UNIVERSITY OF OKLAHOMA GRADUATE COLLEGE

INVESTIGATING THE EFFECTS OF SMALL PEPTIDES ON AMYLOID AGGREGATION

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the Degree of

DOCTOR OF PHILOSOPHY

By ANDREW D. CHESNEY
Norman, Oklahoma

2025



INVESTIGATING THE EFFECTS OF SMALL PEPTIDES ON AMYLOID AGGREGATION

A DISSERTATION APPROVED FOR THE

DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY

BY THE COMMITTEE CONSISTING OF

Dr. Ulrich Hansmann, Chair
Dr. Doerte Blume
Dr. Yihan Shao

Dr. Rakhi Rajan



© Copyright by ANDREW D. CHESNEY 2025
All Rights Reserved.



I dedicate this work to my friends and family.
Thank you all for pushing me to be the best that I can be.
To my parents and grandparents,

thank you for instilling and nurturing my inquisitive spirit.

Y



Table of Contents

LIST OF TABLES A% 11
LIST OF FIGURES VIII
ABSTRACT X
CHAPTER 1 - INTRODUCTION 1
CHAPTER 2 - AN OVERVIEW OF MOLECULAR DYNAMICS 7
CHAPTER 3 - HUMAN AMYLIN IN THE PRESENCE OF SARS-COV-2 PROTEIN FRAGMENTS......... 13
INTRODUCGTION .....uturiiiieeeiiieee e e eeete e e e eeete et e e e eettaeeeeeeetaaeeeeeeetssaeeeeeassaseeeeeeabsseeeeeeasssseeeeesasssaseeseensssaeeeeennsseeeeeennsees 13
MATERIALS AND IMETHODS .......ceitvtteeeeeiitreeeeeeeeiteeeeeeeeeteeeeeeesitsseeeeeaaissesseeeeeitsssseseesisssesseesassssseeeeesssseeseesssseseesesnrees 15
SYSEEM PYEDAVALION..........c.oveieit ettt ettt ettt e 15
General SiMULATION PrOtOCOL.............c..oeeeeeeeeeeee e e e 18
THAJECIOTY ARGLYSIS ...ttt ettt b ettt ettt ettt ettt ettt anen 20
RESULTS AND DISCUSSION ....coiiiiiititieeeeeiireeeeeeeetteeeeeeeettteeeeeeeetseeeeeeeeisresseeeeetssseeeeesssseeseesasssseeseeasssseeeeessssseseeeennsees 21

1) MONOMER SIMULATIONS.........ooooiiieiiet ettt ettt ettt ettt ettt eseesesaaensesneesseeneens 21

2) FIBRIL SIMULATIONS ..ottt ettt ettt et e se e s e st e ebe s e ebeesseeteenseeneenes 31
CONCLUSIONS ....coeitttteeeeeeeitrtteeeeeeiareeeeeeetareeeeeesttareeeeeestasseeeeeaaassaaeeeaaisssseeeeaasssseeseaasssseeseesasssssseseensssseeeeennssseeeeeennsres 48
ACKNOWLEDGEMENTS......utttiteeieiitteeeeeeiireeeeeeeiiteeeeeesettsseseseasssteeseesissesseesatsssseeeesetrssseeseesssseeseestsssesssessssseseesennees 49

CHAPTER 4 - DIFFERENTIAL EFFECTS OF SARS-COV-2 AMYLOIDOGENIC SEGMENTS ON THE

AGGREGATION AND TOXICITY OF HUMAN ISLET AMYLOID POLYPEPTIDE WITHIN

MEMBRANE ENVIRONMENTS 50

CHAPTER 5 — SARS-COV-2 SPIKE PROTEIN FRAGMENT EASES AMYLOIDOGENESIS OF a-

SYNUCLEIN 57
INTRODUCTTION ..ottt ettt ettt n et st seas b s enenee 58
MATERIALS AND METHODS .......c.cooiiiiiiiieeet ettt aene 60

SYSEEI Pr@PATALION. ..ot 60



General SiMULALION PrOTOCOL. ..................cooeeieeeieeeee et 61

THAJECIOTY ARGLYSIS ...ttt ettt bbbt ettt ettt ettt ettt ere 63
RESULTS AND DISCUSSION .....couiiiiiiiiiiiiieiiicteieeee ettt s s 63
MOROMEE STMULALIONS ...ttt ettt ettt b bttt ettt ettt ettt erea 63
FUBFIL STMUIALIONS ...tttk bbbt ettt ettt ene 69
CONCLUSIONS ...t b e s s e bbbt eae bbb st enesnesan 76
ACKNOWLEDGMENT ..ottt e 78

CHAPTER 6 - PODOPLANIN POSITIVE CELL-DERIVED SMALL EXTRACELLULAR VESICLES

CONTRIBUTE TO CARDIAC AMYLOIDOSIS AFTER MYOCARDIAL INFARCTION..........cccecerurureuennes 79

CHAPTER 7 — D-RETRO-INVERSO PEPTIDES FOR INHIBITION OF SERUM AMYLOID A3

AGGREGATION 83
INTRODUCGTION ....outtviiiieeeeiieeee e ettt ee e e eeete et e e e ettt e e e e eeetaeeeeeeeetasaeeeeeassaseeeeessbssseeseeasssseeeeesaassaseeseentssseeeeennsseeeeeeasees 83
IMIETHODS ... tvvteeeeeetateee e ettt e e ettt e e e eee s e e e e eesttaaeeeeeeataseeeeeasssaaeeeeaassssseeeeeassseaeseensssseeeeeaassssseeeeensssseeeeenssseseeeensres 85
RESULTS AND DISCUSSION ....coiiiiiititieeeeeiitreeeeeeeitteeeeeeeetteeeeeeeeeasseeeeeeeisseseeeeeetssseeseessssesseesasssssseseesssseeseessssseseeeennsees 90

Mouse SAA3 FiDFil SIMUIATIONS .........ooeeeeeeeeeeeeeeeeeeeeeeeeee e et 90
Simulations of Off Target molecules, Collagen 1o and FiDrONectin..................ccccevvveveieeveiieieieeeieeeeen, 98
CONCLUSION ......ceitttttteeeeeeitteeeeeeeetteeeeeeeetareeeeeesaseeeeeeeeaseseeeeaasraseeeeaaasseeeseaaassaeeeeaastasseeeeaasssseeeeeasrseeeeeessssseeesanntes 102
ACKNOWLEDGEMENTS......ccitttteieeiitteeeeeeeiteeeeeeeeiisseeeeeesiseeeeeeaettsseeeeeesssseeseesasseseeeeaisrasseesessssseeeseesissseeseesaresseesans 103

CHAPTER 8 - SUMMARY 104

LIST OF PUBLICATIONS RELATED TO DISSERTATION 107

OTHER PUBLICATIONS 107

REFERENCES 108

vi



List of Tables

Chapter 3:

S E: o) S R 19
B 1) N N R 25
1 E: o) S 29
S E o) S I 35
LD A oo 42
Chapter 5:

S E: o) S R 61
LD 2 oo 68
S E o) S I 73
Chapter 7

S E: o) S R 87
1 E o) S 89
S E o) S I 96
LDl A oo 99
1E ) S I 101
BE ) S 101

vii



List of Figures

Chapter 1:

FagUIE | .o e 1
FagUI 2 o e 4
Chapter 2:

FagUIE | .o e 9
Chapter 3:

o gUIE L o e 15
Figure SE L o 17
o gUIE 2 o 22
FigUre S o 23
FigUIe S 3 26
FagUIE 3 e 27
FagUIE 4 e 28
FagUIE 5 o e 30
FIGUIC 6 .ot 31
e 32
e 33
o gUIE O o 34
Figure S o 36
Figure S o 40
FIgure SFO ..o 44
FigUIe SE T o 45
Figure SE @ .o 46
Figure SO .o 47
Chapter 4:

I gUIE L o 54
o gUIE 2 o 55
UL B o 56
Chapter 5:

I gUIE L o e 59
o gUIE 2 o 65
o UL B o 66
o gUIC 4 o 70
UL 5 o 71
FIGUIE 6 ..o e 74



FagUIE 7 .o e 76

Chapter 7:

B gUIE L o e 84
o gUIE 2 o 86
FagUIE 3 Lo e 91
o gUIC 4 o 92
FagUIE 5 o e 93
FIgUIC 6 .o 94
FagUIE 7 .o e 95
FagUI & .o e 99
o gUIE O o 100

X



Abstract

Amyloids, a class of protein aggregates, are highly stable elongated fibril structures. They are
associated with numerous diseases, such as Alzheimer’s, Parkinson’s, and type Il diabetes.
Following the COVID-19 pandemic, there have been numerous cases of individuals suffering with
Long-COVID, whose symptoms overlap with common neurodegenerative and amyloid associated
diseases. To explore the potential interactions between SARS-CoV-2 and amyloid proteins, two
amyloidogenic protein fragments from SARS-CoV-2 were investigated with amylin, the amyloid
protein associated with type II diabetes, and a-synuclein, associated with Parkinson’s. These
investigations were performed utilizing all-atomistic molecular dynamics simulations in explicit
solvent. Additionally, presented in this dissertation is research performed to identify and evaluate
the effect of novel D-retro-inverso (DRI) peptides on mouse serum amyloid A3 (SAA3) fibril

stability via virtual screening and molecular dynamics simulations.



Chapter 1 — Introduction

Amyloids are a class of protein assembly characterized by the formation of elongated, unbranched
fibril structures with widths ranging from 5 to 20 nm made of repeating (-strands that run
perpendicular to the fibril axis!?, as shown in Figure 1. The formation of amyloid fibrils is highly
influenced by the aggregation of hydrophobic residues at the protofibril interface. The interface is
stabilized by the interlocking hydrophobic sidechains, forming a highly hydrophobic core referred
to as a “steric zipper”. Due to the interlocking of the sidechains, any water molecules in the initial
interface are driven out. This process is thermodynamically favored as the release of waters results
in a favorable gain in entropy and the enthalpic contributions from the backbone hydrogen bonding
of the B-sheets. As a result, this amyloidogenic core is highly stable, and can be further stabilized
by aromatic stacking of sidechains, and electrostatic interactions. The overall amyloid fibril

structure is very thermodynamically stable and is resistant to proteolytic cleavage.

Figure 1: Model of a-Synuclein fibril, PDB: 60S]J, illustrating the characteristic cross-f sheet
motif of amyloid fibrils. The left image is a top-down view of the fibril assembly; the right image
is a side-on view. Highlighted in red are the residues involved in the protofibril interface referred
to as the ‘steric zipper’.



There are 42 known human proteins that can form amyloid fibrils and are associated with various
diseases!, such as Alzheimer’s, Parkinson’s, and type II diabetes mellitus. Each disease is
associated with different proteins that share no similarities in protein sequence and native
structures; however, they all share the characteristic amyloid structure when misfolded and
aggregated. The formation of amyloids occurs when the precursor protein misfolds from their
native structure. This process is often sporadic; however, familial mutations may exacerbate this

process introducing structures that are more likely to misfold?.

In the presented research, I investigated three different amyloid associated proteins: amylin, o.-
synuclein, and serum amyloid A (SAA). Amylin, also known as Islet Amyloid Polypeptide (IAPP),
is a 37-amino acid long protein that has been associated with type II diabetes mellitus. This protein
is co-secreted from the B-islet cells of the pancreas with insulin in a ratio of 1:100 amylin to
insulin*. Its normal function is to help regulate glucose levels in the body. However, aggregation
of amylin results in the formation of fibrils that disrupt B-islet cells leading to decreased insulin
production and increased blood glucose levels. a-Synuclein is a 140-amino acid long protein that
is associated with Parkinson’s disease. a-Synuclein is expressed predominantly in neurons, and is
involved in the transmission of nerotransmitters.® Lastly, SAA is an acute phase protein that is
associated with the inflammation response. Serum levels of the protein rise drastically, upwards of
1000-fold, in response inflammation stimuli. Chronic inflammation may result in the constant
overexpression of SAA leading to increased likelihood of aggregation events occurring. As a result,
SAA fibrils are associated with secondary amyloidosis in which the SAA fibrils are deposited in

various organs such as the kidneys, liver, and heart.



In 2020, the world experienced a pandemic brought on by the novel corona virus, SARS-CoV-2.
This highly infectious virus ravaged through the world, and ultimately caused millions of deaths.’
Following infection, most individuals only experienced acute symptoms that effected various
organ systems. However, some individuals experienced what is referred to as long-COVID which
is a multisystemic condition that often causes serve symptoms that occurs usually 3 months after
the onset of COVID-19 and lasts at least 2 months and cannot be explained by an alternative
diagnosis.®1? Individuals suffering from long-COVID have been shown to have an increased risk
of developing conditions such as type 2 diabetes!!, cardiovascular, thrombotic and cerebrovascular

1314 “and dysautonomial®,

disease!?, myalgic encephalomyelitis/chronic fatigue syndrome,
Additionally, individuals with long-COVID have shown symptoms of cognitive impairment and
memory loss!?, similar to those of individuals experiencing neurodegenerative diseases. Due to the
similarities in symptoms and overlap of organ systems effected of individuals with long-COVID
and amyloid associated diseases, Figure 2, it has been proposed that SARS-CoV-2 may be

interacting with amyloid precursor proteins and subsequently promoting the aggregation into fibril

structures'®.



Organ tropism in amyloidosis and COVID-19
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Figure 2: Organs and tissues affected by amyloidosis and COVID/Long-COVID (PASC),
indicating many overlapping organ systems.!”

To investigate the potential effects of SARS-CoV-2 on amyloid proteins, molecular dynamics
simulations were utilized as this method provides atom-level resolution of molecular interactions
at time scales that are not feasible in traditional lab settings. An overview of molecular dynamics
is presented in Chapter 2 of this dissertation. As the entire virus was not feasible to simulate with
the amyloid proteins of interest, we instead investigated the effects of two small amyloidogenic
peptides from SARS-CoV-2. The first viral peptide utilized was from the C-terminal region of the
envelope protein of SARS-CoV-2, SFYVYSRVK, or SK9. This sequence was selected as it
showed homology with a known amyloidogenic peptide segment from the envelope of the SARS-

CoV virus!®, The second viral peptide utilized originated from the spike protein of SARS-Cov-2.



