death,
eliminating the concern of selective pressure leading to acquired resistance!®. Instead, amyloid
inhibition facilitates a shift in cells from the biofilm to the planktonic state, rendering the bacteria
more susceptible to antibiotics'®. In a previous study, AP401 is shown to significantly increases
the susceptibility of uropathogenic E. coli to gentamicin?. In this chapter, previous work is
expanded upon to investigate the capacity for AP90 and AP401, two 23-residue a-sheet peptides
with identical sequences but opposite chirality at each residue (Appendix A, Figure A.1), to
increase the susceptibility of both E. coli and S. aureus to five different antibiotics, each with
different mechanisms of action. E. coli and S. aureus clinical isolates (UTI89 and MNS8,

respectively) were used for the following studies (Appendix A, Table A.2).

3.3 Results

3.3.1 E. coli UTI89 and S. aureus MN8 are multidrug resistant

Preliminary experiments were first conducted to quantify the susceptibility of mature E.
coli UTI89 and S. aureus MN8 biofilms to five different antibiotics: amoxicillin (an amino-
penicillin effective against many uropathogenic E. coli and Staphylococcus species???),
ciprofloxacin (a broad spectrum fluroquinolone active against both gram-positive and gram-
negative bacteria'#?), erythromycin (a macrolide primarily effective against gram-positive

bacterial4), gentamicin (an aminoglycoside primarily effective against gram-negative
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bacterial#?), and vancomycin (a tricyclic glycopeptide used against gram-positive bacterial*?).
Four concentrations were tested per antibiotic (100 pg/mL, 300 pg/mL, 500 pg/mL, 1,000 pg/
mL) and the total biofilm colony forming units (CFUs) of the antibiotic conditions were
compared to the non-antibiotic control condition to determine the CFU fold reduction upon
antibiotic addition after 24 (S. aureus) or 48 (E. coli) total hours. Fold reductions were calculated
by dividing the control biofilm CFU in the absence of antibiotic by the experimental biofilm
condition CFU in the presence of antibiotic. Biofilm resistance was observed to varying extents
for both bacteria as measured by CFU fold reduction (Table 3.1 and Table 3.2).

E. coli exhibited the highest susceptibility to gentamicin at each of the tested
concentrations (40,789-fold CFU reduction at 1,000 pug/mL) and showed very little susceptibility
to the other tested antibiotics (Table 3.1). Erythromycin and vancomycin were predicted to have
minimal effect on E. coli, as they are primarily effective against gram-positive bacteriat4%14,
However, the lack of effect of ciprofloxacin and amoxicillin on biofilm CFUs indicates that

UTI89 biofilms exhibit multidrug resistance.
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UTI89 Antibiotic Fold Reductions
Antibiotic Concentration (ug/mL)

100 300 500 1000*
Amoxicillin 1.6+0.6 4.5+3.0 8.36.5 2.3+1.0
Ciprofloxacin 1.840.4 3.4%1.9 4.8+3.7 2.5+0.7
Erythromycin 1.9+0.5 1.7+0.5 1.7+0.5 1.9+0.6
Gentamicin 96.9+55 7754301 704542276 40789+18290
Vancomycin 1.6+1.2 1.7+0.8 1.9+0.8 2.1+1.1

Table 3.1. Fold reductions for the addition of antibiotics to UT189 WT for CFUs measured
after 48 hours. Fold reductions were calculated as the control UTI89 biofilm CFU in the
absence of antibiotics divided by the condition biofilm CFU in the presence of antibiotics.
Values are mean * standard error. *Some antibiotics (amoxicillin and ciprofloxacin) are not fully

soluble in media at concentrations of 1000 pg/mL.

S. aureus exhibited the highest susceptibility to vancomycin at each concentration (Table
3.2). Interestingly, the highest CFU fold reduction (8.5-fold) was observed with 300 pug/mL
rather than 500 or 1,000 pg/mL. Ciprofloxacin was also effective against S. aureus, resulting in a
5.4-fold reduction at 1,000 pug/mL (Table 3.2). S. aureus was minimally susceptible to
amoxicillin, erythromycin, and gentamicin with the highest fold reduction of only 2.7-fold for
1000 pg/mL gentamicin (Table 3.2). As gentamicin is primarily effective against gram-negative
bacteria'#?, the antibiotic was expected to have minimal effect against S. aureus. However, the
lack of susceptibility to amoxicillin and erythromycin indicates that MN8 biofilms exhibit

multidrug resistance.
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MNS8 Antibiotic Fold Reductions
Antibiotic Concentration (ug/mL)

100 300 500 1000*
Amoxicillin 1.9+1.0 1.5+0.7 1.4+0.6 1.2+0.5
Ciprofloxacin 1.7+0.5 2.240.6 3.5+2.0 5.4+2.4
Erythromycin 1.210.4 1.80.6 1.620.5 2.0+1.1
Gentamicin 1.840.9 2.1+1.0 2.5+1.1 2.7+1.2
Vancomycin 2.4+1.1 8.55.8 7.35.3 7.843.3

Table 3.2. Fold reductions for the addition of antibiotics to MN8 biofilms for CFUs
measured after 24 hours. Fold reductions were calculated as the control MN8 biofilm CFU in
the absence of antibiotics divided by the condition biofilm CFU in the presence of antibiotics.

Values are mean + standard error.

Based on these results, an antibiotic concentration of 300 pug/mL was used for the
following studies incorporating the a-sheet peptides. This concentration was selected because a
reduction in biofilm formation was observed for all antibiotics and both bacteria at this
concentration. Additionally, this antibiotic concentration falls within the range of known
minimum biofilm inhibitory concentrations (bMICs) for uropathogenic E. coli and methicillin

susceptible S. aureus (MSSA) for the five antibiotics tested'441% (Appendix C).

3.3.2 a-Sheet peptides inhibit amyloid formation and reduce biofilm density
UTI89 and MNS8 biofilms were then grown with a-sheet peptides (no antibiotics) to

determine the effect of the peptides on amyloid formation and biofilm density. The amyloid dye
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ThT was used an indicator of amyloid fibril content as it fluoresces upon binding p-sheet
fibrils!6, As ThT also binds nonspecifically to the bacterial cell surface!?, UTI89 experiments
included a non-amyloid forming control mutant strain, UTI89 ACsgA, as an estimate of
nonspecific ThT fluorescence.

For UTI89 experiments, a significant reduction in ThT fluorescence was observed for all
peptide conditions except for 20 uM AP90 (Figure 3.1A). The 40 uM AP401 condition had the
largest reduction (49.3%) as compared to the UTI89 control (p<0.0001). This reduction was
comparable to that of the UTI89 ACsgA control, indicating complete inhibition of amyloid fibril
formation. For MN8 experiments, a significant reduction in ThT fluorescence was also observed
for all peptide conditions except for 25 uM AP401 (Figure 3.1B). The 125 uM AP401 condition
showed the greatest reduction with an 18.2% fluorescence reduction as compared to the MN8

control (p=0.01).
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Figure 3.1. a-Sheet peptides inhibit amyloid formation and reduce biofilm cell density. Both
a-sheet peptides inhibited amyloid formation as indicated by reduced ThT fluorescence. Biofilm
ThT fluorescence values are reported as percent of the average UTI89 or MN8 peptide-free

control fluorescence. For UTI89 (A), 40 uM AP401 caused the greatest reduction in fluorescence
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of 49% as compared to the UTI89 control (p<0.0001). For MN8 (B), the 125 uM AP401
condition caused the greatest reduction of 18.2% as compared to the MN8 control (p=0.01).
Significant reductions in biofilm formation as quantified by indirect cell density measurements
(ODs0o) were also observed for both peptides and bacteria. For UTI89 (C), 40 uM AP401
reduced biofilm formation to the level of the control UTI89 ACsgA strain (p<0.0001). For MN8
(D), both AP90 conditions significantly reduced biofilm formation (p=0.0334 and p=0.0485 for
25 uM and 125 uM, respectively) while neither AP401 condition caused a significant reduction.

All values are mean and standard deviation for three replicates.

The optical density (ODsoo) of the biofilms was quantified as an indirect measure of
bacterial cells in the biofilm. For UTI189, all peptide conditions caused a significant reduction in
biofilm density (Figure 3.1C). The 40 uM AP401 condition caused a 42% reduction in biofilm
density (p<0.0001) as compared to the UTI89 control which is equal to the reduction seen for
UTI89 ACsgA, providing additional evidence of complete inhibition of CsgA fibrilization by
AP401. For MNS8, a significant reduction in biofilm density was observed only for the AP90
conditions (p=0.0334 and p=0.0485 for 25 uM and 125 pM, respectively) (Figure 3.1D). These
data indicate that the o-sheet peptides inhibit amyloid formation as indicated by ThT
fluorescence and that this inhibition correlates to a reduction in biofilm formation as measured
by ODsoo. Additionally, variable efficacy by the two peptides was observed for both bacterial
strains with AP401 showing increased amyloid inhibition and biofilm reduction for UT89 and

AP90 demonstrating a greater effect for MN8.
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3.3.3 Curli inhibition by AP90 and AP401 renders E. coli more susceptible to antibiotics

After establishing the susceptibility of mature E. coli biofilms to the antibiotics (Table
3.1) and determining the effect of the a.-sheet peptides on curli fibril and biofilm inhibition
(Figure 3.1A and Figure 3.1C), the effect of the co-administration of the a-sheet peptides and
antibiotics on biofilm antibiotic susceptibly was investigated. For each E. coli antibiotic
condition, the susceptibility of the UTI89 strain was compared to the non-amyloid-forming
control mutant strain, UTI89 ACsgA. Because the hypothesis is contingent on the understanding
that curli fortifies the biofilm and increases antibiotic resistance, the CsgA knockout strain was
predicted to be more susceptible than UTI89 to each antibiotic without a-sheet peptide
treatment. This was the case for all antibiotics tested except for amoxicillin where a comparable
effect was observed (Figures 3.2-3.6).

The comparison of antibiotic susceptibility of wild-type UT189 biofilms treated with a-
sheet peptides to the antibiotic susceptibility of UTI89 ACsgA biofilms also allows for
conclusions to be drawn regarding the extent of curli inhibition. Notably, in cases where UTI89
ACsgA is not more susceptible to an antibiotic than UTI89 treated with a-sheet peptides, it can
be deduced that biofilm fortification by curli does not play a significant role in E. coli antibiotic
resistance. In these cases, a-sheet peptides would likely have a lesser effect on antibiotic

susceptibility. The findings are discussed below and summarized in Table 3.3.

UTI89 Susceptibility: Amoxicillin
For the non-antibiotic conditions, addition of both peptides significantly reduced biofilm
formation as compared to the UTI89 strain with AP401 showing a reduction equal to that of the

UTI89 ACsgA control strain (p<0.0001 for all) (Figure 3.2A). For the antibiotic conditions,
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AP401 caused a non-significant reduction in biofilm formation (Figure 3.2A). Both UTI89 and
UTI89 ACsgA exhibited a 4-fold reduction in CFUs when exposed to 300 pg/mL amoxicillin,
suggesting that curli formation does not have a significant effect on biofilm resistance to this
antibiotic (Figure 3.2B). It was therefore predicted that the designed peptides would not have a
large effect on biofilm clearance by amoxicillin. Interestingly, the CFU fold reduction of UTI89
increased to 12-fold when incubated with AP401 (Figure 3.2B). This indicates that UT189
biofilms are 3x more susceptible to amoxicillin with co-administration of AP401. In contrast,

AP90 had a minimal effect on UTI89 biofilm susceptibility to amoxicillin.
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Figure 3.2. AP90 and AP401 improve UTI89 biofilm susceptibility to amoxicillin. A) Both
synthetic a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic
conditions for the E. coli strain UTI89. Biofilm formation was quantified as CFU/mL for UTI89
biofilms without (plain bars) and with antibiotics (striped bars) after 48 hours. Values are mean +
standard deviation for three replicates and p-values are indicated as follows: ns = not significant;

**** p<0.0001. B) The co-administration of AP401 and amoxicillin demonstrated increased
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antibiotic susceptibility for UTI89 biofilms. Fold reductions were calculated from biofilm CFU
values after 48 hours as control UTI89 CFU in the absence of antibiotics divided by the
condition CFU in the presence of antibiotics. Values are mean + standard error. AP401 caused a
greater fold reduction than AP401, and AP401 increased UTI89 susceptibility beyond the level

observed for the control UTI89 ACsgA strain.