It was shown experimentally!” that the spike protein is cleaved by the protease neutrophil elastase,
which is released by neutrophils locally at sites of inflammation. Of the resulting cleaved peptides,
it was shown that the fragment FKNIDGYFKI, or FI10, was capable of forming amyloid fibrils'.
In Chapters 3 and 4, the results of simulations of amylin, with both SK9 and FI10 are presented.

Results of simulations of a-synuclein with SK9 and FI10 are presented in Chapter 5.

The remaining portion of my dissertation moves away from the potential interactions between
SARS-CoV-2 amyloidogenic peptides and amyloid proteins. Instead, it focuses on the
identification of novel D-retro-inverso peptides and their effects on mouse serum amyloid A3
(SAAD3) fibril stability. Recently it has been shown that following myocardial infarction in mice,
cardiac amyloidosis occurs®. The resulting fibrils were shown to be formed from aggregated
SAA3 released locally by macrophages at the site of inflammation. From previous computational
studies performed by the Hansmann group?!, a D-retro-inverso (DRI) peptide, DRI-RSFFS, was
purposed as a possible inhibitor for human SAA1 aggregation. A DRI peptide is a peptide in which
the sequence of amino acids is reversed and the chirality of each residue is inverted from the L- to
D-enantiomer.”> The resulting peptide is more resistant to proteolytic cleavage®, while
maintaining similar sidechain orientations of the native peptide?’. This method of peptide
modification has been utilized with peptides that target to inhibit amyloid-p aggregation.?*-2® Qur
experimental collaborators investigating cardiac amyloidosis of SAA3 in mice following
myocardial infarction utilized DRI-R5S as a potential treatment. It was found that by
administrating DRI-R5S every other day following myocardial infarction, a reduction in scar
stiffness and improved cardiac function was observed. To help explain the potential interactions

between DRI-R5S and mouse SAA3 and other off-target molecules, I performed molecular



docking studies and binding free energy calculations. Chapter 6 provides an overview of the
experimental results found as well as the computational results during our collaboration with
Cimini et. al. To further evaluate the effect of DRI-R5S on mouse SAA3 fibril stability molecular
dynamics simulations were performed. Additionally, I sought to identify novel DRI-peptide
inhibitors for mouse SAA3 via virtual screening. From this virtual screening three inhibitor
candidates were identified. To further validate the effects of these peptides on mouse SAA3 fibril
stability, molecular dynamics simulations were performed. The results of these simulations are

reported in Chapter 7.

Lastly, Chapter 8 provides a summary of the key results found in the research performed.



Chapter 2 — An Overview of Molecular Dynamics

When investigating proteins, determining the structure is paramount to elucidating the protein’s
function. Modern structural determination techniques include X-ray crystallography, nuclear
magnetic resonance spectroscopy, and cryo-electron microscopy. These methods all allow for the
determination of protein structures; however, it is often hard to examine dynamic effects with
atomic level resolution. As proteins are not static objects, they should not be studied as such. One
potential strategy that can be employed is to simulate the forces applied to the atoms in a structure
and observe how these forces propagate through time. This strategy is referred to as molecular

dynamics.

Fundamentally, molecular dynamics is a process of iterative calculations of forces in which the
positions and velocities of all particles in a system are updated to examine their progression over
time. This is possible by treating all the particles in the system as classical Newtonian particles,
where forces can be defined as,

62r,—(t)_ .
—a i =1...N®

F = ma; = m;
where m; is the mass of the i-th particle of a system of N particles, and a; is the acceleration vector
of the i-th particle, which can be also described as the second derivate of the position vector, 1,
with respect to time. Practically, it is useful to define forces as the negative gradient of the potential

energy function, U(r) with respect to the position vector r; of the i-th particle,

F; = —a%U(r) o)



To propagate the equation of motion to generate a trajectory of the system, we must integrate

Newton’s laws of motions which are shown below:
r(t+6t) =r(t) +v(t)dt 3)

v(t + 6t) = v(t) + a(t)dt (4
a(t) =72 )

A simple approach to this is by exploring the Taylor expansion of the position function and

evaluating it at + §t. Doing so results in the following expression:

r(t + 8t) = r(t) + v(t)5t + %a(t)Stz + %%r(t)8t3 +0(5tY) (6)
Evaluating the same function at — &t results in

r(t-8t) = r(t) — v(t)6t + %a(t)(StZ - %;—;r(t)6t3 +0(5tY) ()

Then by adding the resulting equations together and solving for r(t + 6t) we arrive at the
following equation

r(t+8t) = 2r(t) —r(t — 6t) + a(t)6t? + 0(6t*) (8)
The resulting function allows for the determination of the position at the next timestep given that

the previous positions are known, and the forces are computed without the need to update the

velocities initially. Velocities then can be calculated as

r(t+8t)—1(t—8t)
268t

v(t) =

€))

This simple integration scheme is known as the Verlet algorithm. However, due to the need to
subtract very large numbers this algorithm is not the most numerically stable and can lead to

numerical errors. Another approach that can be utilized is known as the Leap-Frog algorithm. As

8



the name implies, in this algorithm the positions and velocities are calculated at different timesteps

and ‘leap’ over each other as the equations are integrated, as illustrated in Figure 1.

F(E+AY) v(t+1/2A1)  r(t+At)

0 0.5 1 1.5 2

Figure 1: A diagram illustrating the updating behavior of the Leap-frog algorithm, in which
positions, r, are updated every time step, while velocities are updated every half time step.

As a result of the staggered updating scheme, there is a decrease in the accumulation of numerical
errors, while maintaining trajectories that are numerically identical to those produced by the Verlet.
This algorithm produces numerically stable trajectories that are time reversible, which is critical

for proper molecular dynamic simulations.

As shown above, these techniques can be used to integrate the equations of motion for a system of
interest and determine the positions and velocities through forces. To calculate these forces the
relationship shown in Equation 2 is utilized. This relationship illustrates that the negative gradient
of the potential energy function can be used to calculate the forces. Therefore, the calculation of
the potential energy function is critical to proper molecular dynamics simulations. To calculate the
potential energy, a collection of functions with empirically derived constants known as

‘forcefields’ are used. Parameters may vary between forcefields, however there is a shared



assumption that bonds may not break during a simulation. A simple form of potential energy

function can be written as the sum of the bonded and nonbonded interaction energies:

U(T’) = Ubonded + Unonbonded (10)

The energies associated with Upondea involve bond stretching, and energies associated with bond
angles. On the other hand, nonbonded interactions involve van der Waals and electrostatic forces.
A common additive forcefield utilized in protein simulations in the CHARMM forcefield?’. The
potential energy function is modeled in CHARMM by the following expressions, Equations 11-
12. Represented by Equation 11 are the bonded terms evaluated to determine Upondea. Those terms
include bond stretching, Equation 11.1, which describes the distance bound particles deviate from
an equilibrium bond length. This behavior is modeled similarly to a classical spring-mass system
in which a harmonic oscillator model is used. Here the classical spring constant, k, is described by
experimentally derived parameters in the term Ky. Similarly, the energy related to changes in bond
angle are calculated by Equation 11.2. To account for angle bending, the Urey-Bradley
component, Equation 11.3, is calculated between the distances of atoms 1 and 3 of the angle
formed by atoms 1, 2, and 3. This quantity is also expressed as a harmonic potential. Torsion
angles, or dihedral angles, are modeled with Equation 11.4, where K, is the dihedral force
constant, n is the multiplicity of the function, y is the dihedral angle, and & is the phase shift. The

improper angle, or out of plane bending, is accounted for by Equation 11.5.

10



Ubonded = Upbonds + Uangies + Uus + Uginedrais T Uimpropers (11)
Uponds = Zbonas = (b — b)? (11.1)
Uangtes = Langtes = (0 — 86)? (11.2)
Uus = Surey-pradiey 2 (b'™% — b3 ™) (11.3)

Udihedrals = Zdihedrals Kx(l + COS(nX - 8)) (114)

K,
Uimpropers = Zimpropers?qo ((P - (Po)z (115)

12

min
Tl]
Unonbonded = UL] + Uelec = Znonbonded (481']' l( )

i#j Tij

The nonbonded interactions are described by two separate terms, the Lennard-Jones potential, and
the electrostatic potential. The Lennard-Jones potential describes the effects of van der Waals
interactions between nonbonded atom pairs. It is a function of the distances between mass i and j,
rij, as well as the potential well-depth, €, and the separation distance at which the potential energy
is zero, ri’}””, which both are described by forcefield specific parameters. Pair-wise electrostatic
interactions are modeled by a Coulombic potential in which g; and q; are the charge of the i-th and

Jj-th atom pair respectively, &, is the vacuum permittivity, and r;; is the distance between atom pairs

iandj.

By bringing everything together with the forcefield defined potential energy function, and
integration techniques, molecular dynamics can calculate the movement and interactions of atoms
within a system of interest at atomic level detail. As a result, many quantities of interest such as

intermolecular contacts, hydrogen bonding, solvent accessible surface area, and electrostatics, etc.

11



can be determined at time scales that are not feasible in the traditional laboratory setting. That is
why for the work presented in this dissertation, molecular dynamics simulations were used. As this
method allowed for the probing of interactions occurring between SARS-CoV-2 derived protein
fragments and amyloid proteins. As well as examine the effects of potential peptide inhibitor

candidates on the stability of an amyloid fibril of interest.

12



Chapter 3 — Human Amylin in the Presence of SARS-COV-2 Protein Fragments

To begin my investigations into the effects of amyloidogenic SARS-COV-2 peptides on amyloids,
my first project focused on the amyloid protein known as amylin or human islet amyloid
polypeptide (hIAPP). The following chapter was published in a similar form in ACS Omega by
the author of this dissertation as the following article: Human amylin in the Presence of SARS-
COV-2 Protein Fragments, ACS Omega, 8, 12501, by Andrew D. Chesney, Buddhadev Maiti,

Ulrich H.E. Hansmann?®. All text and figures are taken with the permission of the publisher.

Introduction

SARS-COV-2 infections affect not only the respiratory system but a multitude of organs in the
human body.?*? However, the underlying mechanism for the resulting broad spectrum of
symptoms and complications of COVID-19 are not always understood. For instance, diabetes
patients have often more severe symptoms of COVID-19, but SARS-COV-2 infections may also
trigger onset of diabetes.>3-3¢ One possible cause for disease symptoms in individuals with type-II
diabetes is aggregation of islet amyloid polypeptides (IAPP, also known as amylin). Amylin
aggregation (or more general the onset of type-II diabetes) can be caused by various factors, for
instance, inflammation induced by infections. However, one can speculate that amylin aggregation
is also triggered directly by SARS-COV-2 protein fragments. In previous work, we have presented
evidence for such a mechanism for Serum Amyloid A*” and a-synuclein®®. However, amylin may
be affected differently by interactions with viral proteins since it is more stable than these two
proteins, being about 65% helical and stabilized by a disulfide bridge. For this reason, we

investigate in this study whether interactions with SARS-COV-2 protein fragments also alter

13



amylin amyloid formation, and how this effect differs from the one seen in our previous studies.
For this purpose, we use all-atom molecular dynamics simulations to investigate the effect of two
virus protein fragments on amylin monomers (Figure 1c¢) and two fibril models (Figure 1d and
Figure 1e). The first fragment, SK9, is from the Envelope protein and allows us to connect our
work to the above described previous one, while Spike-protein fragment FI10 unique for SARS-
COV-2 and has been shown to form amyloids in vitro'> Note that the two fragments, shown in
Figure 1a and Figure 1b, are both from viral surface proteins, increasing the chances for
interaction with extracellular proteins such as amylin. Unlike in the earlier work on Serum
Amyloid A37 and a-synuclein®® we do not see a shift in the ensemble of monomers toward more
aggregation prone conformations, but rather protection of the native conformation. However, we
observe stabilization of fibril structures that not only depends on the viral protein fragments but

also on the amylin fibril geometry.

14



FIGURE 1: Licorice representation of the two SARS-COV-2 protein fragments used in this study:
(a) SK9; (b) FI10. Ribbon representations of the (c¢) amylin monomer (PDB-ID: 21.86), and the
two fibril models with PDB-IDs (d) 2F4L and (e) 6ZRF are also shown. The N- and C-terminals
are colored in blue and red, respectively.

Materials and Methods

System Preparation

We rely on molecular dynamics (MD) simulations to study the effect of SARS-COV-2 proteins on
amylin aggregation. Our study focuses on the change in the conformational ensemble and the
stability of amylin monomer and fibrils induced by presence of the nine-residue segment
SFYVYSRVK (SK9) of the Envelope protein or the ten-residue segment FKNIDGYFKI (FI110)
of the Spike protein from SARS-COV-2. The initial configuration of SK9 is the same as the one

used in our previous work,*”3® and was derived from the model of the SARS-COV-2 Envelope

15



protein deposited in the MOLSSI COVID-19 hub*’. The N- and C-terminal of the SK9 segment
are capped by a NH3* and -CONH, group, respectively. Following Nystrom and Hammarstrom*°
the initial configuration of the FI10 viral fragment was derived by extracting the residues F194-
1203 from the structure of the SARS-COV-2 Spike protein (PDB ID: 6VXX), with the N- and C-
terminal of the peptide capped again by a NH3" and -CONH, group. To compare the effect of
terminal group of the small FI10 peptide on our results, we have also considered the case where

the N- and C-termini were capped with a NH3"™ and -COO™ group, respectively.

The initial conformation of the amylin monomer model has been taken from the Protein Data Bank
(PDB). This structure (PDB ID: 2186 #!) was resolved by solution NMR, and we add at the N- and
C-terminals a NH3" and a COO™ group respectively. Unfortunately, only a few models of amylin
fibrils have been resolved and published in the PDB. Due to our familiarity with the fibril model
put forward by Eisenberg and co-workers*?, which we have studied in a different context in
previous work 43, we again chose this model, but reduced the number of layers from five to four
chains in each of the two proto-fibrils. This is because we expect that by decreasing the layers in
this manner the stability of the fibril fragment will be lowered, and any potential effect resulting
from presence of SK9 will be seen more clearly. Note that while we call this amylin fibril model
2FA4L, this is not a PDB-ID but rather our shorthand notation for Two-Folds-Four-Layers. In order
to be consistent with earlier work*}, we add again at the N- and C- terminal a NH3" and a COO~
group. The initial conformation of the other amylin fibril model was extracted from the Cryo-EM
resolved model** with PDB-ID: 6ZRF such that it has the same number of chains as the 2F4L fibril
model. Note that we use for this second fibril model -COCHj3 and -NHCHj as end groups, allowing

us to compare our control simulations (in absence of viral protein fragments) with the experiments

16



described in Ref #°. The use of different end-groups is justified as our main interest is the

comparison of simulations with and without SARS-COV-2 protein fragments.

Simulations starting from the amylin monomer and fibril models described above serve as control
in our study. For investigating the effect of SARS-COV-2 protein fragments on amylin we have
performed simulations that start from configurations where either SK9 or FI10 peptides bind to
these models. These start configurations were generated using AutoDock Vina*® and
HADDOCK** by docking the respective segments in a ratio of 1:1 with either monomer or

fibrils. The resulting configurations are shown in Supplemental Figure S1.

Figure SF1: Start configurations of amylin monomer (a-c), the 2F4L fibril (d) and the 6ZRF fibril
(e-g) with SK9 (red) and FI10 (blue (CONH2) and green (COO-)). N-termini are marked in dark
blue and C-termini in red.

Note that the viral protein segments are not restricted to these initial positions on monomer or

fibrils but can move freely throughout the simulations and even detach from the amylin.
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General Simulation Protocol

The set-up and simulation of all systems rely on the GROMACS 2018 and GROMACS 2022
package®. We use the CHARMM 36m all-atom force-field>® with TIP3P explicit water’! as
implemented in the GROMACS package to describe the inter- and intramolecular interactions for
the monomer and fibrils. This force-field and water model combination has been found in previous

4352 and in literature®>>> to be well-suited for simulations of fibrils

work performed in our group
and oligomers. Hydrogen atoms are added with the pdb2gmx module of the GROMACS suite®.
The start configurations for all systems are put in the center of the cubic box, with at least 15 A
between the solute and the edge of the box. Periodic boundary conditions are employed. The
systems are solvated with water molecules, and counterions are added to neutralize the system,
with the Na™ and CI" ions at a physiological ion concentration of 150 mM NaCl. Both the number
of water molecules and the total number of atoms are listed in Table 1. The energy of each system
is minimized by steepest decent for up to 50,000 steps, and afterwards the system is equilibrated

at 310K for 200 ps at constant volume and in an additional 200ps at constant pressure (1 atm),

constraining the positions of heavy atoms with a force constant of 1000 kJ mol! nm™.
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Table 1: Simulated systems

Svstem Description Atoms Water Independent Simulation Total
y P Molecules Trajectories Length (ns) Sampling (ns)
Monomer (PDB ID: 21.86)
Control 26,747 8,720 3 4,000 12,000
w/ SK9 (AD-Vina) 26,767 8,733 3 1,000 3,000
w/ SK9 (HADDOCK) 25,856 8,430 3 1,000 3,000
w/ FI10 30,416 10,083 3 1,000 3,000
Fibril Model 2F4L
Control 118,169 37,884 3 200 600
w/ SK9 120,148 38,090 3 200 600
Fibril Model 6ZRF
Control 149,710 48,356 3 200 600
w/ SK9 268,411 87,361 3 200 600
w/ F110-CONH, 268,423 87,373 3 200 600
w/ F110-COO” 268,433 87,403 3 200 600

Starting from the above generated initial conformations (shown in Supplemental Figure SF1)

simulations are performed at constant temperature (310 K) and pressure (1 atm). The temperature

is controlled by a v-rescale thermostat®® with a coupling constant of 0.1 ps, and pressure is kept

constant by using the Parrinello-Rahman barostat®” with a pressure relaxation time of 2 ps. By

using the SETTLE algorithm®® to keep water molecules rigid, and restraining protein bonds

involving hydrogen atoms to their equilibrium length with the LINCS algorithm®, we are able to

use a time step of 2 fs for integrating the equations of motion. Because of the periodic boundary

conditions, we compute the long-range electrostatic interactions with the particle-mesh Ewald

(PME) technique, using a real-space cutoff of 12 A and a Fourier grid spacing of 1.6 A. Short-

range van der Waal interactions are truncated at 12 A, with smoothing starting at 10.5 A. For each

system, we follow three independent trajectories differing by their initial velocity distributions.

The length of the various trajectories is also listed in Table 1.
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Trajectory Analysis

The molecular dynamics trajectories are analyzed with the GROMACS tools*, VMD® and
MDTraj softwareS!. For visualization of trajectory conformations we use VMD®, and UCSF
Chimera®?. The root-mean-square deviation (RMSD), root-mean-square-fluctuation (RMSF),
radius of gyration (RGY) and solvent accessible surface area (SASA) are calculated using
GROMACS tools, for the latter quantity using a spherical probe of 1.4 A radius. The residue-wise
contact frequencies are calculated using VMD and MDTraj software, defining contacts by a cutoff
4.5 A in the closest distance between heavy atoms in a residue pair. Hydrogen bonds are defined
by a distance cutoff of 3.5 A between the donor and acceptor atoms and an angle cutoff of 30°. The

residue-wise secondary structure propensity is calculated in VMD by the STRIDE algorithm%.

In order to avoid the in our case prohibitive computational costs of free energy perturbation
methods, thermodynamic integration, or similar approaches are binding free energies of the viral
protein fragments to amylin fibrils approximated by the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method as implemented in the GROMACS suite*%*. This
approximation is not without problems, with one important drawback being that it neglects
entropic contributions of the solute. As MM-PBSA is therefore not suitable for studying the
binding of the viral protein fragments SK9 and FI110 to amylin monomers, we use for these systems
instead the approach described in Bellaiche et. al®>. This approach was used earlier to study
inhibition of AP amyloid formation by small peptides®® and relies on calculating a dimensionless
association constant from the distribution of bound and unbound conformations. For comparison,

we also estimate binding free energies with the protein binding energy predictive model
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(PRODIGY) which is based on a simple linear regression of the number of interfacial contacts

between residues in a protein-protein complex®’.

Results and Discussion

1) MONOMER SIMULATIONS

We start our investigation into the effect of SARS-COV-2 protein fragments on amylin
aggregation by first looking into the changes of the ensemble of monomer conformations induced
by viral proteins. In our previous work we have demonstrated that presence of the nine-residue-
long C-terminal fragment SK9 (SFYVYSRVK) of the SARS-COV-2 Envelope protein shifts the
ensemble of SAA3” and aS*® monomers toward more aggregation-prone conformations, increasing
in this way the probability for amyloid formation. The starting point for our present simulations is
the amylin monomer model with PDB-ID: 2L86*' in complex with SK9. By comparing two
different programs (AutoDock Vina and HADDOCK) to identify potential binding sites*** we
come up with two distinct sets of trajectories. This allows us to probe the effect of the initial
binding site on our results. A third set of trajectories was started from a configuration where the
Spike protein fragment FI10 (FKNIDGYFKI) binds to the amylin monomer. This fragment,
cleaved by the enzyme neutrophil elastase, which is released from neutrophils during acute
inflammation, is unique for SARS-COV-2 and has been shown to form amyloids in vitro.[*!
Simulations of SK9 or FI10 interacting with amylin are compared with control simulations where
the viral protein fragments are absent. PDB-files of start and final configurations of all runs are

available as supplemental material.
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Figure 2: Averaged number of original contacts between SK9 and amylin as a function of time
(a). The corresponding average number of a/l contacts (including newly formed ones) is shown in
(b). Contacts are normalized to one for the respective start configurations. Red marks data from
runs where the initial binding site of SK9 was found with AutoDock Vina, greens such where the
binding site was found with HADDOCK. Blue marks data from runs where FI10 interacts with
amylin.

In Figure 2a, we show the number of original binding contacts (contacts that exist at start) as
function of time. Initially, SK9 has in one set (binding site derived with Autodock Vina) 37
contacts with the amylin monomer, 35 in the other set (binding site found with HADDOCK); and
FI10 forms 38 contacts with the amylin monomer. In order to compare the various trajectories, we
normalize the number of contacts for each system to a value of one at start. The log-log-plot in the
inset shows that the number of contacts decreases by a power-law, with the exponent 0.34(1) for
SK9 and of about 0.5 for FI10. These exponents indicate a diffusive motion of the viral protein
fragments in relation to the amylin monomer, that in the case of SK9 is slower than in normal
diffusion, and normal (i.e., random-walk-like) for FI10. Note, however, that in the process of this
diffusive motion many of the disappearing original contacts are replaced by contacts not seen in
the start conformation. As a consequence, the total number of contacts between the viral protein

fragment and amylin decreases much slower, see Figure 2b, staying for SK9 close to 30%-40%

of the initial number. For FI10 the number of contacts stays even at 60% -70%. The center-of-
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mass distance between both molecules is around 5 A -20 A, but occasionally increases up to 50 A,

see Supplemental Figure SF2.
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Figure SF2: Average center of mass distances as function of time between the amylin monomer
and SK9 (red) or FI10 (blue)

Hence, most of the time, the viral protein fragment stays attached to the amylin monomer, but
occasionally it separates transiently. Together with our binding free energy estimates, the above
observations indicate stable binding between the viral protein fragment and amylin. For SK9 we
find a value of -21(3) kJ/mol for the trajectories starting from the Autodock Vina generated binding

site, and a value of -22(5) kJ/mol for trajectories with HADDOCK generated initial binding site.
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These values are calculated taking the last 800 ns of the trajectories into account and only decrease
to -18.2 (3) kJ/mol and -18(5) kJ/mol, when only the last 200 ns are considered. Hence, the binding
of SK9 to amylin depends little on the binding site and decreases only slowly. For FI10 we find
values of -22(2) kJ/mol taking the last 800 ns into account. When restricting the calculation to the
last 200 ns, we have to rely on only two trajectories as in the third one FI10 stayed in contact with
amylin over the whole time, i.e., did not allow estimation of a binding energy with the approach
Bellaiche et. al.. Hence, our values of -28(4) kJ/mol for the two trajectories where we could use
the approach is an underestimation. Nevertheless, this value indicates already that FI10 is binding
more tightly with the amylin monomer than SK9, which is supported by all other quantities in
Table 2. We remark that we observe the independence from the binding site, and the difference
between SK9 and FI10, also when the binding energies are estimated directly from the start
conformation, using Prodigy®’. However, the obtained absolute values of the free energies, -45.6
(0) kJ/mol for SK9 docked with AutoDock Vina and -49.4 (7) kJ/mol for those docked with

HADDOCK, and -41.6 (7) kJ/mol for FI10, are larger for Prodigy, which uses an approximation.

Note that except for the terminal residues we find little difference in the frequencies that SK9
residues bind to amylin, with slightly higher values for the central Y5 and lower values for residues
S6-S8 than for residues F2-V4. On average the binding probability of a SK9 residue is about
60(10)% for the last 800 ns, and 50(20)% when calculated only over the last 200 ns. Here, the
terminal residues are excluded in the calculation of the binding probabilities. Similarly, we find
for FI10 a binding probability of about 60(10)%, when measured over the last 800 ns, and 70(20)%
when measured only over the last 200 ns. However, residues D5-110 of FI10 have higher binding

propensities than the first three residues (FKN), see Supplemental Table ST1.
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Table ST1: Residue-wise binding frequencies of SK9 and FI10 residues to amylin monomers

SK9 (Autodock Vina) Binding Frequencies (%)

Residues | Ser-1 Phe-2 Tyr-3 Val-4 Tyr-5 Ser-6 Arg-7 Ser-8 Lys-9
816?;:5 37(6) | 63(9) 67(4) | 70(10) | 80(10) 55(6) 56 (2) 50(5) | 42(3)
216?;:5 28(3) | 58(5) | 70(20) | 70(20) | 70(20) | 50(10) 48 (8) | 30(20) | 28(9)

SK9 (HADDOCK) Binding Frequencies (%)
816?;:5 41 (8) | 70(10) | 70(10) | 60(20) | 80(20) | 50(10) | 60(20) | 40(10) | 30(10)
216?;:5 40 (30) | 60(20) | 60(30) | 50(30) | 60(30) | 30(10) | 50(30) | 30(10) | 30(20)
FI10 Binding Frequencies (%)
Residues | Phe-1 | Lys-2 | Asn-3 | Ile-4 | Asp-5 | Gly-6 | Tyr-7 | Phe-8 | Lys-9 | Ile-10
81(4)?;:5 64 (5) | 54(6) | 48(7) | 76 (8) | 53(6) | 50(10 | 80(4) | 86(6) | 58(5) | 77 (9)
200m: (;8) (;8) 34 () (?8) (?g) (gg) L@ 19506 (?8) (gg)

The frequencies are again independent from the initial binding site. Similarly, no clear pattern is

seen in the amylin residues binding with SK9 or FI110, see Supplemental Figure SF3, reflecting

the diffusive movement of the viral protein fragment in relation to the amylin monomer.
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Figure SF3: Residue-wise binding frequencies for the amylin monomer interacting with SK9 or
FI10 (blue). Binding sites for SK9 were found by two docking programs, Autodock Vina (red) and
Haddock (green).
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Figure 3: Average root-mean-square-deviation (RMSD) to the start conformation as function of
time for amylin in presence of SK9 (red) or FI10 (blue), and in absence of SK9 and FI10 (black).
The RMSD is evaluated over backbone atoms only. Averages are calculated over all trajectories
for each system.

The effect of the binding of the viral protein fragment on the ensemble of amylin monomer
conformations can be seen by comparing the simulations of amylin interacting with either SK9 or
FI10 with the control simulations (where the viral protein fragments are absent). One example is
the root-mean-square-deviation (RMSD) to the start conformation which we show as function of
time in Figure 3. Shown are averages over all trajectories for each system. We have merged all
trajectories of SK9 interacting with the amylin monomer as the data for SK9 differ little between
the runs starting from binding sites generated with Autodock Vina and the ones generated by
HADDOCK. After a rapid initial increase the RMSD stays in the control simulations, and for
amylin interacting with either SK9 or FI10, almost constant over the whole length of the trajectory.