UTI89 Susceptibility: Ciprofloxacin

As previously demonstrated, for the non-antibiotic conditions, addition of both peptides
caused a statistically significant reduction in biofilm formation as compared to UTI89, with
AP401 causing a greater reduction (p=0.0020 for AP90 and p<0.0001 for AP401) (Figure
3.3A). A significant reduction was observed for both a-sheet peptides as compared to the UTI89
strain for ciprofloxacin treated conditions (p<0.0001) (Figure 3.3A). Ciprofloxacin applied to
UTI89 biofilms resulted in a 1.7-fold reduction in CFUs (Figure 3.3B). UTI89 ACsgA exhibited
an 18-fold CFU reduction upon ciprofloxacin treatment, indicating that amyloid incorporation
into UTI89 biofilms has a critical role in establishing resistance to the antibiotic (Figure 3.3B).
When grown with AP90 and AP401, the UTI89 CFU fold reduction increased to 11 and 28,
respectively (Figure 3.3B). a-Sheet peptide inhibition of curli formation rendered UTI89
biofilms more susceptible to ciprofloxacin, with AP401 increasing susceptibility beyond that of

the non-amyloid forming control strain, UTI89 ACsgA.
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Figure 3.3. AP90 and AP401 improve UTI89 biofilm susceptibility to ciprofloxacin. A) Both

synthetic a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic

conditions for the E. coli strain UTI189. Biofilm formation was quantified as CFU/mL for UTI89

biofilms without (plain bars) and with antibiotics (striped bars) after 48 hours. Values are mean £

standard deviation for three replicates and p-values are indicated as follows: *** p<0.001, ****

p<0.0001. B) The co-administration of a-sheet peptides and ciprofloxacin resulted in an

increased antibiotic susceptibility for UTI89. Fold reductions were calculated from biofilm CFU

values after 48 hours as control UTI89 CFU in the absence of antibiotics divided by the

condition CFU in the presence of antibiotics. Values are mean * standard error. AP401 caused a

greater fold reduction than AP401, and AP401 increased UTI89 susceptibility beyond the level

observed for the control UTI89 ACsgA strain.



60

UTI189 Susceptibility: Erythromycin

For the erythromycin conditions, AP401 significantly reduced biofilm formation to the
level of the UTI89 ACsgA control strain (p=0.028) (Figure 3.4A). Erythromycin applied to
UTI89 biofilms caused a 1.8-fold CFU reduction, and a 5.6-fold reduction with UTI89 ACsgA
(Figure 3.4B). When grown with AP90 or AP401, UTI89 CFU fold reduction increased to 3.6
and 4.8, respectively (Figure 3.4B). These CFU fold reduction values are relatively low even
with significant amyloid inhibition by AP90 and AP401, but this was expected since

erythromycin is not active against gram-negative bacteria'4!.
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Figure 3.4. AP90 and AP401 improve UTI89 biofilm susceptibility to erythromycin. A)
Both synthetic a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic
conditions for the E. coli strain UTI89. Biofilm formation was quantified as CFU/mL for UTI89
biofilms without (plain bars) and with antibiotics (striped bars) after 48 hours. VValues are mean +
standard deviation for three replicates and p-values are indicated as follows: ns = not significant;

** p<0.01, **** p<0.0001. B) The co-administration of a-sheet peptides and erythromycin



61

demonstrated increased biofilm antibiotic susceptibility for UTI89. Fold reductions were
calculated from biofilm CFU values after 48 hours as control UTI89 CFU in the absence of
antibiotics divided by the condition CFU in the presence of antibiotics. Values are mean +

standard error. AP401 caused a greater fold reduction than AP90.

UTI89 Susceptibility: Gentamicin

Application of gentamicin caused the greatest reduction in UTI89 biofilm formation of
the five antibiotics tested, corresponding to an almost 800-fold reduction in UTI89 biofilm
CFUs. Further, UTI89 ACsgA showed a 3.8 x 103-fold reduction to gentamicin, indicating that
amyloid formation contributes significantly to UTI89 biofilm resistance to gentamicin (Figure
3.5B). Both AP90 and AP401 rendered UTI89 biofilms significantly more susceptible to
gentamicin, with CFU fold reductions increasing to 2.6 x 10 and 5.3 x 10%, respectively (Figure

3.5B).
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Figure 3.5. AP90 and AP401 improve UTI89 biofilm susceptibility to gentamicin. A) Both
synthetic a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic
conditions for the E. coli strain UTI89. Biofilm formation was quantified as CFU/mL for UTI89
biofilms without (plain bars) and with antibiotics (striped bars) after 48 hours. Values are mean £
standard deviation for three replicates and p-values are indicated as follows: ns = not significant;
**** n<0.0001. B) The co-administration of a-sheet peptides and gentamicin demonstrated
increased antibiotic susceptibility for UTI89 biofilms. Fold reductions were calculated from
biofilm CFU values after 48 hours as control UTI89 CFU in the absence of antibiotics divided by
the condition CFU in the presence of antibiotics. Values are mean + standard error. AP401
caused a greater fold reduction than AP90, and AP401 increased UTI89 biofilm susceptibility

beyond the level observed for the control UTI89 ACsgA strain.
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UTI89 Susceptibility: Vancomycin

For the vancomycin conditions, both peptides significantly inhibited biofilm formation as
compared to UTI89 (p=0.0019 for AP90 and p=0.0002 for AP401) and reduced biofilm
formation to levels comparable to UTI89 ACsgA (Figure 3.6A). Vancomycin exposure led to a
1.5-fold CFU reduction in mature UTI89 biofilms, and a 7-fold reduction in UTI89 ACsgA
biofilms (Figure 3.6B). Although vancomycin is primarily used against gram-positive
bacterial*, the fold reduction discrepancy observed between UTI89 and UTI89 ACsgA suggests
that curli inhibition by a-sheet peptides may result in increased vancomycin biofilm
susceptibility. Indeed, AP90 and AP401 increased UTI89 CFU fold reductions to 6.5 and 14.6,
respectively (Figure 3.6B). Incubation of UTI89 with AP401 therefore resulted in a 10x greater
fold reduction by vancomycin. These data are notable in that they demonstrate that amyloid fibril
inhibition can improve susceptibility to a wide range of antibiotics, regardless of the antibiotic’s

specific mechanism of action.
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Figure 3.6. AP90 and AP401 improve UTI89 biofilm susceptibility to vancomycin. A) Both

synthetic a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic

conditions for the E. coli strain UTI89. Biofilm formation was quantified as CFU/mL for UTI89

biofilms without (plain bars) and with antibiotics (striped bars) after 48 hours. Values are mean +

standard deviation for three replicates and p-values are indicated as follows: *** p<0.001, ****

p<0.0001. B) The co-administration of a-sheet peptides and vancomycin demonstrated an

increased antibiotic susceptibility for UTI89. Fold reductions were calculated from biofilm CFU

values after 48 hours as control UTI89 CFU in the absence of antibiotics divided by the

condition CFU in the presence of antibiotics. Values are mean + standard error. AP401 caused a

greater fold reduction than AP401, and AP401 increased UTI89 biofilm susceptibility beyond

the level observed for the control UTI89 ACsgA strain.
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3.3.4. AP90 and AP401 increase S. aureus biofilm susceptibility to antibiotics

After establishing the susceptibility of mature S. aureus biofilms to the antibiotics (Table
3.2) and determining the effect of the a-sheet peptides on MN8 amyloid fibrilization and biofilm
formation (Figure 3.1B and Figure 3.1D), the effect of the co-administration of the a-sheet

peptides and antibiotics on MN8 antibiotic susceptibility was investigated.

MNS8 Susceptibility: Amoxicillin

For the non-antibiotic conditions, both peptides caused a significant reduction in biofilm
formation as compared to the MN8 control, with AP90 having a bigger effect than AP401
(p=0.0038 for AP90 and p=0.04 for AP401) (Figure 3.7A). A significant reduction was also
observed for both peptides for the antibiotic conditions (p<0.0001 for AP90 and p=0.001 for
AP401) (Figure 3.7A). When applied to mature MN8 biofilms, amoxicillin caused a 1.4-fold
reduction in total CFUs (Figure 3.7B). Incubation with both AP90 and AP401 increased MN8
biofilm susceptibility to the antibiotic, resulting in a 3.3-fold and 2.8-fold CFU reduction,
respectively (Figure 3.7B). Although the peptides did cause a small increase in antibiotic
susceptibility, the magnitude of the change likely indicates that the MN8 biofilm resistance to

amoxicillin is largely independent of amyloid formation.
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Figure 3.7. AP90 and AP401 improve MN8 susceptibility to amoxicillin. A) The a-sheet
peptides inhibited S. aureus biofilm formation for the non-antibiotic and antibiotic conditions as
measured by CFUs. Biofilm formation was quantified as CFU/mL for MN8 biofilms without
(plain bars) and with antibiotics (striped bars) after 24 hours of growth. Values are mean +
standard deviation for three replicates and p-values are indicated as follows: * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. B) The co-administration of a-sheet peptides and
antibiotics increased amoxicillin susceptibility for MN8 biofilms. Fold reductions were
calculated from biofilm CFU values after 24 hours as control MN8 CFU in the absence of
antibiotics divided by the condition CFU in the presence of amoxicillin. Values are mean +
standard error. Both peptides increased susceptibility to amoxicillin, and a larger effect was

observed with AP90.
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MNS8 Susceptibility: Ciprofloxacin

As previously shown, for the non-antibiotic conditions, both peptides caused a reduction
in biofilm formation with AP90 causing a greater reduction (p=0.0016 for AP90) (Figure 3.8A).
For the ciprofloxacin conditions, only AP90 caused a reduction in biofilm formation (Figure
3.8A). The addition of ciprofloxacin caused a 2.8-fold reduction in CFUs for the MN8 control
while the AP90 and AP401 conditions showed a 5.1-fold and 2.1-fold reduction, respectively
(Figure 3.8B). The small fold change with AP90 indicates that amyloid formation contributes to
but is not the primary factor in MN8 biofilm ciprofloxacin resistance.

A (-) Ciprofloxacin (+) Ciprofloxacin B Ciprofloxacin Fold Reduction

ns ns 10+

7.5%107 | |
Ak ns

8-
6.0x107 :[
2 6

S
4.5%107 l .3
=]
T
Q
_EJ @
=]
S 3.0x1074 = 44 —_—
g 2
1.5%107 % 2+
0.0 T T T T T T
%“ Q: '\'\‘ %.x g.‘ \3‘ ¢ ! ! J
‘}\\ vg‘) ‘g@ *“\ vg% vg“% MN8 AP90 AP401

Figure 3.8. AP90 and AP401 improve MN8 susceptibility to ciprofloxacin. A) Both a-sheet
peptides inhibited S. aureus biofilm formation for the non-antibiotic conditions and AP90
inhibited S. aureus biofilm formation for the antibiotic conditions as measured by CFUs. Biofilm
formation was quantified as CFU/mL for MN8 biofilms without (plain bars) and with antibiotics
(striped bars) after 24 hours of growth. Values are mean * standard deviation for three replicates

and p-values are indicated as follows: ns = not significant and ** p<0.01. B) The co-
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administration of AP90 and ciprofloxacin increased antibiotic susceptibility for MN8 biofilms.
Fold reductions were calculated from biofilm CFU values after 24 hours as control MN8 CFU in
the absence of antibiotics divided by the condition CFU in the presence of antibiotics. Values are

mean * standard error. AP401 had no significant effect on MN8 susceptibility to ciprofloxacin.