However, while the RMSD values differ little between control and amylin in presence of either

SK9 or FI10, visual inspection of the final configurations (Figure 4) shows differences in size and
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helicity to the control. For instance, the average radius of gyration of the amylin monomers is
11.4(2) A for the SK9 and 12.9(1) A for the FI10 simulations, which is higher than in the control
11.2(1) A. A similar pattern is seen for the end-to-end distance, where we find 19(5) A in the SK9
simulations, 26(5) A in presence of FI10, and 20(1) A for the control, see Table 2. While the
average solvent accessible surface area (SASA) of the amylin monomer is similar in all cases, we
find that the ratio of exposed surface of hydrophilic residues to that of hydrophobic residues is
0.86(2) in the simulations where FI10 interacts with amylin, which is comparable to the 0.85(3)
measured in simulations where SK9 interacts with amylin, but both values are smaller than the
value (0.875(5)) measured in the control simulations where neither of the viral protein fragments

is present.

(a) ‘ (b) (¢)

Figure 4: Representative snapshots of the final amylin conformations in absence (a), and presence
of SK9 (b) or FI10 (c). The N- and C-terminals are colored in blue and red, respectively
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Table 2: Averages of various quantities measure in simulations of amylin monomer alone, or in
presence of SK9 or FI10. Averages are over the last 200 or 800 ns, and over all respective
trajectories. Contacts and binding free energies are between SK9 or FI10 and amylin. With the
exception of the binding free energies are all quantities normalized to One at start.

Time Total | Original . End-to-End | AGuind
System Interval | Contacts | Contacts SASA Ry | Helicity Distance (kJ/mol)

800ns | — — | 0964 1('2)4 0.6(1) | 1.325(5) _
Control 11

200ns — — 0.98 (7) (1) 0.6 (2) 1.27 (8) —

800ns | 0.39(8) | 0.05(2) | 0.96 (3) 1('61)4 0.79 (9) 1.4 (3) 21 (4)
w/ SK9

200ns | 0.33(8) | 0.04 (1) | 0.96 (3) 1('2)7 0.68 (3) 1.3 (4) -18 (4)

800ns | 0.60 (2) | 0.054 (7) | 1.00 (5) ES 0.79 (5) 1.61 (9) 22 (2)
w/ FI10

200ns | 0.70(5) | 0.08 (3) | 1.03 (6) ES 0.72 (3) 1.7 (3) -28 (4)

The reason for the differences in these ratios, calculated from averages taken over the last 200 ns,

can be seen in Figure 5 where we show the root-mean-square-fluctuations (RMSF) of residues,

evaluated over the last 200 and 800 ns. This quantity allows us to quantify the flexibility of

residues. Hence, the lower values seen in presence of SK9 or FI10 indicate a stabilization of the

monomer. Especially, we see in the control simulations that residues N22 - N31 have a higher

flexibility than others, but this distinction is not seen in the simulations where the viral protein

fragments are present. This is interesting as human amylin differs in the segment N22 - N31 from

the less aggregation-prone rat amylin: rat amylin contains three proline residues between residues

20-29 that disrupt secondary structure due to structural hindrance and decreased flexibility of the

protein backbone. As a result of these residues, also found in the amylin fibril inhibiting

Pramlintide, rat amylin is less aggregation-prone and more soluble than human amylin. Hence,

interactions with SK9 or FI10 mimic the protective effect of the rat mutations or in the amyloid

inhibiting drug Pramlintide.
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Figure 5: Residue-wise root-mean-square fluctuation of the amylin monomer in absence (black)
or presence of SK9 (red) or FI10 (blue) calculated over (a) last 800ns and (b) last 200ns of the
simulations. Shaded regions mark the standard deviations of the shown quantities.

Indeed, we find that the average helicity, also shown in Table 2, stays marginally higher when
amylin interacts with either SK9 (68(3)%) or FI10 (72(3)%) than in the control (60(20)%).
However, these averages may be misleading. We show in Figure 6 the residue-wise helicity
measured over the last 200 ns in simulations with either SK9 or FI10 present, but subtracting the
corresponding values measured in the control. In the presence of the viral protein fragments,
residues F15 to S28 consistently have higher average helicity than observed in the control while
residues AS to N14 have a lower average helicity. This decrease of helicity for segment AS to N14
is more pronounced for FI10, which at the same time also stabilizes helicity in residues L16 to T30
more than SK9. Residues S20 to S29 have been shown to form the primary amyloidogenic domain
in amylin® while the N-terminal residues (1-8) are not directly involved in fibril formation®.
Hence, we conclude that both SK9 and FI10 are stabilizing the native monomer conformation of

amylin, decreasing the chance of unfolding and seeding amyloids. This is unlike what we observed

in our previous work where we found that SK9 shifted the ensemble of SAA37 and a.S** monomers
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toward more aggregation prone conformations, increasing in this way the probability for amyloid

formation.
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Figure 6: Residue-wise helicity of amylin monomer in presence of SK9 (red) and FI10 (blue)
calculated over the last 200ns. Shown is the difference to the corresponding values in the control
simulations where the viral protein fragments are absent.

2) FIBRIL SIMULATIONS

According to the Le Chatelier’s principle, the equilibrium between amylin in its functional form
and aggregated in amyloids can be shifted not only by increasing the propensity of aggregation-
prone monomer conformations, raising in this way the probability for amyloid formation, but also
by stabilizing existing fibrils. Amyloids with more stable fibrillar structures have been shown to
have higher rates of aggregation.”’ In previous work®”*® we observed such stabilizing effect for

the SK9 fragment on SAA and oS fibrils. Hence, we have also probed the change in stability of
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amylin fibrils introduced by interactions with virus protein fragments. Unfortunately, only few
models of amylin fibrils have been resolved and published in the PDB. Because of our familiarity
with the fibril model put forward by Eisenberg and co-workers*?, which we have studied in a
different context in previous work **, we chose again this model, called by us 2F4L. PDB-files of

start and final configurations are available as supplemental material.

At the start of the three trajectories, the viral SK9 peptides form 257 contacts with the 2F4L fibril,
about 32 contacts per chain. This number decreases rapidly over the first nanosecond, and more
slowly afterwards, but stays constant after 100 ns at 109(6) contacts, about 42% of the original
number of contacts, i.e., on average 14(1) contacts per chain, leading to a binding free energy of
-17(9) kJ/mol between an amylin and a SK9 peptide. Note that not all the observed contacts appear
in the start configuration: the SK9 fragment is not tethered to the fibril and new contacts are formed

as old original ones dissolve.
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Figure 7: Residue-wise frequency of contacts of (a) the fibril model 2F4L with SK9, and (b) the
fibril model 6ZRF, with either SK9 (red) or FI10 (blue). Shaded regions mark the standard
deviation of the averages.
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We show in Figure 7a the frequency with of amylin residues having a contact with SK9 as
measured over the last 100 ns. The main binding regions include residues N14-S19 (centered
around F15) in the outer layers of the protofibrils, and residues F23 and Y37 on the edge of the
protofibril layers. Residues N14-S19 make hydrophobic contacts and m-m stacking interactions
with SK9 to hold the SK9 close to protofibril layers, stabilizing their stacking. On the other hand,
the residues F23 and Y37 form hydrogen bonds and hydrophobic contacts with SK9 that stabilize
the packing of the two protofibrils. Hence, the effect of SK9 binding to the amylin chains is a slight
stabilization of the fibril. This can be seen in Figure 8a where we compare the residue-wise root-
mean-square fluctuation of the amylin fibril 2F4L bound to SK9 with that of the control (2F4L
without SK9 present). This quantity is a measure for the flexibility of a residue, and while the
overall form of the RMSF curves are similar, residues in the 2F4L fibril bound to SK9 have

consistently lower RMSF values, i.e., are less flexible.
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Figure 8: Residue-wise RMSF for (a) the fibril model 2F4L and (b) the fibril model 6ZRF. The
black curve marks data from the simulation in absence of viral protein fragments, while the red
curve show the results obtained when SK9 is present, and the blue curve data for when FI10 is
interacting with the amylin fibrils. Shaded regions mark the standard deviation of the averages.

Consequently, the final configurations are less disturbed than in the control, see the insets of

Figure 9a which shows as a function of time the root-mean-square deviation (RMSD) to the start
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conformation, taken over all backbone atoms of all chains. Note that we consider for the
calculation of the RMSD only residues 8-37 as the first seven residues are disordered. While the
differences to the control are small, they show larger stability of 2F4L bound to SK9 than for the
fibril in absence of SK9. This can also be seen by visual inspection of the final conformations
shown in the insets. Consistent with the RMSF plots, this stabilization is mainly due to the
reduction of flexibility for the first N-terminal residues which in the control appear to disrupt the

stacking of the N-terminal (3-sheets.
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Figure 9: RMSD to the start configuration as function of time for (a) the fibril model 2F4L and
(b) the fibril model 6ZRF. The RMSD is calculated over all backbone atoms in residues 8-37 of
all chains in the respective fibril model. Black curves are from the control simulations while red
curves are from data measured in simulations where SK9 is present, and similarly, blue curves for
the case of FI10 interacting with the amylin fibril. Shaded regions mark the standard deviation of
the averages. The start configuration and representative final configurations are shown as insets.

However, these visual impressions are difficult to quantify. For instance, the solvent accessible
surface area (SASA), in Table 3, is 15251(356) A2 when measured in the simulations with SK9
which is smaller than when measured in the absence of SK9, 15554(337) A2 The difference
between the two averages is small and within the standard deviations, but the difference becomes

more pronounced when excluding the disordered first seven residues from the SASA calculation,

leading to 11445 (254) A?in presence of SK9 versus 11853(227) A?in the control. The reduction
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in exposed surface area in the complex is slightly higher for hydrophobic residues than for
hydrophilic residues, but no clear picture emerges. Little difference is also seen for the average
distance between the two folds (8.1(3) A in presence of SK9 vs 8.2(8) A for the control), and the
averages distance between layers is with 2.9(2) A about the same in presence and absence of SK9.
Similarly, neither our MMPBSA approximations of the packing and stacking free energies nor the
measured numbers of stacking or packing contacts or hydrogen bonds in Table 3 give a clear

signal explaining the observed weak stabilization.

Table 3: Various quantities averaged over the last 100 ns of three trajectories in simulations of

the amylin 2F4L fibril model in absence or presence of SKO.

Control w/ SK9
Total SASA (A?) 15554 (337) 15251 (356)
Hydrophobic SASA (A?) 7782 (243) 7623 (229)
Hydrophilic SASA (A?) 7773 (141) 7628 (134)
Packing distance (A) 8.2 (8) 8.1 (3)
Stacking distance (A) 292 292
Packing contacts 90 (11) 92 (16)
Stacking contacts 494 (26) 492 (20)
Intrachain contacts 1226 (6) 1242 (3)
Packing hydrogen bonds 6 (3) 7(3)
Stacking hydrogen bonds 146 (5) 142 (7)
Intrachain hydrogen bonds 17 (1) 16 (1)
Packing free energy (kJ/mol) -189.2 (48.3) -184.8 (77.0)
Stacking free energy (kJ/mol) -251.1 (163.1) -305.7 (113.7)

Correspondingly, we do not see a difference in the frequency of the S29-S29 hydrogen bonds
found in earlier work by us to be crucial for the packing of the fibril, or for the N31-N31 bond
important for stacking*}. However, we find the frequency of the F23-Y37 packing hydrogen bonds
raised from 18% to 38%, and the distribution of packing hydrogen bond is tighter in presence of

SK9. While in the simulations of the control more than 20 types of hydrogen bonds contribute at
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least 1% to the measured packing hydrogen bonds, only seven types of hydrogen bonds do this in
the simulations where SK9 is present. Hence, while the number of packing hydrogen bonds
changes little in presence of SK9, the bonds are less transient when SK9 interacts with the fibril.
The more focused packing can be also seen in the map of packing contacts in Supplemental

Figure SF4a-c.
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Figure SF4: Map of packing contacts, i.e., contacts between residues located on chains on
different protofibrils for the (a) control and (b) in presence of SK9 of the fibril model 2F4L. The
average number of such contacts are shown. The difference between the two systems is shown in
(c). The corresponding maps for contacts between residues on chains on different layers, i.e.,
stacking contacts, are shown in (d)-(f).

The effect is less obvious for the stacking or intrachain hydrogen bonds. However, we observe an

increase in contacts involving the N-terminal residues T4-L16, while such involving the C-

36



terminal residues S20-Y37 decrease or shift more to off-diagonal contacts, see Supplemental
Figure SF4d-f. This is consistent with the observed stabilization of the N-termini of the chains.
As we find a slight increase in the number of intrachain contacts when SK9 is interacting with the
2FAL amylin fibril, increasing from 153(1) to 155(1), we conjecture that the main reason for the
weak stabilization of this fibril geometry by SKO9 is due to stabilization of the fold-geometry of the

chains.

A characteristic of amyloids is the polymorphism of the resulting fibrils, and the virus proteins
may change the amylin fibril stability differentially depending on the polymorph. Hence, we also
evaluated the effect of SK9 on a second fibril model, resolved in 2020 by Gallardo et. al** and
deposited in the PDB under identifier 6ZRF. Simulations of this fibril model were also chosen by
us to compare the effect of SK9 on fibril stability with that of the FI10 virus protein fragment.

PDB-files of start and final configurations are again available as supplemental material.