MN8 Susceptibility: Erythromycin

The addition of erythromycin to mature MN8 biofilms caused a 2.5-fold reduction in
biofilm CFUs (Figure 3.9A). For the antibiotic conditions, both peptides caused a significant
reduction in CFUs (p=0.02 and p=0.035 for AP90 and AP401, respectively) with fold reductions
of 9.4 for AP90 and 7.8 for AP401 (Figure 3.8B). These improvements in fold reductions

suggest that amyloid formation is a factor in MN8 biofilm resistance to erythromycin.
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Figure 3.9. AP90 and AP401 improve MN8 susceptibility to erythromycin. A) The a-sheet

peptides inhibited S. aureus biofilm formation for the non-antibiotic and antibiotic conditions as
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measured by CFUs. Biofilm formation was quantified as CFU/mL for MN8 biofilms without
(plain bars) and with antibiotics (striped bars) after 24 hours of growth. Values are mean +
standard deviation for three replicates and p-values are indicated as follows: ns = not significant;
* p<0.05, ** p<0.01. B) The co-administration of a-sheet peptides and antibiotics increased
erythromycin biofilm susceptibility for MN8. Fold reductions were calculated from biofilm CFU
values after 24 hours as control MN8 CFU in the absence of antibiotics divided by the condition
CFU in the presence of erythromycin. Values are mean + standard error. Both peptides increased

susceptibility to erythromycin, and a larger effect was observed with AP90.

MN8 Susceptibility: Gentamicin

Gentamicin was predicted to have a minimal effect on S. aureus as it targets aerobic
gram-negative bacteria by passing through the gram-negative membrane!#?. Both a-sheet
peptides caused a significant reduction in biofilm formation as compared to the MN8 strain with
gentamicin only (p=0.04 for both peptides) (Figure 3.10A). When applied to mature MN8
biofilms, gentamicin reduced CFUs 1.6-fold (Figure 3.10B). Incubation with AP90 and AP401
increased MN8 susceptibility, corresponding to a 2.8-fold reduction in biofilm CFUs for both
peptides (Figure 3.10B). As was observed with E. coli UTI89 and both erythromycin and
vancomycin, these data are notable in that they demonstrate that amyloid fibril inhibition can
improve susceptibility to a wide range of antibiotics, regardless of the antibiotic’s specific

mechanism of action.
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Figure 3.10. AP90 and AP401 improve MN8 susceptibility to gentamicin. A) The a-sheet
peptides inhibited S. aureus biofilm formation for the non-antibiotic and antibiotic conditions as
measured by CFUs. Biofilm formation was quantified as CFU/mL for MN8 biofilms without
(plain bars) and with antibiotics (striped bars) after 24 hours of growth. Values are mean +
standard deviation for three replicates and p-values are indicated as follows: ns = not significant
and * p<0.05. B) The co-administration of a-sheet peptides and antibiotics increased gentamicin
susceptibility for MN8 biofilms. Fold reductions were calculated from biofilm CFU values after
24 hours as control MN8 CFU in the absence of antibiotics divided by the condition CFU in the
presence of gentamicin. Values are mean + standard error. Both peptides increased susceptibility

to gentamicin to the same extent.
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MN8 Susceptibility: Vancomycin

For the vancomycin conditions, incubation with AP90 and AP401 led to a non-significant
reduction in biofilm CFUs (Figure 3.11A). Vancomycin reduced MN8 biofilm CFUs 12-fold,
and AP90 and AP401 successfully increased susceptibility further, corresponding to CFU fold
reductions of 24 and 16, respectively (Figure 3.11B). These data confirm that MN8 amyloid
formation increases biofilm resistance to vancomycin and that the amyloid inhibiting peptides

improved biofilm antibiotic susceptibility with varying efficacy between the two peptides.

A (-) Vancomycin (+) Vancomycin B Vancomycin Fold Reduction
*ok ns 60-
3.0%107+ | * | ns
484
2.4x1074 l _ _
c
L
Eed 36_
1.8%107- l o B
2
= ©
S 1.2x107- T 24
w o b
Q '8
6.0x105+ 124
0.0 ‘| : : é_é_é_x ] h c . T T
& o o Q* O N+ MN8 AP90 AP401
S 3
“ﬁ“ ‘g ‘Sb. ‘}% v?Q vghb

Figure 3.11. AP90 and AP401 improve MN8 susceptibility to vancomycin. A) The a-sheet
peptides inhibited S. aureus biofilm formation for the non-antibiotic and antibiotic conditions as
measured by CFUs. Biofilm formation was quantified as CFU/mL for MN8 biofilms without
(plain bars) and with antibiotics (striped bars) after 24 hours of growth. Values are mean +
standard deviation for three replicates and p-values are indicated as follows: ns = not significant;
** p<0.01, *** p<0.001. B) The co-administration of a-sheet peptides and antibiotics increased

vancomycin susceptibility for MN8 biofilms. Fold reductions were calculated from biofilm CFU
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values after 24 hours as control MN8 CFU in the absence of antibiotics divided by the condition
CFU in the presence of vancomycin. Values are mean * standard error. Both peptides increased

susceptibility to vancomycin, and a larger effect was observed with AP90.

The findings from the UTI89 and MN8 biofilm antibiotic susceptibility experiments are

summarized in Table 3.3.

Summary of Findings

Increased Biofilm Susceptibility?

AP90+abx AP401+abx
E. coli UTI89 Amoxicillin v N4
Ciprofloxacin Vv vV
Erythromycin v v
Gentamicin VAN N
Vancomycin v v Navavs
S. aureus MN8 Amoxicillin v v
Ciprofloxacin J v
Erythromycin v vV
Gentamicin v v
Vancomycin VA vV

Table 3.3. Summary of findings. v' = 1-5 fold reduction, v'v' = 5-10 fold reduction, v'v'v'=10-

100 fold reduction, v'v/v'v=100-1000 fold reduction, v vV vv=>1000 fold reduction.

3.4 Discussion

Increased rates of antibiotic resistance pose a global threat and there thus exists a

significant need to develop novel methodologies to target microbial infections, particularly those
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that are biofilm-associated. The ongoing emergence of multidrug resistant strains and the use of
some drugs only as antibiotics of last resort disincentives the development of new antibiotics.
Approaches like the strategy presented in this Chapter are advantageous as they may facilitate
the continued use of existing antibiotics for treatment. Here, a strategy is presented to increase
the biofilm susceptibility of amyloid-forming bacteria to antibiotics without introducing selective
pressure and invoking the risk of acquired resistance. It has previously been shown that a-sheet
peptides inhibit curli formation, increase E. coli susceptibility to gentamicin, and improve
macrophage clearance’®. The findings reported here expand on previous research by
demonstrating that a-sheet peptides reduce biofilm cell density as reported by CFU
quantification (Figures 3.2A-3.11A) and ODeoo (Figure 3.1 C-D) and are effective at increasing
antibiotic susceptibility of both gram-negative (E. coli) and gram-positive (S. aureus) bacteria to
multiple classes of antibiotics (Figures 3.2B-3.11B and Table 3.3). The results reported here
suggest that the de novo a-sheet peptides may be universally effective against amyloid-producing
bacteria, although additional bacterial strains must be tested utilizing the outlined methodologies
to confirm this hypothesis.

Although the a-sheet peptides proved effective at increasing biofilm antibiotic
susceptibility of both E. coli and S. aureus, the results reported here suggest key differences in
the response of the bacteria to amyloid inhibition by APs. A higher peptide concentration was
required to achieve a significant increase in S. aureus biofilm formation and antibiotic
susceptibility (100 uM vs. 30 uM in E. coli), and it was hypothesized that the observed
differences arise because E. coli is a gram-negative bacterium while S. aureus is gram-positive.
Gram-positive bacteria are encompassed by thick layers of peptidoglycan, while gram-negative

bacteria have much thinner peptidoglycan cell walls surrounded by an outer membrane
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composed of lipopolysaccharide'®. Variations in the cell surface may differentially affect the
ability for the de novo a-sheet peptides to access the growing amyloid fibril located on the cell
surface. The observed differences may also be due to variations in the amount of amyloid
precursor secreted by and incorporated into the biofilms of E. coli and S. aureus.

Discrepancies were also observed in the relative potency of AP90 and AP401 in the two
bacteria. Previously, it was demonstrated that AP401 is a more potent inhibitor of curli
biogenesis than its structural isomer, AP90*6. AP90 and AP401 have the same amino acid
sequence, but every amino acid has the opposite chirality'®, and it was hypothesized that the
elevated potency of AP401 in E. coli was due to the presence of D-amino acids in the hairpin
turn resulting in increased stability to proteases. The results presented here suggest that AP401 is
not only a more potent inhibitor of curli formation, but that this elevated inhibition also translates
to a larger effect on biofilm antibiotic susceptibility. Interestingly, there was a smaller potency
difference between AP90 and AP401 in S. aureus with AP90 causing a greater effect for four
antibiotics. D-amino acids are frequently incorporated into gram-positive cell walls which are
composed of thick peptidoglycan layers'®. Because S. aureus utilizes D-amino acids in its cell
wall, the bacteria may also produce proteases that are designed to cleave the peptide bond
between D-amino acids. Therefore, AP401 may not be more stable than AP90 to proteases in S.
aureus, as is hypothesized to be the case in E. coli.

The designed peptides employed here improved bacterial biofilm antibiotic susceptibility
to varying extents for each antibiotic. The observed variations can be attributed both to the
differences between the mechanism of action of each antibiotic, as well as to the mechanism that
governs the bacterium’s resistance to the antibiotic. AP90 and AP401 are amyloid inhibitors, and

the hypothesis presented in this Chapter is contingent on amyloid formation contributing a
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significant effect to reduced biofilm antibiotic sensitivity. However, AP90 and AP401 may not
have any effect on a bacterium’s resistance if the mechanism of resistance is unrelated to biofilm
fortification by amyloid fibrils.

Previous studies have identified several other compounds with anti-amyloid activity
against bacterial biofilms, including peptides, proteins, curlicides, graphene quantum dots, and
polyphenols®®-15°, However, in some cases, such as for the plant flavonoids luteolin, myricetin
and quercetin, biofilm inhibition was seen in some bacteria (E. coli and S. aureus) while an
increase or no change in biofilm formation was observed in other bacteria (P. aeruginosa)*€°.
Additionally, while some compounds have successfully inhibited biofilm formation, most
compounds have not been tested with antibiotics, or have in fact been shown to increase
antibiotic resistance. In one study, the anti-amyloidogenic polyphenol epigallocatechin gallate
(EGCG) caused reduced susceptibility of S. aureus to vancomycin, oxacillin, and ampicillin®t,
Another study found that in some conditions, EGCG administration promoted biofilm formation
in P. aeruginosa and increased antibiotic resistance to tobramycin®6?. A third study reported that
co-administration of EGCG and tobramycin had a moderate effect on wildtype P. aeruginosa
biofilm minimum bactericidal eradication concentrations, but a larger effect was observed when
the functional amyloid fibril Fap was overexpressed®3. Thus, it is critical to test the efficacy of
potential bacterial amyloid inhibitors in combination with antibiotics, as was done in this

Chapter.

3.5 Conclusions

Nosocomial infections caused by biofilm-dwelling microbes are often difficult to

eradicate due to antibiotic resistance and therefore present a major healthcare risk. Novel
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strategies to target and treat multidrug resistant pathogens without inducing resistance are
required. The findings reported in Chapter 3 represent a method through which to structurally
weaken bacterial biofilms by inhibiting amyloid formation using designed a-sheet peptides,
thereby improving bacterial clearance by antibiotics without introducing selective pressure and

triggering acquired resistance.

3.6 Materials and Methods

3.6.1 Peptide Synthesis

Peptide synthesis was conducted in house as described in Chapter 2.6.3.

3.6.2 E. coli Biofilm Cultures

A uropathogenic clinical isolate strain, UTI89%4, and a control strain with a chromosomal
deletion of the CsgA gene, UTI89 ACsgA*®, were used for all E. coli experiments (Appendix A,
Table A.2). Overnight cultures were grown in Luria Broth (LB, Miller, Thermo Fisher
Scientific; Waltham, MA) for 16-18 hours at 37°C with shaking (180 rpm). Cultures were then
“refreshed” by replacing 5 mL of culture with 5 mL fresh LB medium and grown for an
additional 3 hours to ensure bacteria were in the exponential phase. Overnight cultures were then
spun down and diluted to an optical density (ODsoo) of 0.1 (~8x107 cells/mL) in YESCA broth
supplemented with 4% DMSO (Corning; Glendale, AZ), medium known to promote increased
curli formation?®®, Lyophilized peptide stock was dissolved to 2 mg/mL in H20, thoroughly
mixed, and the concentration was measured using a NanoDrop 2000 Spectrometer (Thermo
Fisher Scientific; Waltham, MA) at 280 nm using the respective extinction coefficient

(Appendix A, Table A.1). The APs were then diluted to 300 uM in H20. Diluted bacteria
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culture (180 pL) was plated with 20 pL peptide (or water, in the case of controls) and aliquoted
in triplicate into wells of a sterile, clear 48-well polystyrene plate (Corning; Glendale, AZ). The
final peptide concentration was 0 or 30 uM (1.2 pg/CFU at the time of plating, assuming 8x10’

cells/mL). Plates were covered, sealed in a plastic bag, and statically grown at 26°C for 48 hours.

3.6.3 S. aureus Biofilm Cultures

S. aureus MN8 (clinical isolate; urogenital tract®®; Appendix A, Table A.2) was grown
for 16-18 hours in trypticase soy broth (TSB; 10g/L; Becton, Dickinson and Company; Sparks,
MD) at 37°C with shaking (180 rpm). Overnight cultures were “refreshed” by replacing 5 mL of
culture with 5 mL of fresh TSB medium and grown for an additional six hours. Cells were then
spun down and re-suspended in peptone-NaCl-glucose (PNG) media (Thermo Fisher Scientific;
Waltham, MA)*¥". Resuspended cells were diluted to an optical density of 0.1 (ODeoo). Peptides
were synthesized as described in Chapter 2.6.3, prepared as discussed in Chapter 3.6.2, and
diluted to 1000 uM in H20. Diluted bacteria culture (180 pL) was plated with 20 pL peptide (or
water, in the case of controls) and aliquoted in triplicate into wells of a sterile, clear 48-well
polystyrene plate (Corning; Glendale, AZ). The final peptide concentration was 0 or 100 uM (4
pg/CFU at the time of plating, assuming 8x107 cells/mL)). Plates were covered, sealed in a

plastic bag, and grown at 37°C for 24 hours with shaking (250 rpm).

3.6.4 Antibiotic Susceptibility
UTI89 and MNS8 biofilms were grown according to the methods described in Chapter
3.6.2 and Chapter 3.6.3, respectively. Five different antibiotics were tested per bacterium:

amoxicillin (MP Biomedicals; Solon, OH), ciprofloxacin hydrochloride (MP Biomedicals;
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Solon, OH), erythromycin (Thermo Fisher Scientific; Waltham, MA), gentamicin sulfate
(Thermo Fisher Scientific; Waltham, MA), and vancomycin hydrochloride (Thermo Fisher
Scientific; Waltham, MA). Antibiotics were dissolved in YESCA (E. coli) or PNG medium (S.
aureus) at a concentration of 900 pg/mL. 100 pL of antibiotic or control (YESCA or PNG
media) was added to each well after 42 (E. coli) or 18 (S. aureus) hours of incubation without
disturbing the biofilm for a final well concentration of 300 pg/mL. Following 6 additional hours
of biofilm growth (48 or 24 hours total), planktonic cells were removed by gentle pipetting and
discarded. The biofilms were rinsed with 250 uL PBS (Sigma Aldrich; St. Louis, MO) by gentle
pipetting, and the rinse was discarded. Biofilms were homogenized in 200 pL PBS by vigorous
pipetting (30x per well), and the biofilm suspensions were transferred to an Eppendorf tube. The
biofilm suspensions were then ultra-sonicated for 5 seconds on ice and diluted in tenfold
increments. The serial dilutions were then plated on agar plates (LB agar or TSB agar) using the
drop plate method?®’. Six replicates were plated per condition. Colonies were grown for 16 hours
at 37°C and CFUs were counted. Total CFUs of the biofilm suspensions were calculated using
the dilution number and the number of CFUs counted in the respective dilution. CFU fold
reductions were calculated as the control UTI189 or MN8 biofilm CFU in the absence of

antibiotics divided by the condition biofilm CFU in the presence of antibiotics.

3.6.5 Statistics
All statistical significance values reported are One-Way ANOVA with post-hoc
comparisons and a Bonferroni multiple comparison correction performed in GraphPad Prism. A

single asterisk indicates a p-value less than 0.05. Two asterisks indicate a p-value less than 0.01.



Three asterisks indicate a p-value less than 0.001. Four asterisks indicate a p-value less than

0.0001.
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Chapter 4. Microbial Alzheimer’s Disease Hypothesis

4.1 Summary

Evidence of the colocalization of microbial pathogens and the p-amyloid peptide (Ap) in
the brain of Alzheimer’s disease (AD) patients suggests that microbial infection may play a role
in sporadic AD"374.76.79.8087.89 ' A 8 exhibits antimicrobial activity against numerous pathogens,
positing a role for A in the innate immune response®28’, While mammalian amyloid formation
is disease-associated, many bacteria form amyloid fibrils to fortify the extracellular biofilm and
protect cells from the surrounding environment312:14.16,90,121,122,136,138,156,159,168,169 | the microbial
AD hypothesis, AP aggregates in response to infection to combat the pathogen. This Chapter
investigates whether this response occurs through toxic Ap oligomers. Oligomers adopt a-sheet
structure prior to fibrilization!1-131516:3%.40 ‘and de novo a-sheet peptides specifically bind to the
oligomeric aggregates of bacterial and mammalian amyloid proteins to neutralize toxicity and
inhibit aggregation'!-1649, Here, the soluble oligomer binding assay (SOBA) is employed to
measure the effect of E. coli amyloid, or curli, formation on Ap aggregation. SOBA is an
ELISA-like assay that uses a de novo designed dimeric a-sheet peptide (AP510d) as the capture
agent (Figure 4.1), thereby exhibiting specificity for a-sheet species without binding to the
monomeric, random coil AP or fibrillar, B-sheet conformations of AB°. Additionally, AB
enriched in each of the conformations sampled during aggregation (random coil monomer, a-
sheet oligomer, and B-sheet protofibril) was isolated based on methods and findings discussed in
Chapter 2 to determine the effect of Ap secondary structure on curli biogenesis and E. coli
biofilm formation. Curli formation by E. coli was found to increase endogenous A oligomer

production by human neuroblastoma cells, and A oligomers significantly inhibited curli
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formation and reduced E. coli biofilm density. Further, curli and biofilm inhibition by AP
oligomers increased E. coli susceptibility to gentamicin. Finally, in vitro experiments with A
and CsgA were conducted, and it was found that Ap and CsgA neutralize one another’s
oligomeric toxicity via binding of their respective a-sheet toxic oligomeric form. The findings
reported in this chapter suggest that exposure to toxic oligomers formed by microbial pathogens
may trigger AP upregulation and aggregation to protect against infection via selective
interactions between a-sheet oligomers to neutralize the oligomeric toxicity of both species with

subsequent inhibition of fibrilization by Ap.

2° antibody k\
1° antibody /)

Toxic oligomer

a-Sheet peptide

Figure 4.1. SOBA schematic. SOBA uses a dimeric a-sheet peptide (AP510d) as the capture
agent to specifically target the a-sheet conformation present in the toxic oligomers of amyloid
species. A primary (1°) antibody specific for Ap (6E10) is then bound to the toxic oligomer. A
secondary (2°) antibody is then bound to the primary antibody, and the signal is developed and

can be interpreted as a quantification of the toxic AP oligomers present in solution.
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4.2 Background and Motivation

Neuroinflammation has long been associated with AD and other diseases including
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Multiple Sclerosis (MS),
suggesting a central role of a sustained inflammatory response in neurodegenerative
disorders’®170-181 Chronic inflammation in AD is attributed to a disruption in the equilibrium of
anti-inflammatory and pro-inflammatory signaling, resulting in chronic microglial cell activation
and increased cytokine release’’18-184 A aggregates are regularly degraded and phagocytosed
by microglia, but when Ap levels are significantly elevated, as is the case in AD, chronic
activation of microglia results in a sustained pro-inflammatory response that exacerbates AD
pathology and neuronal death!8%.181.185186 The neuroinflammatory response then reduces Ap
degradation and phagocytosis by microglia, further elevating microglial activation and producing
a cyclical loop of neurodegeneration'®®181, The mechanism that triggers the initial upregulation
of A aggregation is still largely uncharacterized, but evidence of microbial pathogens in AD
patient brain samples suggests that AP aggregation is employed as an innate immune response to
microbial infection’4828386:88,176.181 "The microbial AD hypothesis postulates that although AB
aggregation is likely a programmed immune response to microbial pathogens, excess buildup of
toxic aggregates results in a chronic inflammatory response that causes AD pathology®%8:181 |n
Chapter 4, the molecular mechanisms that govern the role of A in the innate immune response

are investigated.
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4.3 Results

4.3.1 Upregulation of Ap a-sheet oligomers with amyloid-forming E. coli

Neuroblastoma cells were grown with two strains of uropathogenic E. coli: UTI89, a
robust amyloid- and biofilm-forming clinical isolate, and UTI89 ACsgA (referred to below as
ACsgA), an engineered deletion strain that lacks the cellular machinery required to form curli
fibrils. Following E. coli biofilm maturation, the planktonic phase was removed and applied to
SOBA to quantify the amount of toxic a-sheet APs2 oligomers present in solution. Notably, the
a-sheet peptide used as the capture agent in SOBA exhibits specificity for both E. coli and Ap a-
sheet oligomers. However, the use of the 6E10 anti-A antibody as the primary antibody in
SOBA allows for quantification of Apalone, as the binding epitope of 6E10 (EFRHDS) is not
found in any protein produced by E. coli®’,

Incubation with amyloid-forming E. coli (UTI89) led to a threefold increase in the
formation of toxic AP a-sheet oligomers (p<0.0001; Figure 4.2). Interestingly, the SOBA signal
decreased approximately 50% when neuroblastoma cells were grown with UTI89 ACsgA
(p=0.04), although it is unclear whether this is indicative of AP being located within the cells (or
extracellular matrix) and therefore not present in the planktonic phase, or of true downregulation

of toxic AP oligomer production.
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Figure 4.2. UTI89 upregulates a-sheet containing Af oligomers in neuroblastoma cells.
Incubation with UTI89 results in a threefold increase (p<0.0001) in the production of a-sheet-
containing A oligomers by neuroblastoma cells as compared to the control condition (SH-
SY5Y neuroblastoma cells with media in place of bacteria). Values are mean + standard

deviation for three replicates.