The SK9 segments form 238 contacts (about 30 contacts per chain) initially with amylin chains in
the 6ZRF fibril model, which is slightly less than in the 2F4L fibril. Again, these contacts rapidly
decrease in the first 10 ns before the number of contacts stabilizes to 97(16) (about 40% of the
initial number of contacts) over the last 100 ns. The binding free energy between SK9 and the
6ZRF amylin model is -31.4(4.4) kJ/mol, which is larger in magnitude than the 2F4L fibril.
However, contacts are formed with similar residues as in the case of the 2F4L fibril, see Figure
7b: residues N14-V17 (centered around F15), N21, F23, L.27 to T30 (centered around L27), and
with highest probability to Y37. As for the 2F4L fibril these contacts result mostly from
hydrophobic interactions, but also from n-r stacking (involving residues F15, F23, L27, S29 and

Y37), or transiently formed hydrogen bonds (N14@O-SK9:Y5@HN, L16@O-SK9:Y3@HN,

37



F23@0-SK9:Y3@HN, L27@O-SK9:Y3@HN and Y37@O-SK9:S1@H3). The net-effect is
again a stabilization of the amylin fibril, see the reduced flexibility of residues in the RMSF plot
of Figure 8b and a reduction in RMSD compared to the control that is more pronounced than for
the 2F4L fibril geometry, see Figure 9b. For residues N14-V17, L27-T30 and Y37, increase these
contacts with SK9 the frequency of stacking contacts between successive layers when compared
to the control, see, for instance, in Supplementary Figure SF6 (f) residue N14 forming hydrogen
bonds between its side chain carboxamide and other N14 residues in the protofibril. On the other
hand, the interaction of SK9 with residues N21 and F23 strengthen the packing interactions
between the two protofibrils. Residue F23, interacts with the hydrophobic core formed by residues
L27-T30 and Y37 on the opposite protofibril which in turn brings the protofibrils closer together
resulting in tighter packing. That SK9 stabilizes mainly packing of the protofibrils, avoiding the
sliding of the protofibrils sometimes seen in the control simulations, is also confirmed by visual

inspection of the final configurations, some of them shown as insets in Figure 9b.

As a result of this stabilization the reduction in solvent accessible surface area (SASA), resulting
from interaction with the SK9 peptides, is more pronounced for the 6ZRF amylin fibril than for
the 2F4L fibril model. This is also observed even when including the first seven residues, see Table
4, but again with little difference between hydrophobic and hydrophilic residues. Unlike for the
2F4L fibril, we also find a pronounced reduction in the packing distance (4.8(0.4) A versus 5.9(1.4)
A in the control), which, however, is not seen in the distance between layers (3.0(0.2) A versus
2.9(0.2) A in the control), see Table 4. The differences in SASA values are consistent with a change
in packing free energy of AAG = -44.9 (49.1) kJ/mol between the two protofibrils, and AAG = -

41.5 (34.4) kJ/mol in stacking free energy between two layers, see Table 4. The lower binding free
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energies result from an increase in the number of packing contacts and layer-wise stacking contacts
and hydrogen bonds, see Table 4. But note also the additional intra chain hydrogen bond observed
in presence of SK9 that further stabilizes the amylin chain folds. As for the 2F4L fibril model, we
find that presence of SK9 leads to a decrease in the number of different residue pairs that form
packing hydrogen bonds: 15 such pairs contribute at least 1% in the control, while in presence of
SK9 the number is reduced to five. The F23-A25 bond is dominant in both cases and contributes
to about 70% of the packing hydrogen bonds. Interestingly, instead of the many kinds of transiently
formed packing hydrogen bonds in the control, we find in the presence of SK9 a strong presence
of N21-Y37 pairs. These pairs contribute 19% of the packing hydrogen bonds (instead of 2% in
the control), and almost 90% of packing hydrogen bonds are of this type. As a consequence, the
map of packing contacts in Supplemental Figure SF5b is more focused on contacts between
residues in segment S20-A25 on one fold with residues N35-Y37 on the opposite fold than seen
for the control (see Supplemental Figure SF5a, with the difference shown in SF5¢). Similarly,
the frequency of stacking contacts, especially such involving residues A8-N14 also increases with

the binding of SK9, see Supplemental Figure SF5d-e.

39



w
-
1
1
w
=N
1
1
-
IS

" (a) .o () .o (©

30 30 30 3

27 L] 5 27 ] 5 27 -

24 -m 2
\l | 24 \. P 24 l. ‘

21 i 4 9 1 4 21 M

=
o
®

>< 15 15 15
) 12 12 , 12 0
,.U 9 9 9
g 6 1 6 1 6 '-l
3 3
e 0 0 2
D) 3.6 9 1215 18 21 24 27 30 33 36 36 9 1215 18 21 24 27 30 33 36 3.6 9 1215 18 21 24 27 30 33 36
"és 36 6 6 36 - | 4
33
) = n 5 5 2:) . ’
% 27 (d) . 27 (f) " | 1 2
24 4 M
M 21 21 !
18 3 3s :' -
15 15 o 0
12 2 2 i B
9 9
6 ! ! 6 - ] I-Z
’ L = 0 0 ’ L "0 3
36 9 1215 18 21 24 27 30 33 36 36 9 1215 18 21 24 27 30 33 36 36 9 1215 18 21 24 27 30 33 36

Residue Index

Figure SF5: Map of packing contacts, i.e., contacts between residues located on chains on
different protofibrils in the fibril model with PDB-ID 6ZRF. Shown are maps for the (a) control
and (b) in presence of SK9. Shown are the average number of such contacts. The difference
between the two systems is shown in (c¢). The corresponding maps for contacts between residues
on chains on different layers, i.e., stacking contacts, are shown in (d)-(f).

These interactions stabilized the N-terminal 3-sheets however, the effect is less pronounced than
for the packing and goes with a free energy raising twisting of these sheets. Hence, the increased
frequency of packing and stacking contacts is consistent with the MMGBSA estimates which

indicate that in presence of SK9 both elongation and packing are favored more than in the control,

with the effect slightly more pronounced for the packing of the protofibrils.
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Comparing the effect of FI10 with SK9 on the 6ZRF fibril, we note that the FI10 segments form
229 contacts (29 contacts per amylin chain) in the start configuration, which is fewer initial
contacts than SK9. However, these contacts are more stable, and on average 139(6) contacts (about
61% of the original number) are observed over the last 100 ns, leading to a binding free energy
between FI10 and amylin of -29 (3) kJ/mol that is only marginal lower than for SK9. The residue-
wise distribution of contacts in Figure 7b is broader than for SK9. Binding sites such as R11-A13
(centered around L12) and H18 are observed more frequently while F23 and L27 have less
pronounced peaks. Residue Y37 has an even higher binding probability to FI10 than to SK9. These
contacts are again formed by hydrophobic interactions, m-m stacking and transiently formed
hydrogen bonds (with NI14@O-SK9:Y5@HN, L16@O-SK9:Y3@HN and L27@O-
SK9:Y3@HN; and L16@O-SK9:Y3@HN replaced by L16@O-FI10:K2@HN, F23@O-
SK9:Y3@HN by F23@O-FI10:G6@HN, and Y37@O-SK9:S1@H3 by two new ones: Y37@O-
FI10:F1@HN and Y37@HN-FI10:F1@O). Formation of the additional hydrogen bond leads to
the larger binding probability for residue Y37. FI10, unlike SK9, has a negatively charged residue
that may reduce the flexibility of N-terminal residues by interacting with the positively charged
R11. Similarly, interaction of the negatively charged residue on FI10 with H18 could reduce fibril

destabilizing stress on the chain geometry appearing when the histidine is in the charged state.

Overall, we see a stronger interaction between FI10 and the fibril than between SK9 and the fibril.
The RMSF plot of Figure 8b indicates that the resulting reduction in residue flexibility, when
compared to the control, is slightly larger than for SK9, indicating larger stabilization of the fibril.
This observation is supported by Figure 9b where the RMSD is lower than for SK9 binding to the

fibril. Visual inspections of the final configuration, shown as inset of the figure, suggests that
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similar to SK9, the effect of FI10 on fibril stability is again mainly by stabilizing packing, and no

sliding of the protofibrils was observed.

Table 4: Various quantities averaged over the last 100 ns of three trajectories in simulations of the

amylin 6ZRF fibril model in absence or presence of SK9 or FI10.

Control w/ SK9 w/ F110
Total SASA (A?) 12779 (112) 12040 (267) 11861 (284)
Hydrophobic SASA (A?) 6451 (160) 6090 (85) 6063 (263)
Hydrophilic SASA (A?) 6328 (68) 5950 (265) 5798 (129)
Packing distance (A) 6 (1) 4.8 (4) 4.4 (1)
Stacking distance (A) 292 3.02) 292
Packing contacts 54 (4) 59 (%) 62 (2)
Stacking contacts 503 (10) 537 (14) 525 (13)
Intrachain contacts 1254 (2) 1255 (22) 1256 (13)
Packing hydrogen bonds 3(1) 2(1) 2(1)
Stacking hydrogen bonds 134 (4) 139 (5) 143 (7)
Intrachain hydrogen bonds 22 (0) 24 (1) 25(2)
Packing free energy (kJ/mol) -152.6 (57.2) -197.5 (39.3) -222.6 (24.2)
Stacking free energy (kJ/mol) -620.1 (38.5) -661.6 (29.6) -624.3 (50.9)

Consistent with this assumption is that the reduction in solvent accessible surface area upon
interaction with the viral protein fragment is about 180 A? larger for FI10 than for SK9, when
ignoring the disordered first seven residues. The additional reduction of SASA results mostly from
hydrophilic residues, see Table 4. Packing distance (4.4 (1) A) and the inter-layer distances (2.9
(2) A) are likewise smaller than in the case of SK9, indicating that the larger stabilization of the
amylin fibril by FI10, when compared to SK9, results from increased packing and stacking
interactions. This can be also seen from our MMPBSA approximations of packing and stacking
free energies which shows that packing of the protofibrils in the presence of FI10 is more favorable
by AAG =-70.0 (43.9) kJ/mol, and the stacking of layers by AAG = -3.6(45.2) kJ/mol per chain.

The large standard deviation in the stacking free energy difference makes it difficult to compare
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these results with that of SK9, but it appears that, unlike for SK9, the stabilization of the fibril is
mostly due to that of improving the packing of the protofibrils. This is consistent with the larger
number of packing contacts, exceeding that seen in control or when SK9 interact with fibril. On
the other hand, differences between SK9 and FI10 are marginal for the stacking contacts and
hydrogen bonds, see Table 4. However, similar to SK9, presence of FI10 leads to a reduction in
the number of packing hydrogen bond forming residue pairs from 15 in the control to four pairs,
with the N21-Y37 pairs now contributing 23% of the packing hydrogen bonds, and the F23-A25
hydrogen bond contributing 72%. Hence, 95% of packing hydrogen bonds result from only two
types of hydrogen bonds, see also the map of packing contacts in Supplemental Figure SF6a-c.
While we also see, an increase in stacking contacts, involving residues A8-N14, see Supplemental
Figure SF6d-e, the fibril-stabilizing effect is even more than for SK9 due to enhancing the packing

of the two protofibrils.
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Figure SF6: Map of packing contacts, i.e., contacts between residues located on chains on
different protofibrils in the fibril model with PDB-ID 6ZRF. Shown are maps for the (a) control
and (b) in presence of FI10. Shown are the average number of such contacts. The difference
between the two systems is shown in (c¢). The corresponding maps for contacts between residues
on chains on different layers, i.e., stacking contacts, are shown in (d)-(f).

How do our results depend on our simulation set up? For instance, both virus protein fragments
have in our simulations a NH3"-group at the N-terminus and a CONH,-group at the C-terminus.
This is due to reduced electrostatic interactions between the opposite charges at the termini. In
order to test how our results depend on the choice of end group, we have also simulated a system
where FI10 is not capped at the C-terminus, i.e., ends with a COO" group. We compare in
supplemental figures SF7 the RMSD as function of time for the control and the amylin fibril

interacting with the two differently capped FI10 peptides. In both cases, the RMSD is lower than

for the control, and therefore the values do not seem to depend on the end-group.
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Figure SF7: RMSD to the start configuration as function of time for the fibril model 6ZRF. The
RMSD is calculated over all backbone atoms in residues 8-37 of all chains in the respective fibril
model. Black curves are from the control simulations while green curves are from data measured
in simulations where FI10 is present and has a C-terminal end group COO-. Similarly, blue curves
mark the case of FI10 with end group CONH:> interacting with the amylin fibril. The standard
deviation of the averages is shown shaded. The start configuration (top/left) and representative
final configurations (right/bottom) of the amylin fibril models are shown as insets.

However, in the RMSF plot of supplemental figure SF8 values of the FI10 peptide with uncapped

C-terminus are higher than for the capped one, but still lower than the control.
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Figure SF8: Residue-wise RMSF for the fibril model 6ZRF in presence of FI10 with COO-
(green) and CONH; (blue) end group. Shaded regions mark the standard deviation of the averages.
Other quantities such as the SASA, 12360(502) A2, are closer to the values found for the control,
12779 (112) A2, than for the fibril in presence of the capped FI10 peptides, 11861(284) A2. Unlike
for the capped peptide, the differences result mostly from hydrophilic residues. Only residue 8-37
were considered in calculating the above SASA values. When including the disordered first seven
residues the values for control, 16848 (257) A2, and the fibril in presence of the uncapped peptide,
16834(459) A2, agree within the error bars, while still lower for the fibril in presence of the capped
FI110, 16283(577) A% This may be because the uncapped peptide forms more compact
configurations as its average end-to-end distance of 20.6(9) A is smaller than the 23(1) A of the
capped FI10. Therefore, the uncapped peptide binds less tightly to the amylin fibril than the capped

one. This can be seen with the number of contacts in the last 100 ns being only about 116 (6), i.e.,
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51% of the original number of contacts seen for the uncapped FI110 versus 139(6), i.e., 61% for the
capped peptide. The residue-wise binding frequencies in supplemental figure SF9 show a similar,

but broader, distribution as for the capped peptide, with for the N-terminal residues K1-H18 less

binding propensity.
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Figure SF9: Residue-wise frequency of contacts for the fibril model 6ZRF with FI10 having either
COO- (green) or CONH:> (blue) end group. Shaded regions mark the standard deviation of the

averages.