4.3.2 AP oligomers inhibit curli formation by E. coli

Using a protocol incorporating a ThT assay for measuring A aggregation and p-sheet
formation (Figure 2.1A), CD for determining secondary structure content (Figure 2.1B), and
cell viability assays (Figure 2.2), Ap was isolated in its three conformations: monomeric,
random coil; oligomeric, a-sheet rich; and fibrillar, B-sheet rich. UTI89 and ACsgA were grown
in biofilm forming conditions with the Af} samples to measure the effect of AP secondary
structure on curli formation. Curli formation was inhibited by each AB sample, with the most

effective inhibition observed in UTI8Y biofilms grown with oligomeric, a-sheet AB (50% ThT
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signal reduction) (p=0.0009; Figure 4.3A). Biofilm amyloid content was reduced 26% and 17%
by monomeric and fibrillar AP, respectively (p=0.008 for monomeric Ap and p=0.04 for fibrillar

AB). Oligomeric A had no effect on the ThT fluorescence of UTI89 ACsgA biofilms (Figure

4.3B).
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Figure 4.3. AP oligomers inhibit amyloid formation in UTI89. A) Incubation with 0.5 pg/CFU
AP oligomers caused a 50% reduction in curli production by UTI89 (p=0.0009). Monomeric and
fibrillar AP (0.5 pg/CFU) caused 26% and 17% curli inhibition, respectively (p=0.008 for
monomeric AP and p=0.04 for fibrillar AB). Values are mean + standard deviation for three
replicates. Notably, while each sample is enriched in the respective conformation, it is likely that
mixed populations are present. B) Incubation with 0.5 pg/CFU AP oligomers had no effect on the

ThT signal of ACsgA. Values are mean * standard deviation for three replicates.
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4.3.3 AP oligomers inhibit E. coli biofilm formation

In addition to measuring the amyloid content in UTI89 biofilms, optical density at 600nm
(ODe0o) was measured to determine relative biofilm and cell density between the various
conditions. UTI8Y biofilms grown with oligomeric AP (0.5 pg/CFU) exhibited a 47% reduction
in biofilm density (p=0.008; Figure 4.4A). Notably, planktonic cell density increased 1.5-fold
(p=0.0003), and there was no significant difference in the summed total planktonic and biofilm
ODsoo measurements between the two conditions. This suggests that by inhibiting curli
formation, AP oligomers shift cells from the biofilm to the free-floating planktonic phase rather
than causing cell death. The observed non-bactericidal activity corresponds to previous studies
indicating that de novo a-sheet peptides inhibit amyloid formation and reduce biofilm density
without promoting cell death®6. AB had no effect on the cell density distribution of the non-
amyloid-forming ACsgA strain (Figure 5B), suggesting that reduced UTI89 biofilm density by

AP oligomers is due to interactions between CsgA and Ap.



0.4
0.35

o
w

0.25

o
N

0.15

OD600NM (Au)

©
[EEN

0.05

m Biofilm

Planktonic

kokk

&

kk

UTI89

+ AB Olig.

B)

0.5

0.45
__ 04
= 0.35
0.3
c 0.25
0.2
0.15
0.1
0.05

m (A

OD600

m Biofilm

87

Planktonic

&

I

s

ACsgA

+ AB Olig.

Figure 4.4. AP oligomers reduce UTI89 biofilm cell density without causing cell death. A)

Incubation with 0.5 pg/CFU AP oligomers reduced UTI89 biofilm cell density by 47%

(p=0.008) and increased planktonic cell density by 150% (p=0.0003). AP oligomers had no

significant effect on the total summed ODsoo of UTI89. Values are mean + standard deviation for

three replicates. B) Incubation with 0.5 pg/CFU AP oligomers had no effect on the cell

dispersion or total cell density of ACsgA, as measured by OD600. Values are mean + standard

deviation for three replicates.

4.3.4 AP oligomers improve E. coli gentamicin susceptibility

Antibiotic susceptibility experiments were then conducted to determine whether curli and

biofilm inhibition by AP oligomers results in increased susceptibility of the E. coli biofilm to

gentamicin. Because biofilm cells are 10-1000x less susceptible to antibiotics than planktonic

cells®, it was hypothesized that by inhibiting curli biogenesis and reducing biofilm cell density,

AP oligomers would significantly increase the susceptibility of E. coli biofilms to gentamicin.
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All three AB samples (monomeric random coil, a-sheet oligomeric, and fibrillar -sheet)
increased the susceptibility of UTI89 to gentamicin, and oligomeric AB had the largest effect
corresponding to a 79% increase in susceptibility as measured by CFU ratios (p<0.0001; Figure
4.5A). Monomeric and fibrillar A increased UTI89 gentamicin susceptibility 44% and 42%,
respectively (p<0.0001 for monomeric AB and p=0.004 for fibrillar AB; Figure 4.5A).
Interestingly, ACsgA exhibited 23% less susceptibility to gentamicin when grown with

oligomeric AB; however, the result is not statistically significant (Figure 4.5B).
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Figure 4.5. AP a-sheet oligomers increase UT189 susceptibility to gentamicin. CFU ratios of
E. coli with gentamicin divided by E. coli without gentamicin were calculated for bacteria grown
in the presence and absence of 0.5 pg/CFU AP and compared. Values are mean + standard
deviation for three replicates. A) AP oligomers increased UTI89 susceptibility to gentamicin by
79% (p<0.0001). Monomeric and fibrillar A increased UTI89 susceptibility to gentamicin by
44% and 42%, respectively (p<0.0001 for monomeric Ap and p=0.004 for fibrillar Ap).

Notably, while each sample is enriched in the respective conformation, it is likely that mixed
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populations are present. B) A oligomers decreased ACsgA susceptibility to gentamicin by 23%,

although the difference is not statistically significant.

4.3.5 CsgA and AP a-sheet oligomers interact in vitro

To further investigate the molecular interactions that govern E. coli amyloid and biofilm
inhibition by Ap, in vitro aggregation assays were conducted with pure CsgA and AB. CsgA
inhibited the aggregation of AP (excess AP 7.5:1) by approximately 43% (p=0.03; Figure 4.6A).
Notably, the ThT fluorescence signal of AP began to separate from the coincubation fluorescence
signal at the end of the lag phase when a-sheet oligomeric conformers are present (Figure 4.6A).
Further details for the structural changes observed by Ap and CsgA during amyloidogenesis are
provided in Chapter 2 and Bleem et al., 20236, respectively. Cell toxicity experiments with
oligomeric a-sheet Ap and oligomeric a-sheet CsgA were also conducted to determine whether
the oligomeric conformers formed by each amyloidogenic protein could neutralize one another’s
oligomer-associated toxicity. AP oligomers reduced the cell viability of SH-SYS5Y human
neuroblastoma cells by 28% (p=0.002), and CsgA reduced the cell viability by 77% (p=0.0004;
Figure 4.6B). Co-incubation of AP and CsgA oligomers (excess AB 7.5:1) led to complete

recovery of neuroblastoma cell viability (Figure 4.6B).
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Figure 4.6. AP and CsgA oligomers interact in vitro. A) CsgA inhibited Ap aggregation 47%
(p=0.03). Inhibition begins during the late lag phase of aggregation when oligomers are formed.
B) A and CsgA oligomers reduce SH-SY5Y neuroblastoma cell viability 28% and 77%,

respectively (p=0.002 and p=0.0004). Co-administration of AP and CsgA oligomers resulted in

complete recovery of cell viability (p=0.64).

4.4 Discussion

4.4.1 Ap o-sheet oligomers promote E. coli biofilm clearance

The results reported in Chapter 4 provide mechanistic insights into the role of A in the
innate immune response. As shown in Figure 4.3A and Figure 4.4A, AP oligomers significantly
inhibited curli biogenesis and weakened biofilm formation but did not promote bacterial cell
death. Instead, curli and biofilm inhibition by AP oligomers shifted cells from the biofilm to the
free-floating planktonic phase. As planktonic cells are more susceptible to clearance by the
outside environment (i.e., antibiotics and host immune response), bacterial amyloid inhibition by

AP likely serves to weaken the pathogen to promote clearance by immune cells. This non-



91

bactericidal activity corresponds to previous studies indicating that de novo a-sheet peptides
inhibit amyloid formation and reduce biofilm cell density without promoting bacterial cell
death'®. Additionally, AP oligomers had no effect on the relative cell distribution between the
planktonic and biofilm phases of the UTI89 ACsgA control strain (Figure 4.4B), suggesting that
UTI89 curli and biofilm inhibition by AP oligomers is due to specific interactions between CsgA
and Ap.

The observed increase in gentamicin susceptibility by UTI89 (Figure 4.5A) when grown
in the presence of toxic AP oligomers also support the data reported in Figure 4.3A and Figure
4.4A, and parallel the results obtained from previous experiments conducted with uropathogenic
E. coli and de novo a-sheet peptides (Chapter 3 and Bleem et al., 2023%). In Chapter 3, curli
inhibition by de novo a-sheet peptides was shown to increase E. coli susceptibility to five
different antibiotics. In a previous study, the a-sheet peptide inhibitors were also demonstrated to
promote macrophage clearance of uropathogenic E. coli'®. Findings reported in Chapter 4
suggest that curli and biofilm inhibition by AB may promote similar macrophage clearance.
Notably, curli inhibition and elevated E. coli susceptibility to gentamicin was observed by all A
samples, with the largest effect attributed to the sample enriched in the toxic, oligomeric a-sheet
conformation. Mixed populations are present throughout the early stages of amyloidogenesis
prior to the deposition of stable -sheet fibrils (Figure 1.1), and it is likely that toxic AP a-sheet
oligomers are also present in the “monomeric” and “fibrillar” samples, although to a lesser extent
than in the sample obtained during the late lag phase of aggregation. Therefore, the effects
observed by the “monomeric” and “fibrillar” A species may be due to the presence of a-sheet

oligomers.
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Finally, the results reported in Figure 4.6 provide insight into the molecular mechanisms
that may govern the inhibitory properties of Ap oligomers. ThT data from A and CsgA co-
incubation experiments indicate that amyloid inhibition occurs during the late lag phase of
aggregation, when AB (Chapter 2) and CsgA a-sheet oligomers are present!'6, Additionally,
oligomeric toxicity of both Ap and CsgA was neutralized when the two amyloidogenic proteins
were co-administered to human SH-SY5Y neuroblastoma cells. Therefore, the data reported in
Figure 4.6 suggest that AP oligomers inhibit curli and E. coli biofilm formation and neutralize
CsgA oligomeric toxicity via specific interactions between the toxic a-sheet oligomers of both
species.

While the research reported in this chapter focuses on amyloid formed by E. coli, it is
hypothesized that AP a-sheet oligomers may promote immune clearance of many microbial
species, including viruses and other amyloid-forming bacteria. A study by Serwer, Hunter, and
Wright demonstrated that the viral capsids produced by herpes virus are rich in a-sheet structure,
and they hypothesize that the presence of a-sheet structure in the capsids promotes the
production of AB a-sheet oligomers and subsequent neurodegeneration®. Therefore, it is
possible that the observed colocalization of A plaques and HSV1 in post mortem AD brain
samples reported in multiple studies”748% may be a result of specific interactions between AB a-

sheet oligomers and the viral capsids produced by herpes virus that contain a-sheet structure.

4.4.2 The brain microbiome and its role in triggering various forms of dementia
Research suggesting that microbial infection triggers various types of dementia is well
documented. Enterovirus has been shown to cause rapidly progressive dementia (RPD)*°, while

neuroborreliosis frequently leads to secondary dementia'®. Other infections such as syphilis and
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cysticercosis have been implicated in cases of “reversible dementia” that abate with proper
treatment such as intravenous antibiotic treatment!®%192, But despite overwhelming evidence that
microbial infection can be involved in dementia, many researchers resist the idea that microbes
are involved in AD disease onset.