Correspondingly, we find that the difference in binding free energies, AAG = -10.5 (2.3) kJ/mol,
resulting from the different end groups, indicates less of an interaction between the uncapped virus

protein fragments and the amylin fibril. Hence, we conclude that capping of the termini reduces
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self-interaction in the FI10, leading to more stretched conformations which in turn interact more
strongly with the amylin fibril. This effect, however, does not seem to reduce the overall

stabilization of the fibril.

Conclusions

Using extensive molecular dynamics simulations, we have studied the effect of two virus protein
fragments from the Envelope protein (SK9) and from the Spike protein (FI10) of SARS-COV-2
on the ensemble of amylin monomer conformations, and on the stability of amylin fibrils. Such
interactions may be correlated with the observed onset of type-2 diabetes following COVID-19.33-
36 While both virus protein fragments bind to the amylin monomer structure, we do not find the
induced shift toward more aggregation-prone conformations that we saw previously in our studies
with Serum Amyloid A37 and a-synuclein®®. Unlike these proteins amylin has, even as a monomer,
a more defined structure, and the mostly helical fold appears to be stabilized by the presence of
SK9 or FI10. Indications for such a protective effect seems to be seen also in experiments by the
Huang Lab at HUKST that are currently analyzed (Jinqing Hiuang, private communication).

However, presence of amylin aggregates, proposed to cause symptoms of type-2 diabetes, can also
be raised by stabilizing existing fibrils, shifting the equilibrium from functional monomers toward
the toxic amyloids. We indeed see such stabilization of amylin fibrils by the viral protein
fragments. Similar to what we found in our previous work, this stabilizing effect depends on the
fibril model. Hence, as also observed by us earlier for a-synuclein®, interactions with the viral
protein fragments may shift the equilibrium between various fibril polymorphs. Fibril stabilization
is observed for both SK9 and FI10 and depends only little on details of our simulation set up. For

instance, the uncapped peptide binds by about 10 kJ/mol less tightly to the amylin fibril than the
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capped one, leading to different values in the measured quantities, without changing qualitatively
the picture. The stabilization of fibril geometry is mainly by enhancing the packing of protofibrils
and less by encouraging elongation of fibrils. Interestingly, the effect is stronger for FI10. This
segment unique is for SARS-COV-2 and cleaved from the spike protein by the enzyme neutrophil
elastase, released from neutrophils during acute inflammation. In vitro, the FI10 fragment forms
amyloids.*® While not yet supported by experimental evidence, we speculate that SARS-COV-2
infections, often causing chronic inflammation, increase enzymatic cleavage of the spike protein,
releasing in some cases amyloidogenic fragments such as FI10. These fragments could then cross-

seed amylin fibrils which in turn may contribute to an onset of type-2 diabetes.

Comparing our results with earlier work we find as a common theme that small SARS-COV-2
protein fragments (as potentially derived by cleavage during infection-cause inflammation) can
seed aggregation of amyloidogenic human proteins, but that this effect depends both on the viral

fragment and the structure of the fibril polymorph.
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Chapter 4 - Differential effects of SARS-CoV-2 amyloidogenic segments on the
aggregation and toxicity of human islet amyloid polypeptide within membrane
environments

To further explore the effect of SARS-CoV-2 amyloidogenic segments, SK9 and FI10, had on
amylin, or human islet amyloid polypeptide, aggregation our collaborators, Dr. Jinqing Huang’s
group, from The Hong Kong University of Science and Technology performed in-vitro
experiments of amylin in the presence and absence of SK9 or FI10 within a sodium dodecyl sulfate
(SDS) simulated membrane environment. The experimental work was supported by molecular
dynamics simulations of amylin in the presence of SK9 or FI10, which I, myself, performed and
analyzed. The collaboration resulted in the publication of the journal article, “Differential effects
of SARS-CoV-2 amyloidogenic segments on the aggregation and toxicity of human islet amyloid
polypeptide within membrane environments”, in the International Journal of Biological
Macromolecules, 283 (2024) 137930 by Jianing Zhang, Vince St. Dollente Mesias, Andrew D.
Chesney, Vignesh K. Anand, Xianzhen Feng, I-Ming Hsing, Ulrich H.E. Hansmann, Jinqing

Huang’!. The following chapter highlights the key experimental findings as well as the results of

the molecular dynamic simulations performed.

To evaluate the effects of SK9 or FI10 on amylin aggregation within a SDS membrane environment
various structural characteristics methods were utilized. Namely, circular dichroism (CD)
spectroscopy, one-dimensional proton nuclear magnetic resonance (1D 'H-NMR), and atomic-
force microscopy (AFM). From the CD experiments there were clear signal differences between
amylin with SK9 or FI10 in the presence and absence of SDS correlating to differences in

secondary structure. In the absence of both fragments and SDS, the CD spectra of amylin indicated
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the formation of B-sheet structures following one day of incubation. However, in the presence of
SDS amylin was shown to maintain a-helical and random coil conformations as shown in the
amylin monomer structure deposited in the Protein Data Bank under the ID 2L86, which was the
start structure utilized for our previous molecular dynamic simulations. Interestingly, in the
presence of SK9 and SDS amylin showed immediate changes in secondary structure compared
with amylin only in SDS. These spectra showed an immediate shift towards [-sheet structures. In
the presence of FI10 and SDS, the effect was less pronounced and indicated the presence of a-
helical and B-sheet confirmations after 1 day of incubation. The CD spectra of amylin in the
presence of SK9 or FI10 without SDS was also taken. These spectra indicated that the a-helical

structures were maintained by both fragments over the 1-day incubation period.

Using 1D '"H-NMR, intermediate confirmations of amylin with and without SK9 and FI10 in the
presence of SDS were characterized. The resulting spectra indicated that there were distinct
conformations due to the interactions of SK9 and FI10 with amylin. It was purposed that both SK9
and FI10 were able to promote aggregation, however the misfolding was facilitated by an off-
pathway mechanism. This mechanism produced discrete intermediates that were stabilized by the
viral peptides and not observed in the samples of amylin by itself. To further distinguish the
morphological differences indicated by the CD and NMR spectra, AFM was used. It was shown
that in the presence of SK9 and SDS, amylin was able to form long, interconnected ‘root-like’
fibrils. Suggesting that SK9 facilitates the rapid formation of small amylin aggregates that grow
into elongated fibrils via cross-linking. On the other hand, in the presence of F110, the formation
of mature, full-length fibrils was inhibited. Instead FI110 stabilized smaller oligomer confirmations

that were long lasting.
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To examine the effects that amylin in the presence of SK9 or FI10 has on membrane toxicity, a
fluorescence leakage assay was performed with small unilamellar vesicles. From this assay, it was
noted that the system of amylin with FI10 induced the most leakage. While the systems with SK9
and amylin by itself, showed a comparable trend and had less leakage as compared to the FI10
system. These results suggest that amylin oligomer species, stabilized by the presence of FI10,
lead to higher lipid toxicity, compared to amylin fibrils that formed in the presence of SK9. To
further explain the potential cytotoxic effect of the amylin-SK9/FI10 species, a MTT assay was
utilized to assess Human Embryo Kidney (HEK 239 T) cell viability based on cellular metabolism.
The performed assays indicated decreased cell viability in all cases. However, there was a
concentration dependence effect observed for SK9 and amylin. At 10 uM, the presence of SK9
significantly reduced the cell viability compared to amylin by itself, while at 25 uM little to no
substantial change in cell viability was observed. FI10 did not show this concentration dependance
and was shown to significantly decrease cell viability at both 10uM (p < 0.01) and 25 uM (p <
0.05). This difference in cell viability may be attributed to the formation of oligomers of amylin
as was observed by AFM analysis. Overall, the work performed indicate that SK9 and FI10 interact
differentially with amylin in the membrane environment, and influence amylin morphology and

impact its cytotoxicity and impact on cellular processes.

Molecular dynamics simulations were performed to explore the possible interactions between
amylin and the two viral fragments, SK9 and FI10. We began our investigation by simulating an
amylin monomer in the presence or absence of SK9 and FI110 for 4ps in triplicate. Building off our
previous simulations, these systems started from PDB: 2L.86, which exhibits helical structure. In

Figure 1a, we show the average intrachain contacts found with the amylin monomer over the
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course of the 4us trajectory. From this figure, we note a loss of contacts in the control simulation
at around~1.5ps, compared with the simulations with the viral fragments present. Over the course
of the simulations, those in the presence of either viral fragment showed slightly higher contacts.
To get a better understanding of how the amylin monomer structure is changing with respect to its
initial structure, native contacts, or contacts that are initially present, were calculated, Figure 1b.
From this figure we note a decrease in the native contacts of the control simulation at ~ 1.5ps,
which begins to hover around 10 of the original contacts remaining. While in the presence of SK9
and FI10 the contacts remain around 30 after an initial drop that was observed in all cases. To
further explore the effects the viral fragments had on the structure of the amylin monomer, the
secondary structure was calculated. In Figure 1c¢, we show the percentage of residues that exhibit
helical character over the trajectory. Here again we note a decrease for the control simulation,
indicating the loss of native contacts observed in Figure 1b can be explained by the loss of helical
structure in the control simulations. Again, the structures in the presence of SK9 and FI110 maintain
their helicity. In Figure 1d, we show the helix probability per residue for all simulations, calculated
over the final 1us. Clearly, we see that the residues of amylin are more likely to maintain their
helical nature while in the presence of the viral segments. We also note that this effect seems to be
more pronounced in the presence of FI10 compared with SK9. As these simulations were
performed in an aqueous environment without SDS, our results are consistent with the

experimental CD spectra of amylin in the presence and absence of SK9 and FI110 without SDS.
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Figure 1: a) Average number of amylin intrachain contacts in the absence (black) and presence of
SK9 (red) and FI10 (blue). Shaded regions indicate the standard deviation. b) Average native
contacts maintained over the simulations in the absence (black) and presence of SARS-COV-2
protein fragments (red = SK9, blue = F110). ¢) Percentage of helical structure observed in amylin
monomer. (d) Average residue-wise helicity probability of amylin monomer calculated over the
final 1 ps.

To evaluate the interactions of SK9 and FI10 on equilibrated and disordered amylin monomer
structures, another set of simulations were performed. The start structures for these simulations
were taken from the above control simulations after 3us or later. These structures were then docked
with SK9 and FI10 and were simulated for 1us. Over the course of these simulations, transient [3-

strand confirmations were observed. The behavior of each trajectory varied, as shown in Figure

2; however, once a 3-strand confirmation was formed it was stabilized by the presence of SK9 and
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FI10. This is illustrated by the %sheetness of V2 shown in Figure 2. Our results suggest that in
the presence of SK9 or FI10, they will stabilize the a-helical confirmations of amylin and will
stabilize the strand-like conformations when present. However, SK9 or FI10 by themselves would

not actively induce the formation of such aggregation-prone conformations of amylin.
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Figure 2: Percentage of sheetness as a function of time in three trajectories (V1, V2, and V3)
starting from three different disordered amylin monomer confirmations obtained from three
control trajectories of the monomer after 3 ps or later.

We also investigated the effects of SK9 and FI10 have on amylin oligomeric confirmations, in
short 100ns trajectories. This was performed by generating an amylin dimer model from the final
structure of amylin in our second control trajectory using HADDOCK. Additionally, SK9 and FI10
were docked to the dimer in a 1:1 ratio of amylin chains to viral segments using HADDOCK,
shown in Figure 3. The solvent accessible surface area (SASA) of the systems were calculated
over the last 10ns of the simulations. In the presence of SK9 and FI10 the total SASA was 7700 +
200 A2 and 7400 + 300 A2, respectively. These total SASA values are roughly 1000 A2 larger than

in the absence of these peptides, 6600 + 200 A2, This difference was shown to be accounted for by

an increase in hydrophobic surface area in the presence of the viral segments.
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Figure 3: Amylin dimer generated from control simulation structures (a), amylin dimer docked
with 2 FI10 fragments (b), and amylin dimer docked with 2 SK9 fragments (c). Amylin segments
are shown in purple and pink, FI10 and SK9 fragments are shown in green and yellow.

Additionally, it was found the SK9 and FI10, differ in the way that they stabilized the chain
geometry of the dimer. In the presence of FI110, more of the intrachain contacts are preserved within
the chains of the dimer as compared with SK9 which showed increased flexibility of the individual
chains. On the other hand, in the presence of SK9 the number of interchain contacts, or contacts
between the two dimers, preserved was higher. Which may indicate why SK9 was observed to

increase aggregation and elongation of amylin fibrils in vitro, and while FI10 favored shorted

oligomer structures.
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Chapter 5 — SARS-COV-2 Spike Protein Fragment Eases Amyloidogenesis of
o.-Synuclein

Our first investigations of a-Synuclein with SARS-COV-2 protein fragments began with the
envelope protein fragment SK9. We investigated its effects on monomer and fibril stability, and
published our results in the Journal of Physical Chemistry B in an article titled “Effect of an
Amyloidogenic SARS-COV-2 Protein Fragment on a-Synuclein Monomers and Fibrils”, authored
by Asis K. Jana, Chance W. Lander, Andrew D. Chesney, and Ulrich H. E. Hansmann.*® From
these investigations we noted in the presence of SK9 the a-Synuclein monomers shifted toward
more aggregation prone configurations that favored the rod-like fibril seeding conformations. The
effects of SK9 on pre-existing or newly formed fibrils stability however were small. Following the
publication of this work, an experimental group identified a potential amyloidogenic peptide
segment from the SARS-COV-2 spike protein in vitro by proteolytic cleavage by neutrophil
elastase, FI10.!° To further evaluate the effects of this newly identified segment on a-Synuclein
monomer and fibril stability, we again performed molecular dynamics simulations and compared
our results with our previous simulations. Due to FI10 being a more biologically relevant peptide,
the following chapter will focus on the molecular dynamic simulations performed with o-
Synuclein and FI10 and their comparison with simulations in the presence of SK9. The following
chapter was published in a similar form in the Journal of Chemical Physics by the author of this
dissertation as the following article: SARS-COV-2 Spike Protein Fragment Eases
Amyloidogenesis of a-Synuclein, J. Chem. Phys. 159, 015103 by Andrew D. Chesney, Buddhadev

Maiti, Ulrich H.E. Hansmann.” All text and figures are taken with the permission of the publisher.
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INTRODUCTION