It was previously believed that microbes entered the brain only during severe brain
infections; however, a growing body of evidence suggests that various bacteria, viruses, and
fungi reside even in healthy brains. The electronic tree of life (eToL) developed by Richard
Lathe and colleagues uses small subunit ribosomal RNA (rRNA) probes to investigate the
diversity of microorganisms in both control and AD brain samples!®31%4. An abundance of
bacteria, fungi, and chloroplastida were identified in both control and AD brains, and the brain
microbiome was reported to contain approximately ~20% of the diversity of the gut
microbiome!®. Notably, the spectrum of microorganisms found in the brain varied significantly
between individuals, and this observed diversity is likely due to variations between
environmental exposure and genetic predisposition?®3. Microorganism diversity also varied
between brain regions, and there was evidence of pathogens spreading between brain regions in
single individuals'®3. Certain microbial species were over-represented in AD brain samples
including Streptococcus, Staphylococcus, Altenaria, and Cortinarius, suggesting that while many
microorganisms may reside safely in the brain, others are more likely to trigger AP aggregation
and AD pathology'®3. Interestingly, the concentration of brain microbes significantly increased
with age'®, which may be due, in part, to ABas2 clearance rate decreasing with age'®, as well as
other AD risk factors such as increased blood pressure and cognitive decline that are often

associated with aging.
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The presence of microorganisms in the brain is further supported by the fact that
immunocompromised/suppressed individuals are significantly more prone to central nervous
system (CNS) infections!6197, The susceptibility of immunocompromised individuals to CNS
infections suggests that the immune system regularly defends against microbial pathogens that
typically reside the brain but is unable to do so effectively when suppressed. In the case of AD,
microorganisms in the brain are further elevated due to breakdown of the blood brain barrier

(BBB) due to chronic inflammation from the accumulation of toxic Ap aggregates'®.

4.4.3 AD: an infectious disease?

Although many posit microbial infection as a cause of sporadic AD and not genetic AD,
it is possible that pathogens may be involved in familial forms of the disease as well. According
to the Genome-wide association studies (GWAS), approximately 2/3 of all AD genes are
associated with immunity, microglial function, and neuroinflammation®8. The apolipoprotein E
(APOE) 4 allele is a genetic marker that indicates increased susceptibility to AD, and APOE
alleles have been shown to influence the immune response to viral, bacterial, and parasitic
disease®®. APOE itself function as an immunomodulatory peptide that represses inflammation*°,
presents lipid antigens to the immune system?°%:2%1 and binds to AB?%. It appears that variations
in APOE lead to differential infection outcomes: while APOE &4 exacerbates human
immunodeficiency virus (HIV) infection?%?, APOE &3 is protective against the virus; APOE &4 is
correlated with severe cases of COVID infection?%42%5; APOE £2/¢3 carriers with AD exhibit a
significantly decreased bacterial load than homozygous APOE &4 carriers’®; APOE €2 may

increase susceptibility to malaria infection?%. Therefore, it is possible that the role of APOE &4 in
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promoting risk to AD is due to the modulation of specific types of infections, indicating that both
genetic predisposition and microbial infection can cooperatively lead to AD pathology.

The classification of AD as an infectious disease provides insight into potential
prevention and therapeutic strategies. There is typically a 10-30-year window in which AP

aggregates accumulate and trigger the formation of tau tangles prior to the onset of cognitive
symptoms!81.207.208 proper treatment of microbial infection and the mitigation of chronic
inflammation during this time may aid in reducing neuronal death and delaying disease onset,
particularly in individuals genetically predisposed to AD. The findings reported in this Chapter
suggest that the presence of amyloid-forming microorganisms may trigger upregulation of toxic
AP oligomers, resulting in initial disease pathology. The data reported here also suggest that A
oligomers specifically inhibit curli formation via complementary a-sheet interactions between
CsgA and AP oligomers, weaken E. coli biofilms, and inhibit CsgA oligomeric toxicity, thereby

identifying a molecular mechanism through which A functions as an antimicrobial peptide.

4.5 Conclusion

Numerous studies have provided evidence for a probable connection between microbial
infection and AD and have postulated on the role of A in the innate immune response.
However, little is known about the molecular mechanisms that are involved in the aggregation of
AP as an immune response. The research reported in Chapter 4 investigate the capacity for Ap
to inhibit E. coli biofilm formation by preventing curli biogenesis and suggest that the same
oligomeric species that cause neuronal cell death in AD serve a protective function against
infection. Therefore, AP oligomers may inhibit amyloid formation of several amyloid-forming

pathogens, including bacteria, viruses, and fungi, through interactions with a-sheet oligomers.
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4.6 Materials and Methods

4.6.1 E. coli Biofilm Growth

A uropathogenic E. coli clinical isolate strain (UTI89%4) and a control strain with a
chromosomal deletion of the CsgA gene (UTI89 ACsgA*®) were used for all biofilm
experiments (Appendix A, Table A.2). Overnight cultures were grown in Luria Broth (LB,
Miller, Thermo Fisher Scientific; Waltham, MA) for 16-18 hours at 37°C with shaking (180
rpm). Cultures were then “refreshed” by replacing 5 mL of culture with 5 mL fresh LB medium
and grown for an additional three hours to ensure bacteria were in the exponential phase.
Cultures were then spun down and diluted to an optical density (ODsoo) of 0.1 (~8x107 cells/mL)
in YESCA broth supplemented with 4% DMSO (Corning; Glendale, AZ), medium known to
promote increased curli formation®®. AR was prepared as described in Chapter 2.6.1 and
Chapter 2.6.2 and incubated statically at 75 uM and 25°C for 0, 30, or 72 hours to obtain
samples enriched in random coil, a-sheet, B-sheet structure, respectively. Diluted bacteria culture
(180 pL) was plated with 20 uL AP (or NaOH + PBS, in the case of controls) and aliquoted in
triplicate into wells of a sterile, clear 48-well polystyrene plate (Corning; Glendale, AZ). The
final AB concentration was 0 or 7.5 uM (0.5 pg/CFU at the time of plating, assuming 8x10’
cells/mL). Plates were covered, sealed in a plastic bag, and statically grown at 26°C for 48 hours.
Following biofilm maturation, planktonic cells and medium were removed via gentle pipetting
and collected in an Eppendorf tube (Thermo Fisher Scientific; Waltham, MA). The Eppendorf
tube containing planktonic cells in medium was centrifuged for 3 minutes at 8,000xg. The
supernatant was then removed, and the planktonic cell pellet was resuspended in 200 puL PBS for
ODeoo measurements. The biofilms were rinsed with 250 pL PBS (Sigma Aldrich; St. Louis,

MO) using a pipette to gently dispense the PBS along the edge of the well. The rinse was then
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removed via gentle pipetting and discarded. Biofilms were homogenized in 200 pL PBS + 20
MM ThT solution (for amyloid quantification and ODsoo reading) by vigorous pipetting (30x per
well). ThT was prepared as discussed in Chapter 2.6.2, with exception to the final ThT
concentration used for the respective experiments (20 uM in Chapter 4 and 24 uM in Chapter
2). ThT and ODeoo were measured using a multimode plate reader (PerkinElmer, Waltham, MA).
Each pg/CFU calculation assumes ODsoo = 0.1 corresponds to 8x107 cells/mL, and that 8x10’
cells/mL corresponds to the initial concentration of cells seeded into each well of the 48-well
plate. The pg/CFU calculations do not account for cell replication during biofilm growth, and

therefore the pg/CFU ratio at the time of analysis is likely to be significantly lower.

4.6.2 Neuroblastoma and uropathogenic E. coli co-incubation

SH-SY5Y human neuroblastomas (American Type Culture Collection; Manassas, VA)
were cultured in 1:1 DMEM:F12 (Invitrogen; Carlsbad, CA) supplemented with 10% FBS
(Invitrogen; Carlsbad, CA), 100 units/mL penicillin (Invitrogen; Carlsbad, CA), and 100 pg/mL
streptomycin (Invitrogen; Carlsbad, CA). The cells were seeded in a 96-well sterile tissue
culture-treated plate (Corning; Glendale, AZ) at 2.4x10° cells per well and cultured in CO2
water-jacketed incubator (37°C, 5% COg; Thermo Fisher Scientific; Waltham, MA) for 24 hours.
Overnight cultures of a clinical isolate of uropathogenic E. coli (UTI89) and the deletion strain
(UTI89 ACsgA) were diluted to ODsoo = 0.3 in minimal media (YESCA broth with 4% DMSO)
to promote biofilm formation as described in Chapter 4.6.1. The two bacterial suspensions were
diluted 3-fold in 1:1 DMEM:F12 medium (without antibiotics) for a final cell density of ODeoo =
0.1. A vehicle control condition was prepared with YESCA, DMSO, and DMEM:F12 at the

identical ratio. Following 24 hours of cell seeding, the cell media was removed and 100 pL of
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each diluted solution (media control, UTI89, or ACsgA) were added directly to the surface of the
adhered neuroblastomas in triplicate. The samples were grown for 48 hours at 26°C to promote
biofilm formation. Cells were monitored daily to ensure that the reduced temperature did not
result in neuroblastoma cell death. The supernatant was then removed from each well and

individually applied to SOBA for AP oligomer quantification.

4.6.3 Soluble Oligomer Binding Assay

SOBA was conducted according to a modified protocol previously discussed in Shea et
al., 2022% with a plate washer incorporated for several of the wash steps. Dopamine HCI
(Sigma-Aldrich; St. Louis, MO) was dissolved into Tris Buffer Saline-Tween (TBS-T) (pH 7.4,
50 mM tris, 100 mM NacCl, 0.01% Tween-20) at 10 mg/mL. 150 pL of the dopamine solution
was added to each well of an opague Nunc Immobilizer Amino 96-well plate (Corning; Corning,
NY) and shaken at 340 rpm at room temperature for 20-24 hours covered in foil. Following the
20-24 hour incubation, a plate washer was primed with 1 L DI H20, and the 96-well plate was
aspirated and washed with DI H20 10x. The plate washer was flushed, and the manifold
sonicated for 90 minutes, and the 96-well plate was dried in a 37 °C incubator for 1 hour. a-
Sheet peptide (AP510%16:3%) was dissolved in dimethyl sulfoxide (Sigma Aldrich; St. Louis,
MO) to 36 mM, and diluted to 60 uM in carbonate buffer (pH 9.6, 100 mM CO3%). The a-sheet
peptide solution was incubated in a 37 °C water bath for 1 hour to dimerize. 100 pL of 60 uM
AP510 in carbonate buffer was then added to each well of the 96-well plate, and the plate was
shaken at 340 rpm at room temperature for 1 hour, or up to 2 hours, to couple the peptide to the
96-well plate. The plate was then aspirated and washed with PBS-T (pH 7.4, 137 mM NacCl, 2.7

mM KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.05% Tween-20) 3x. The washer was then
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flushed with 1 L DI H20 and the manifold sonicated for 30 minutes. 150 puL of 10 mM
ethanolamine (Sigma Aldrich; St. Louis, MO) in carbonate buffer was added to each well, and
the 96-well plate was shaken at 340 rpm at room temperature for 2 hours while covered in foil to
guench unreacted sites in each well. The plate was then washed with PBS-T 3x, and the plate
washer flushed with 1 L DI H20 and the manifold sonicated for 30 minutes. 300 pL Pierce
Protein-Free Blocking Buffer (Thermo Fisher Scientific; Waltham, MA) was added to each well
of the plate and decanted by inverting the plate 3x. Then, 100 uL of each neuroblastoma E. coli
co-incubation sample was applied to the surface of each well and incubated for 1 hour at 25°C
without shaking. The plate washer was then primed with 2 L DI H20. The 96-well plate was then
aspirated and washed with PBS 3, the plate washer was flushed with 1 L DI H20, and the
manifold sonicated for 30 minutes. 100 puL of 0.03 pg/mL of 6E10 HRP anti-B-Amyloid
(BioLegend; San Diego, CA) dissolved in 3% BSA in TBS-T was added to each well, and the
plate was shaken at 340 rpm for 1 hour, covered in foil. The plate washer was primed with 1 L
DI H20. Then, the plate was aspirated and washed with PBS 3x, and the plate washer was
flushed with 1 L DI H20 and the manifold sonicated for 1.5 hours. 115 pL of room temperature
SuperSignal ELISA Femto 9 Maximum Sensitivity Substrate (Thermo Fisher Scientific;
Waltham, MA) was plated per well, and the plate was shaken for 1 minute covered in foil before
reading the luminescence in a Tecan plate reader (Mannendorf, Switzerland) with a 0.2 second
integration time. Chemiluminescence readings were obtained within 15 minutes for maximum

signal.
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4.6.4 Antibiotic Susceptibility