Several neurodegenerative diseases are correlated with presence of protein aggregates in the brain,
amyloids, that are characterized by a cross-beta structure. An example of such diseases is
Parkinson’s Disease (PD) where o-synuclein (aS) aggregates appear to be the cell-toxic agent.”>~
> Tt has been proposed that such amyloids may form as an immune response to an infection,
rendering pathogens ineffective by entrapping them’®. While evidence for this microbial protection

77-19 3

hypothesis is limited, correlations have been observed, for instance, between falling ill with

COVID-19 and outbreaks of PD®. Because of these correlations, and SARS-COV-2 promoted aS

81-83 " we have proposed earlier®® that amyloidogenic regions on SARS-

amyloid formation in vitro
COV-2 proteins can enhance aggregation of aS. In these previous studies we investigated the
interactions of the fragment SFYVYSRVK (SK9) of the Envelope protein with aS. We found that
SK9 alters the ensemble of aS monomer conformations toward such that are more aggregation
prone, preferentially raising the likelihood for forming the rod polymorph34#°, By themselves can
these preliminary investigations be criticized for relying on an isolated short SARS-COV-2 protein
fragment, instead of the complete viral protein where the spatial environment of the segment may
change its ability to cross-seed aS. A related question is why the suspected health effects are not
seen after infections by other Corona viruses that have homologous segments. However, it has
been recently shown that such short fragments, derived by enzymatic cleavage of SARS-COV-2
proteins, exist in humans, and that in vitro they form amyloids!®. Of special interest is the segment
194-203, (FKNIDGYFKI), of the spike protein as it is unique for the SARS-COV-2 virus, and as
it is cleaved from the Spike protein by the enzyme neutrophil elastase. This enzyme is released

from neutrophils during acute inflammation, as, for instance, caused by the infection. Motivated

by these experimental investigations we have researched with extensive molecular dynamics
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simulations the effect of presence of the SARS-COV-2 spike protein segment FKNIDGYFKI,
which we call in the following FI10, on aS monomers and fibrils. Our goal is to demonstrate that
our previous results are not an artifact of the SK9 fragment but also seen for the likely more
disease-relevant and SARS-COV-2 specific FI10. For this purpose, we compare the effect that the
two fragments have on aS monomers and fibrils to establish commonalities and differences. Our
results let us to conjecture that viral infections raise the risk for amyloidosis when, as often in the
case of SARS-COV-2, the infection causes pronounced inflammation and release of enzymes that
can cleave viral proteins into in some cases amyloidogenic fragments which can cross-seed human

proteins.
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FIGURE 1: Start configurations of aS with initial binding positions of FI10: (a) monomer (PDB
ID: 1XQ8), (b) heat-extended monomer, (c) rod-polymorph (PDB ID: 6CU7) fibril, and (d)
twister-polymorph (PDB ID: 6CUS) fibril.
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MATERIALS AND METHODS

System Preparation

Using molecular dynamics (MD) simulations we investigate how SARS-COV-2 proteins alter aS
aggregation. For this purpose, we compare the effect of the ten-residue segment FKNIDGYFKI
(FI10) of the Spike protein on the conformational ensemble of oS monomers and the stability of
aS fibrils with that induced by the nine-residue segment SFYVYSRVK (SK9) of the Envelope
protein studied by us in earlier work.?”-*8 As start conformation for the aS we used either the model
of micelle-bound aS deposited in the Protein Data Bank (PDB) under PDB ID: 1XQS8, or a
randomized and fully-extended conformation derived by heating up the PDB conformation
simulating it at 500 K for 5 ns®%. For the fibril models we extracted decamers from the cryo-EM
structures deposited in the PDB under identifiers 6CU7 (rod-like architecture) and 6CUS8 (twister-
like architecture).3* In order to be consistent with earlier work®, we add again at the N- and C-

terminal a NH3" and a COO™ group for both monomer and fibril models.

Simulations starting from the above described oS monomer and fibril models described above
serve as control for simulations where in addition also either SK9 or FI10 peptides are present.
Following Nystrom and Hammarstrom!® the FI10 viral fragment was derived from the structure of
the SARS-COV-2 Spike protein (PDB ID: 6VXX) by extracting the segment of residues F194-
1203, and capping the N- and C-terminal of this peptide by a NH3" and -COO" group. Docking
FI10 segments in a ratio of 1:1 with either monomer or fibrils at binding sites predicted by
AutoDock Vina®® or HADDOCK*"*® we obtain the initial conformations for our simulations,
shown in Figure 1. Note that the viral protein segments are not tethered to these initial positions

but move freely throughout the simulations and may detach from the aS chains. In a few cases we
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extended or repeated previous simulations of SK9 interacting with oS monomers or fibrils. In these

instances we followed the preparation described in our earlier work.3"-3

Table 1: Simulated systems

Total
. Water Independent | Simulation .
System Description Atoms Molecules | Trajectories | Length (ns) Salggl)mg
Monomer (PDB ID: 1XQ8)
Control 337,169 83,670 3 1,000 3,000
w/ SK9 336,308 83,414 3 1,000 3,000
w/ FI10 336,359 83,423 3 1,000 3,000
Monomer (EXTENDED)
Control 336,177 83,422 2 1,000 2,000
w/ SK9 336,132 83,370 2 1,000 2,000
w/ FI10 336,283 83,404 2 1,000 2,000
Rod Fibril Model (PDB ID: 6CU7)
Control 183,222 58,098 3 200 600
w/ SK9 183,383 57,585 3 200 600
w/ FI10 215,356 68,190 3 200 600
Twister Fibril Model (PDB ID: 6CUS)
Control 214,717 69,447 3 200 600
w/ SK9 177,583 56,525 3 200 600
w/ FI10 215,101 68,975 3 200 600

General Simulation Protocol

Following our earlier work we simulate the monomer systems with the a99SB-disp all-atom force-
field®” in combination the corresponding a99SB-disp water model, whereas the fibrils simulations
rely on the CHARMM 36m all-atom force-field*°with TIP3P explicit water®!. Both force-field are
implemented in the GROMACS package 2022 package* used for our simulations. Hydrogen
atoms were added with the pdb2gmx module of the GROMACS suite*. The start configurations

for each system were placed in the center of a cubic box with periodic boundary conditions, with
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a minimum distance of 15 A between the solute and the edge of the box. The boxes were filled
with water molecules, and counterions added to neutralize the system. Na" and CI" ions are at a
physiological ion concentration of 150 mM NaCl. The number of water molecules and the total
number of atoms are listed in Table 1. The energy of each system was minimized by steepest
decent for up to 50,000 steps, and afterwards the system was equilibrated at 310K for 200 ps at
constant volume and an additional 200ps at constant pressure (1 atm), constraining the positions

of heavy atoms with a force constant of 1000 kJ mol! nm=.

Simulations started from the above generated initial conformations (shown in Figure 1). A

constant temperature (310 K) was maintained by a v-rescale thermostat®

with a coupling constant
of 0.1 ps, at and pressure was kept constant 1 atm by using the Parrinello-Rahman barostat>” with
a pressure relaxation time of 2 ps. By using the SETTLE algorithm>® to keep water molecules
rigid, and restraining protein bonds involving hydrogen atoms to their equilibrium length with the
LINCS algorithm>®, we were able to use a time step of 2 fs for integrating the equations of motion.
Since we employed periodic boundary conditions, we computed the long-range electrostatic
interactions with the particle-mesh Ewald (PME) technique, using a real-space cutoff of 12 A and
a Fourier grid spacing of 1.6 A. Short- range van der Waal interactions were truncated at 12 A,
with smoothing starting at 10.5 A. For each system, we follow three independent trajectories

differing by their initial velocity distributions. The length of the various trajectories is also listed

in Table 1. PDB-files of start and final configurations are available as supplemental material.
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Trajectory Analysis

The molecular dynamics trajectories are analyzed with the GROMACS tools*, VMD® and
MDTraj softwareb!. For visualization of conformations we use VMD®’. GROMACS tools are used
to calculate root-mean-square deviation (RMSD), root-mean-square-fluctuation (RMSF), radius
of gyration (RGY) and solvent accessible surface area (SASA), the later quantity relying on a
spherical probe of 1.4 A radius. Contact frequencies are calculated using VMD and the MDTraj
software, defining contacts by a cutoff 4.5 A in the closest distance between heavy atoms in a
residue pair. The residue-wise secondary structure propensity is calculated in VMD by the
STRIDE algorithm®. Helicity and sheetness are defined as the percentage of residues with alpha-
helical (i.e., assigned a “H” by STRIDE) or beta-strand (an “E” for extended configuration or a

“B” for an isolated bridge) secondary structure in a frame of the trajectory analyzed.

RESULTS AND DISCUSSION

Monomer simulations

In previous work,*® we established that interaction with the SARS-COV-2 Envelope protein
fragment SK9 moves the ensemble of aS chain structures toward more extended and aggregation
prone ones. We also argued there that these changes favor assembly into rod-like amyloids. In the
present work we compare these results with that of simulations where we consider instead
interaction of aS chains with the fragment FI10 of the Spike protein as this fragment is unique for
SARS-COV-2 virus and is cleaved from the Spike protein under disease conditions. We remark
that our results are averages over five runs, with three starting from a micelle-bound and two from
an extended aS conformations (see method section). This is because we saw few differences

between the two sets of runs in the last 50 ns of trajectories considered by us.
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We first compare the strength with which both viral protein fragments bind to aS chains. In the
start conformations SK9 has 27 contacts with the aS monomer; and FI10 forms 22 contacts. The
diffusive motion of the fragments in relation to the aS chain leads to a loss of many of these
contacts (on average there are for SK9 nine of the original contacts left in the final 50 ns of the
trajectory, and none for FI10), but some are replaced by newly formed contacts. Consequently, the
total number of binding contacts decreases more slowly, and the average number of binding
contacts over the last 50 ns are 21(10) for SK9, and 5(3) for FI10. On the other hand, when
calculated by the method of Ref %>, we find binding energies of -19(4) kJ/mol for SK9 and -20(5)
kJ/mol for F110, that despite the lower number of contacts suggests a tighter binding of FI10 to the
aS monomer. Figure 2a shows that for FI10 the persisting contacts are located in the segment
A90-1112 in the C-terminus, while SK9 binds mainly to residues K21-E35 at the N-terminus, the
NAC region of residues E61 to A78 and the disorganized C-terminus starting residue D119. We
find that, because of these contacts, FI10 increases the flexibility of residues over the whole aS
chain, see Figure 2b, but especially leads to an increased flexibility for the segments of residues
E46 -V70 and T75-V95, i.e., the NAC and preNAC region. On the other hand, for SK9 the increase
in flexibility is more narrowly restricted to the short segments where it binds strongly to the aS
monomer. We remark that in the much longer simulations of Ref.*® presence of SK9 finally also

results in a higher flexibility of residues over almost the whole aS chain.
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Figure 2: (a) The residue-wise normalized binding probability of the FI10 (blue) or the SK9 (red)
segment to oS monomer. (b) Residue-wise mean square fluctuation (RMSF; measured in A)
obtained from aS monomer simulations in the absence (in black) and in the presence of the SK9
(red) or the FI10 peptide (blue). The RMSF values are calculated with reference to the
experimentally resolved aS monomer (PDB ID: 1XQ8) considering only backbone atoms. Data
are averaged over the final 50 ns of each trajectory. Shaded region represents the standard deviation
of the average values defining the corresponding curves.

The net-effect of this higher flexibility is that the aS monomers are more extended and strand-like
when in presence of SK9 or FI10. This can be seen in Figure 3a where we show the distribution
of the radius of gyration (Rg), a measured for the compactness of conformations, as obtained in the
last 50 ns, and averaged over all three trajectories. Interaction with the viral protein fragments
shifts the ensemble towards less compact conformations. This effect is more pronounced for FI10
than for SK9 as can be also seen in the corresponding averages listed in Table II. The distribution
of solvent-accessible surface area (SASA) in Figure 3b support the much larger effect that F110
has on the ensemble of aS monomer conformations. Correspondingly we find a much lower
number of contacts between residues within the aS monomers when in presence of FI10 than in

the control of in presence of SK9, see Table II. Hence, presence of FI10 causes a pronounced shift

in the ensemble of monomer conformations toward more extended, solvent-exposed and looser-
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packed conformations that in this magnitude is for SK9 only observed over much larger time scales

(3 ps instead of 1us), see Ref.*8.

The decrease in the average frequency of helicity and the corresponding gain in the frequency of
sheetness seen in Table 2 indicates that the resulting conformations are more aggregation prone.
The change in secondary structure is most pronounced for the N-terminal segment of residues
A27-T54. Most of the known familial mutations are located in this segment assumed to be
important in the early stages of aS aggregation.®®°? In both cases is the helicity reduced from
about 15% to 5%-6%, while at the same time the sheetness increases from about 8% to 12%-14%
and is slightly higher for FI10. Interestingly, we find in the NAC region of residues E61-V95 an

increase in both helicity and sheetness.
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Figure 3: Probability density of (a) radius of gyration (Rg) and (b) solvent accessible surface area
(SASA) of aS monomers in absence (black) and presence of the SK9 (red) and FI10 (blue) peptide.
Data are averaged over the final 50 ns of each trajectory. Shaded region represents the standard
deviation of the average values defining the corresponding curves.
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As already observed in Ref.?® | the shift in the aS monomer ensemble seems to be not just one
toward more aggregation-prone conformations, but also favoring assembly into rod-like fibrils
over such with a twister-like structure. In the rod fibril polymorph (see Figure 1) the segment E46-
AS56 forms the interface between the two protofibrils while for the twister polymorph the interface
is formed by the region G68-A78. In our simulations of the aS monomer we find for the segment
E46-A56 the solvent accessible surface area (SASA) raised by 90 A? in the presence of SK9 (from
1334 (111) A%to 1422 (108) A?), and by about 104 A2 in the presence of FI10 (to 1437 (100) A?).
The difference in SASA arises in the case of SK9 almost equally from hydrophilic (48 A?) and
hydrophobic residues (42 A?), while for FI10 the difference is mostly due to more exposed
hydrophobic residues, (65 A% vs. 39 A? for hydrophilic residues). On the other hand, for the
segment G68-A78 the SASA values raise only marginally from 1286 (122) A2 for the control to
1303 (85) in presence of SK9 and even decrease in presence of FI10 to 1268 (140) A2 This
decrease is from hydrophilic residues (-34 A?) while hydrophobic residues are slightly more
exposed by about 16 A2, For SK9 arises the difference in SASA almost equally from hydrophilic
and hydrophobic residues. Hence, presence of both SK9 and FI10 leads to an exposure of solvent
accessible surface (especially of hydrophobic residues) for the segment E46-A56 that is much
lower or not existing for the segment G68-A78. As a consequence, association of aS chains is
favored in both cases more at the segment forming in the rod-like fibril the inter-protofilament
interface than at the corresponding segment in the twister-like fibril. This effect is again especially
pronounced in the case of FI10 than for SK9, with FI10 even decreasing the SASA values of the
segment G68-A78. On the other hand, even in the longer simulations of SK9 interacting with aS

of Ref.’® the SASA values of 1444(28) A2 for the segment E46-A56 (as measured over the last
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1.5 ps of the 3 ps) barely match the values measured in the FI10 simulation already much earlier
at 1ps, while for G68-A78 they further increase to 1335(46) A2,
Table 2: for control, SK9, FI10 average RGY, SASA, nc, helicity, sheetness (whole range, 27-

54,61-95), and binding contacts. Averages over last 50ns. Data from a previous study published in
Ref*® added separately for reference (data calculated over last 1.5 ps of 3us trajectories).