Biofilms were grown according to the methods described in Chapter 4.6.1. Gentamicin
sulfate (Thermo Fisher Scientific; Waltham, MA) was dissolved in YESCA at a concentration of
900 pg/mL. 100 pL of antibiotic or control (YESCA media) was added to each well after 42
hours of incubation without disturbing the biofilm for a final well concentration of 300 pg/mL.
Following 6 additional hours of biofilm growth (48 hours total), planktonic cells and medium
were removed via gentle pipetting along the edge of the well and discarded. The biofilms were
rinsed in 250 puL PBS by gently dispensing the PBS along the edge of the well. The rinse was
then removed via gentle pipetting along the edge of the well and discarded. Biofilms were
homogenized in 200 puL PBS by vigorous pipetting (30x per biofilm), and the biofilm
suspensions were transferred to an Eppendorf tube. The biofilm suspensions were then ultra-
sonicated for 5 seconds on ice and diluted in tenfold increments. The serial dilutions were then
plated on LB agar plates using the drop plate method®’. Six replicates were plated per condition.
Colonies were grown for 16 hours at 37°C and CFUs were counted. Total CFUs of the biofilm
suspensions were calculated using the dilution number and the number of CFUs counted in that
dilution. CFU+Gm/CFU-Gm ratios were calculated by dividing the values of each of the six

CFU+Gm replicates by the average CFU-Gm value and then calculate the average of the ratios.

4.6.5 CsgA Purification

A synthetic gene corresponding to the E. coli CsgA protein was designed and synthesized
by Addgene (Watertown, MA). The gene was cloned into the pET-22b(+) vector, which added a
C-terminal 6x His tag for purification. Plasmids were transformed into E. coli BL21 (DE3) cells

and protein expression was carried out in 2 L shake flasks at 37°C. Cultures grew to an
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OD600nm of 0.6-0.8 prior to induction with 1 mM IPTG. After 3-4 hours of additional growth,
cells were harvested by centrifugation and resuspended in 30 mL denaturing buffer (8M Gnd-
HCI (Thermo Fisher Scientific; Waltham, MA), 50 mM NaPi (Sigma-Aldrich; St. Louis, MO),
pH 8.0) and lysed overnight with stirring at 4°C. Insoluble material was removed by
centrifugation at 14,000 xg for 30 minutes and 15 mL of supernatant was incubated with 5 mL
HisPur Ni-NTA beads (Thermo Fisher; Waltham, MA) for 2 hours at room temperature with
end-over-end rotation. The beads were then washed twice with denaturing buffer, twice again
with denaturing buffer plus 15 mM imidazole (Sigma-Aldrich; St. Louis, MO), and twice again
with denaturing buffer plus 30 mM imidazole. Finally, protein was eluted with denaturing buffer
plus 400 mM imidazole. Samples from each step of the purification were precipitated from
guanidinium hydrochloride by trichloroacetic acid (Thermo Fisher Scientific; Waltham, MA)2%°

and analyzed by SDS-PAGE.

4.6.6 CsgA and Ap Aggregation Studies

CsgA aliquots were desalted immediately prior to use using the Zeba desalting column
(7k MWCO) protocol (Thermo Fisher; Waltham, MA) into buffer (50 mM KCI + 50 mM NaPi,
pH 7.4), transferred to an Eppendorf LoBind microcentrifuge tube (Sigma-Aldrich; St. Louis,
MO), and kept on ice. Protein concentration was determined by NanoDrop 2000 Spectrometer
(Thermo Fisher Scientific; Waltham, MA) at 280 nm using an extinction coefficient of 11460 M-
L em L. CsgA was aliquoted into a separate LoBind tube (volume calculated to achieve 10 uM
concentration in 185 pL). Stock AP was prepared as described in Chapter 2.6.1 and Chapter
2.6.2 and slowly added to the side of the CsgA-containing tube (volume calculated to achieve 75

MM concentration in 185 pL). KCI + NaPi buffer supplemented with 24 uM ThT (ThT prepared
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as discussed in Chapter 2.6.2) was gently added to the side of the tube (volume calculated to
achieve final volume of 185 pL). The resulting solution was gently mixed 3x by pipette, and 60
ML was added to a single well in triplicate of a black 384-well plate and read every hour on a
multimode plate reader (Tecan; Mannendorf, Switzerland). Relevant parameters include: Aex 438

nm, Aem 495 NM, measurement height 7.5 mm, 8 flashes.

4.6.7 CsgA and Ap Cellular Toxicity Studies

Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay!!’. SH-SY5Y human neuroblastomas (American
Type Culture Collection; Manassas, VA) were cultured in 1:1 DMEM:F12 (Invitrogen; Carlsbad,
CA) supplemented with 10% FBS (Invitrogen; Carlsbad, CA), 100 units/mL penicillin
(Invitrogen; Carlsbad, CA), and 100 pg/mL streptomycin (Invitrogen; Carlsbad, CA) as
described in Chapter 2.6.9. The cells were seeded in a 96-well sterile tissue culture-treated plate
(Corning; Glendale, AZ) at 2.4x10° cells per well and cultured in CO2 water-jacketed incubator
(37°C, 5% COg2; Thermo Fisher Scientific; Waltham, MA) for 24 hours. CsgA (10 uM) and AP
(75 uM) were prepared as described in Chapter 4.6.6 and incubated both separately and together
in KCI + NaPi buffer at 25°C until they reached the late lag phase of aggregation (t=150 hours),
as informed by Figure 4.6A. After 24 hours of cell seeding, the cell culture media was removed
and replaced with 100 uL preincubated AB, CsgA, or AR + CsgA (or NaPi + KClI, in the case of
controls) diluted 1:3 in cell media. The cells were cultured with experimental solution for 24
hours at 37°C before addition of 25 uL MTT (5mg/mL in PBS; Sigma-Aldrich), then incubated
for 4 hours at 37°C. After 28 hours of incubation, 100 uL lysis buffer (50% DMF, 20% SDS, 1%

glacial acetic acid, and 0.2% HCI) was added to each well and incubated overnight at 25°C
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covered in foil. The optical density was read at 570nm with a multimode plate reader (Tecan;
Mannendorf, Switzerland). Relative cell viability values were determined by first subtracting the
MTT + media blank from each signal, and then normalizing the values to the average SH-SY5Y

control value.

4.6.8 Statistics

All statistical significance values reported were calculated using a two-tailed T-test. A
single asterisk indicates a p-value less than 0.05. Two asterisks indicate a p-value less than 0.01.
Three asterisks indicate a p-value less than 0.001. Four asterisks indicate a p-value less than

0.0001.
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Chapter 5. Related and Continuing Work

The elucidation of a molecular mechanism that may govern interactions between
bacterial and mammalian amyloid proteins in the context of Alzheimer’s disease (Chapter 4)
provides a framework through which to investigate the implications of infection on other
mammalian diseases. Microbial pathogens have been implicated in several diseases, and recent
studies suggest a possible connection between infection and type 2 diabetes (T2D)?°,
Importantly, diabetes onset typically occurs during or after acute infection?%. Further,
Helicobacter pylori infection is observed in many T2D patients?! 213, diabetes is more prevalent
among patients infected with B. burgdorferi, and T2D patients have significantly more severe
periodontitis than controls?!4, an infection that is predominantly caused by Gram-negative
bacteria?®.

As discussed in Chapter 2, IAPP is heavily implicated in T2D, and a-sheet oligomers are
primarily responsible for pancreatic islet p-cell death. Preliminary studies conducted with IAPP
and E. coli suggest that IAPP a-sheet oligomers significantly inhibit UTI89 curli biogenesis via a
dose dependent mechanism (Figure 5.1). IAPP (0.7 pg/CFU) was shown to inhibit curli
biogenesis by approximately 43% and these results parallel the inhibitory effects observed
between AB and E. coli in Chapter 4 (Figure 4.3). The results reported in Figure 5.1 suggest a
possible conserved inhibitory mechanism that mediates inhibition of E. coli amyloidogenesis by

the oligomeric conformers of mammalian amyloid peptides.



105

120
ok

100 + ok

skokosk sk

(00}
o
1
T

kK
kK

n.s.

I
o
L
T

Relative Biofilm ThT Fluorescence (%0)
S 3

UTI89 +0.2pg/lCFU  +05pg/CFU  + 0.7 pg/CFU
IAPP IAPP IAPP

Figure 5.1 IAPP oligomers have a dose dependent effect on UTI189 curli inhibition. IAPP a-
sheet oligomers (0.2 pg/CFU) inhibited UTI89 amyloid fibrilization by 17% (p=0.009) as
measured by ThT. Oligomeric IAPP (0.5 pg/CFU) reduced fibrilization by 39% (p=0.001). IAPP
oligomers (0.7 pg/CFU) inhibited aggregation 43% (p=0.0002). Values are mean * standard

deviation for three replicates.

Further, in vitro aggregation studies with pure CsgA and IAPP indicated that CsgA
inhibits IAPP fibrilization by 86% (Figure 5.2). As was observed with CsgA and AP (Figure
4.6A), the ThT fluorescence signal of IAPP began to separate from the coincubation
fluorescence signal at the end of the lag phase when a-sheet oligomeric conformers are present
(Figure 5.2). These data suggest that IAPP and CsgA oligomers specifically interact via the
shared a-sheet conformation, and this molecular mechanism likely mediates the inhibition of

curli biogenesis by IAPP that was observed in E. coli biofilm studies (Figure 5.1).
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Figure 5.2. IAPP and CsgA oligomers interact in vitro. CsgA inhibited IAPP aggregation 86%
as measured by ThT (p=0.0006). Inhibition begins during the late lag phase of aggregation when

oligomers are formed. Values are mean + standard deviation for three replicates.

The preliminary findings discussed in this Chapter indicate that the oligomeric
conformers of IAPP inhibit curli biogenesis via specific a-sheet interactions with CsgA
oligomers, paralleling the effects observed with Ap in Chapter 4. These data suggest that
mammalian amyloidogenesis may serve a protective role in targeting functional amyloid
formation by bacteria and other organisms that also form amyloid, such as viruses and fungi. The
identification of a conserved mechanism of functional amyloid inhibition by Ap and IAPP posits
a possible evolutionary role for amyloid formation in mammalian species, a process which is
typically considered to be inherently pathological. With knowledge of a conserved inhibitory
mechanism of functional amyloid inhibition by the a-sheet oligomeric conformers of mammalian

amyloid peptides, future studies should be conducted to explore the interactions between other
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functional and mammalian amyloid proteins in the context of human disease to further

investigate a possible evolutionary role for mammalian amyloidogenesis.
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Appendix A: Peptide Sequences and Bacterial Strains

Table A.1 De novo a-sheet peptide sequences.

Peptide Sequences
Name? | SequenceP® Extinction Coefficient
(M1tcm)
APS Ac-RGNwNeSKMNEY SGWmMLMLtMGR-NH2 12660
AP90 Ac-RGEmMNISWMNEY SGWtMnLKMGR-NH2 12660
AP401 | Ac-rGeMnLsWmneysGwTmNIKmGr-NH2 12660
AP500 | Ac-RGNwNeSKMNEYSGWmLmMCtMGR-NH2 12660
AP501 | Ac-RGNwNeSKMNEYYGWmMLMCtMGR-NH2 13940
AP502 | Ac-RGNwNeSkMneyygWmLmCtMGR-NH2 13940
AP503 | Ac-RGNwWNeSKMNEYYGWmLMTcMGR-NH2 13940
AP504 | Ac-RGNcNeSKMNEYYGWmLmMLtMGR-NH2 8250
AP505 | Ac-RGNwCeSKMNEYYGWmLMLtMGR-NH2 13940
AP510 | Ac-RGEmNYyFWMNEYYGWtMnCKkMGR-NH2 15220
AP516 | Ac-rgeMnYfWmneyygw TmNcKmgr-NH2 15220
AP520 | Ac-RGEMNISWMNEY SGWtMnCKkMGR-NH2 12660
AP521 | Ac-RGECNISWMNEY SGWtMnMKMGR-NH2 12660
AP522 | Ac-RGECNISWMNEYYGWtMnMKMGR-NH2 13940
AP523 | Ac-RGECNISWMneyyGWtMnMKMGR-NH2 13940
AP524 | Ac-RCEmMNISwMneyyGWtMnMKMGR-NH2 13940
AP525 | Ac-RGEmNISwMneyyGWtMnMkCGR-NH2 13940
AP530 | Ac-RGEcNYFWMNEYYGWtMnMrMGK-NH2 15220
AP531 | Ac-RGEcNYFWMNEYY GWIMnMrXGK-NH2 15220
AP532 | Ac-cRGEmMCyFWMNEY'YGWtMnMrXGK-NH2 15220
AP533 | Ac-RGEXNYFWMNEYYGWtMnMrCGK-NH2 15220
AP534 | Ac-RGEXNYFWMNEYYGWtMnMcRGK-NH2 15220
AP535 | Ac-RGEyNcFWMNEYYGWtMnMrMGK-NH2 15220
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AP536 | Ac-RGEINYFWMNEYYGWtCnMrMGK-NH2 15220

Dimeric a-sheet peptides are produced by incubating the respective monomeric peptide in
carbonate buffer to promote oxidation of the cysteine residue and dimerization via intermolecular
disulfide bridges. The dimer extinction coefficient is equal to double that of the corresponding
monomer. 2“AP” refers to “Alternating Peptide”, which indicates alternating L- and D- amino
acid templating. ® L- amino acids are displayed in all upper case; D-amino acids are displayed in
lower case.
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Table A.2 Bacterial Strains

Name | Description | Source
E. coli Strains
UTI89 UPEC strain; cystitis isolate Mulvey et al., 2001
UTI89 ACsgA UPEC strain; cystitis isolate Cegelski et al., 2009
with chromosomal deletion of
CSgA gene

S. aureus Strain
MN8 Clinically relevant strain;
toxic shock isolate, urogenital
tract
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Figure B.1. Characterization of 150 uM IAPP. A) ThT kinetics of 150 uM IAPP in PBS

indicate that the peptide has an aggregation lag phase of approximately 1.9 hours. B) CD

spectroscopy of pre-incubated IAPP (t=1.9 hours) is representative of a-sheet structure.
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Figure B.2. Secondary structure characterization of monomeric IAPP. IAPP prepared in
PBS (orange) produced a CD spectrum indicative of random coil structure while the CD

spectrum of 1APP prepared in 20 mM Tris-HCI buffer is indicative of a-helical structure.
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Appendix C: Bacterial Minimum Inhibitory Concentrations

C.1. Uropathogenic Escherichia coli (UPEC)

MIC (ug/mL) bMIC (ug/mL) bMEC (ug/mL)
Amoxicillin 60-1201%1
Ciprofloxacin 0.01875'%3 128-2048%44 38212, >160'%
0.0215%%
0.008-0.016%*
Gentamicin 1.251%3 64-1024144
0.12-16%4
Vancomycin >80004°

C.2. Methicillin Susceptible Staphylococcus aureus (MSSA)

bMIC (ug/mL) bMEC (ug/mL)
Ciprofloxacin >128147.148
Gentamicin 10-1000%7, >204848 | 64-51214¢
Vancomycin 50-100 (max at over | 128-20484
1000)147, >2048148

MIC: the lowest concentration of an antibacterial agent necessary to inhibit visible growth.
bMIC: minimum biofilm inhibitory concentration. BMEC: minimum biofilm eradication

concentration (minimum concentration required to eradicate 99.9% of viable cells)#®.




126

Copyright Permissions

Chapter 1 reproduced in part with permission from:
Prosswimmer, T. and Daggett, V., 2022. The role of a-sheet structure in amyloidogenesis:

characterization and implications. Open Biology, 12(11), p.220261.

Chapter 3 reproduced in part with permission from:
Bleem, A., et al. 2023. Designed a-sheet peptides disrupt uropathogenic E. coli biofilms
rendering bacteria susceptible to antibiotics and immune cells. Scientific Reports, 13(1),

p.9272.



127

VITA

Tatum Soleil Prosswimmer was born in Santa Monica, California and raised in Orange County,
California. She received her Bachelor of Science in Bioengineering in 2018 from Santa Clara
University in Santa Clara, CA. In 2023, she earned her Doctor of Philosophy from the University
of Washington through the Molecular Engineering and Sciences Program. Her publications

include:

Prosswimmer, T. and Daggett, V., 2022. The role of a-sheet structure in amyloidogenesis:

characterization and implications. Open Biology, 12(11), p.220261.

Prosswimmer, T., Heng, A., Daggett, V. Mechanistic Insights into the Role of Amyloid- in

Innate Immunity. In Preparation.

Prosswimmer, T., Nick, S., Bryers, J., Daggett, V. De novo a-sheet peptides destabilize
bacterial biofilms and increase the susceptibility of E. coli and S. aureus to antibiotics. In

Preparation.

Bleem, A., Prosswimmer, T., Chen, R., Hady, T.F., Li, J., Bryers, J.D. and Daggett, V., 2023.
Designed a-sheet peptides disrupt uropathogenic E. coli biofilms rendering bacteria susceptible

to antibiotics and immune cells. Scientific Reports, 13(1), p.9272.

Hsu, C., Templin, A., Prosswimmer, T., Shea, D., Li, J., Brooks-Worrell, B., Kahn, S., Daggett,
V. Human islet amyloid polypeptide-induced B-cell cytotoxicity is linked to formation of a-

sheet structure. Submitted for publication.



	LIST OF FIGURES
	LIST OF TABLES
	Chapter 1. Introduction
	1.1 Introduction to Amyloid Proteins
	1.2 The Amyloid Aggregation Pathway
	1.3 Mammalian Amyloidogenesis is Disease-Associated
	1.4 Functional Amyloid Fortifies Bacterial Biofilms
	1.5 Toxic Oligomers Adopt α-Sheet Structure
	1.6 Microbial Alzheimer’s Disease Hypothesis
	1.7 Overview of Chapters

	Chapter 2. Characterization of the α-Sheet Conformation in Mammalian Amyloid
	2.1 Summary
	2.2 Background and Motivation
	2.3 Results
	2.3.1 Aβ Oligomers Adopt α-Sheet Structure
	2.3.2 Aβ α-Sheet Oligomers are Toxic to Human Neuroblastoma Cells
	2.3.3 De novo α-Sheet Peptides Inhibit Aβ Aggregation and Oligomeric Toxicity
	2.3.4 IAPP Oligomers Adopt α-Sheet Structure
	2.3.5 IAPP α-Sheet Oligomers are Toxic to Rat Insulinoma Cells
	2.3.6 De novo α-Sheet Peptides Inhibit IAPP Aggregation and Neutralize Oligomeric Toxicity

	2.4 Discussion
	2.5 Conclusions
	2.6 Materials and Methods
	2.6.1 Preparation of Aβ Stock
	2.6.2 Aβ Aggregation
	2.6.3 Peptide Synthesis
	2.6.4 Aβ Inhibition by α-Sheet Peptides
	2.6.5 Preparation of IAPP Stock
	2.6.6 IAPP Aggregation
	2.6.7 Circular Dichroism Spectroscopy
	2.6.8 IAPP Inhibition by α-Sheet Peptides
	2.6.9 SH-SY5Y Toxicity Experiments
	2.6.10 INS-1 Toxicity Experiments
	2.6.11 Statistics


	Chapter 3: Inhibition of Functional Bacterial Amyloid Improves Biofilm Antibiotic Susceptibility
	3.1 Summary
	3.2 Background and Motivation
	3.3 Results
	3.3.1 E. coli UTI89 and S. aureus MN8 are multidrug resistant
	3.3.2 a-Sheet peptides inhibit amyloid formation and reduce biofilm density
	3.3.3 Curli inhibition by AP90 and AP401 renders E. coli more susceptible to antibiotics
	UTI89 Susceptibility: Amoxicillin
	UTI89 Susceptibility: Ciprofloxacin
	UTI89 Susceptibility: Erythromycin
	UTI89 Susceptibility: Gentamicin
	UTI89 Susceptibility: Vancomycin
	3.3.4. AP90 and AP401 increase S. aureus biofilm susceptibility to antibiotics
	MN8 Susceptibility: Amoxicillin
	MN8 Susceptibility: Ciprofloxacin
	MN8 Susceptibility: Erythromycin
	MN8 Susceptibility: Gentamicin
	MN8 Susceptibility: Vancomycin

	3.4 Discussion
	3.5 Conclusions
	3.6   Materials and Methods
	3.6.1 Peptide Synthesis
	3.6.2 E. coli Biofilm Cultures
	3.6.3 S. aureus Biofilm Cultures
	3.6.4 Antibiotic Susceptibility
	3.6.5 Statistics


	Chapter 4. Microbial Alzheimer’s Disease Hypothesis
	4.1 Summary
	4.2 Background and Motivation
	4.3 Results
	4.3.1 Upregulation of Aβ α-sheet oligomers with amyloid-forming E. coli
	4.3.2 Aβ oligomers inhibit curli formation by E. coli
	4.3.3 Aβ oligomers inhibit E. coli biofilm formation
	4.3.4 Aβ oligomers improve E. coli gentamicin susceptibility
	4.3.5 CsgA and Aβ α-sheet oligomers interact in vitro

	4.4 Discussion
	4.4.1 Aβ α-sheet oligomers promote E. coli biofilm clearance
	4.4.2 The brain microbiome and its role in triggering various forms of dementia
	4.4.3 AD: an infectious disease?

	4.5 Conclusion
	4.6 Materials and Methods
	4.6.1 E. coli Biofilm Growth
	4.6.2 Neuroblastoma and uropathogenic E. coli co-incubation
	4.6.3 Soluble Oligomer Binding Assay
	4.6.4 Antibiotic Susceptibility
	4.6.5 CsgA Purification
	4.6.6 CsgA and Aβ Aggregation Studies
	4.6.7 CsgA and Aβ Cellular Toxicity Studies
	4.6.8 Statistics

	Chapter 5. Related and Continuing Work
	References
	Appendix A: Peptide Sequences and Bacterial Strains
	Table A.1 De novo α-sheet peptide sequences.
	Table A.2 Bacterial Strains
	Appendix B: Supplemental Figures
	Appendix C: Bacterial Minimum Inhibitory Concentrations