Control w/ F110 w/ SK9 Old control | Old w/ SK9
Rgy (A) 22 (1) 29 (1) 24 (1) 22(1) 25 (2)
13022 15023 13109 13364 | 14293 (128)
2
SASA (A% (1072) (600) (978) (937)
Hydrophobic 8160 6990 | 7136 (587) | 7685 (84)
SASA(A?) 6893 (648) | (313, (601)
Hydrophilic SASA 6119 6863 | 6228 (354) | 6592 (44)
A2) 6128 (426) | g, (38)
ne (#) 786 (9) 725 (9) 784 (7) 766 (11) 734 (26)
Rels_lgges 16 (13) 15 (9) 17 (15) 10 (6) 8(2)
Residues
Helicity 54 15 (12) 6 (6) 5(3) 4 (3) 4(3)
(%) NAC
region
(residues |13 (16) 21(18) | 24(26) 14 (11) 9 (8)
61-95)
Residues
Py 9 (4) 9(5) 11 (9) 12 (3) 12 (3)
Sheetness | Residues
%) 5754 8 (6) 12 (7) 14 (15) 13 (4) 17 (1)
Rgilg‘;es 10 (8) 12(17) | 15(13) 12 (6) 13 (8)
Binding Contacts — 53) 21 (10) — 14.(7)

Hence, our monomer data confirm that alteration of the ensemble of aS monomer conformations
is not restricted to the SK9 segment studied earlier by us. The net effect of the interaction
between SK9 or FI10 and oS monomers is in both cases a shift toward monomer conformations

that have a higher propensity to aggregate. The signal for this shift is stronger for the Spike
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protein fragment FI10 which is unique for SARS-COV-2. Even more than SK9 does FI10 leads
to more extended conformations with more exposed solvent accessible surface, with an exposure

of hydrophobic residues favoring association into rod-like over twister-like fibrils.

Fibril simulations

Another way by which SARS-COV-2 proteins can promote amyloid formation is by raising the
stability of fibril polymorphs. For this reason, we have probed in a second set of molecular
dynamics simulations how SK9 or FI10 change the stability of the two most common oS fibril
structures, the rod and the twister polymorphs (see Figure 1). As with the monomer simulations,
we compare for the two fibril polymorphs such trajectories, where SK9 or FI10 fragments bind

initially to the aS chains, with the corresponding ones where the viral protein fragments are absent.

While for the rod model only 60 residues (L38-K97) out of the 140 amino acids in aS have been
resolved, and only 41 residues (K43—-E83) for the twister model, we decided against adding the
unresolved regions as predicted by homology modeling. This is because we found in previous
work?8 no qualitative differences in the behavior of the original PDB models and the ones with

extended aS chains.

Initially, the SK9 peptides form about 27 contacts per chain the 6CU7 rod fibril, and the FI10
peptides form on average 33 contacts per chain. These numbers decrease quickly in the first
nanosecond, and more slowly afterwards, but stay constant over the last 50 ns at 13(1) contacts
per chain for SK9, and 16 (1) contacts for FI10, i.e., the number of contacts decreased by about

50% in both cases. Note that not all of these contacts appear in the start configuration: neither the
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SK9 nor the FI10 fragments are tethered to the fibril, and binding contacts can both form and
dissolve. The interaction between FI10 peptides and the 6CU7 rod fibril is stronger than it is
between SK9 fragments and fibril, with the residue-wise distribution of contacts much broader for
FI10 than for SK9 where the binding sites are localized to segments of residues H50-K60 and

V71-Q79, see Figure 4a.
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Figure 4: The residue-wise normalized binding probability of the SK9 (red) and the FI10 (blue)
peptides to aS chains in the rod-like fibril model 6CU?7 is shown in (a), while we display in (b) the
corresponding residue-wise root-means-square fluctuations (RMSF) for aS chains (SK9: red,
FI10: blue, control: black). Data are averaged over the final 50 ns of each trajectory and shaded
regions represent the standard deviation of the average values defining the curves.

The binding with the viral protein fragment leads in both cases to a reduced flexibility of the aS
chains, see the lower values of the residue-wise root mean square fluctuation (RMSF) in Figure
4b. While the overall form of all three RMSF curves is similar, residues in the 6CU7 rod fibril
bound to SK9 or FI10 have lower RMSF values than the control, i.e., are less flexible, and the
decrease in flexibility is closely correlated with the binding probabilities for the viral protein

fragments to the aS chains in Figure 4a. While the RMSF distribution indicates that both SK9 and
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FI10 stabilize the rod-like fibril, the effect more pronounced for FI10. Note especially the strong
additional stabilization of chain geometry at the inter-protofilament interface (E46—A56), but also

the stabilization of the C-terminal residues G86—K96 that is not seen for SK9.

—— Control
— w/SK9
— w/FI10

50 100 150 200
Time (ns)

Figure 5: Representative conformations after 200 ns simulations of the rod-like aS fibril model
6CU7 in (a) absence and presence of (b) SK9 or (c¢) FI10. For comparison we show these
conformations overlayed over the start conformation. The chain rmsd as function of time is shown
for the three cases in (d), with shaded region representing the standard deviations.
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Corresponding to the reduced chain flexibility are the final conformations less perturbed in
presence of both viral protein fragments than for the control. Only minor changes in the stacking
and packing pattern are observed, and these help to preserve the overall fibril topology, see the
representative final conformations in Figure Sa-c. As the structural changes are mainly in the
individual chains and not the overall topology of the fibril, we show in Figure 5d the chain root-
mean-square deviation (RMSD) as function of time. Here, the RMSD calculated separately for
each chain, taking only backbone atoms into account, and averaged over all ten chains in the fibril
model. While the differences to the control are small, the RMSD is slightly lower when SK9 or
FI10 bind to the 6CU7 rod fibril. The stabilization by SK9 and FI10 is in both cases connected
with an increase in intrachain contacts (from 2410 (30) in the control to 2590 (50) for SK9 and
2533 (6) for FI10). For FI110, the increase in intrachain contacts is correlated with one in stacking
contacts between layers of chains and leads to a reduced solvent accessible surface area
(29400(600) A2 vs 29900(500) A? in the control), with the difference mostly from a reduction of
hydrophobic SASA (15800(300) A2 vs 16200(300) A? in the control). However, in presence of
SK9 the SASA is increased to 30500(700) A2, likely because of a lower number of packing
contacts that ease separation of the two protofibrils and leads to increased exposure of hydrophilic

residues, see Table 3.
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Table 3: Mean values of hydrophobic SASA, hydrophilic SASA, total SASA, number of
intrachain, stacking and packing contacts, and frequency of native interchain and intrachain
contacts. All values are averages over the final 50 ns of all trajectories of the respective systems.
Rod (PDB-ID 6CU7), Twister (PDB-ID 6CUS)

total intra- % of native % of
tern hydrophobic | hydrophilic SASA chain stacking | packing interchain native
syste SASA (A?) SASA (A?) > contacts | contacts intrachain
(A% | contacts contacts
contacts
Rod 29900 2410 1130
control 16200 (300) | 13700 (100) (500) (30) (20) 97 (6) 51 (4) 40 (1)
Rod w/ 30500 2590 1130
SK9 16300 (500) | 14200 (300) (700) (50) (30) 89 (5) 54 (5) 40 (2)
Rod w/ 29400 2533 1150
FI10 15800 (300) | 13600 (300) (600) ©) (20) 100 (20) 38 (6) 40 (1)
Twister 21400 1670
control 10700 (400) | 10700 (400) (800) (10) 700 (20) | 125(3) 43 (3) 42 (1)
Twister 21600 1642
w/ SK9 10600 (200) | 11000 (150) (400) (1) 720 (10) | 112 (5) 41 (1) 40 (0)
Twister 21700 1644
w/ FI10 10800 (100) | 10900 (300) (200) 7 719 (4) 119 (7) 49 (1) 41 (1)

On the other hand, in the 6CUS twister fibril, per aS chain the SK9 peptides form about 31 contacts
and the FI10 peptides 27 contacts. The number of contacts decreases in both cases but stays
constant over the last 50 ns at 24 (1) contacts per chain for SK9, and 16 (1) contacts for FI110, i.e.,
the number of contacts decreased by about 20% for SK9 and 40% for FI10. As in the case of the
rod-fibril simulations, neither the SK9 nor the FI10 fragment is tethered to the fibril and binding
contacts may form and dissolve. Unlike for the rod-fibril, the residue-wise distribution of contacts
between viral protein fragment and the a.S chains in Figure 6a is broad for both SK9 and FI110 and
covers the whole chain, with a peak for SK9 around residues H50-K58. This region of increased
binding probability coincidences with the sole part of the aS chain, the segment of residues H50
to D65, where presence of SK9 leads to a pronounced decrease in flexibility that is not seen for

FI10. Otherwise, few differences are seen in the residue-wise RMSD distribution when comparing

73



the ones for SK9 and FI10, see Figure 6b. Note especially that the flexibility of the region G68-
A78, forming the interface between the two protofibrils in the twister polymorph, is equally
reduced in presence of either of the two peptides. However, the decrease in flexibility caused by

either of the two peptides appears in general to be smaller than in the case of the rod-like fibril.
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Figure 6: The residue-wise normalized binding probability of the SK9 segment (red) and the
FI10 segment (blue) to aS chains in the twister-like fibril 6CUS is shown in (a), while in (b) we
show for this model the residue-wise RMSF for the aS chains in presence of SK9 (red), FI10
(blue) and in the control (black). Data are averaged over the final 50 ns of each trajectory and
shaded region represents the standard deviation.

While as for the twister-like fibril the final conformations are in presence of SK9 or FI10 less
perturbed than the control, see the representative final conformations in Figure 7a-c, we also see
for the twister polymorph a clear difference in the chain RMSD curves between SK9 and FI10, see
Figure 7d. While the values for FI10 are comparable to the control, they are for SK9 substantially
lower, indicating increased stability in presence of SK9 peptides, but not in presence of FI10

fragments. This reduced RMSD likely result from the binding of SK9 to the segment H50-K58
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and the induced reduction in flexibility for the segment H50-D65. However, the various quantities
shown in Table 3 do not support this picture and show only marginal differences between SK9
and FI10. While the percentage of remaining native intrachain contacts (i.e., such already present
in the start conformation) changes little between rod and twister fibril, the number of interchain
contacts decreases from about 50% to 40% for the SK9 complex and in the control, but it is 10%
higher for FI10. This is not surprising as FI10 has the broad residue-wise binding distribution,
influencing more strongly interchain binding. For the twister this leads in the case of FI10 also to
a slightly increased number of stacking contacts and similar decreased number of packing contacts.
However, consistent with the visual inspection of the final conformations in Figures 7a-c do the
various quantities in Table 3 indicate that presence of SK9 or FI10 stabilizes the twister fibril only
marginally, with little differences between the two viral protein fragments. Hence, presence of the
viral protein fragments affects the twister-like fibril very different from the rod-like fibril where

we saw a clearer signal indicating stabilization by FI10, and to a lesser degree also by SK9.
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Figure 7: Representative conformations after 200 ns simulations of the twister-like aS fibril model
6CUS8 in (a) absence and presence of (b) SK9 or (c¢) FI10. For comparison we show these
conformations overlayed over the start conformation. The chain rmsd as function of time is shown
for the three cases in (d), with shaded region representing the standard deviation.

CONCLUSIONS

Using molecular dynamics simulations, we have studied the effect of two protein fragments of the
SARS-COV-2 virus on the structural ensemble of oS monomer, and on the stability of aS fibrils.
One virus protein fragment is from the Envelope protein (SK9) and one from the Spike protein

(FI10). Both bind to the aS monomer, and induce the shift toward more aggregation-prone
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conformations that we also saw in our previous studies, not only of oS but also with Serum
Amyloid A and amylin.?®37 This effect is stronger for FI10, a fragment that is unique for SARS-
COV-2 and cleaved from the Spike protein by enzymes released during pronounced
inflammation.! Especially in the case of FI10 leads the shift in the ensemble of aS chains to
conformations with preference for assembly into rod-like fibrils. We also find again the earlier
observed stabilization of fibrils. This effect is differential. While both SK9 and FI10 alter only
marginally the stability of the twister polymorph, the stability of rod-like fibrils is clearly

enhanced, with the effect more pronounced for FI10 than for SK9.

Hence, while the time scales of our simulations are small compared to that of amyloid formations,
our data indicate already that SARS-COV-2 protein fragments can induce amyloid formation of
aS (implicated in Parkinson Disease), and that this effect is differentially, i.e., favoring certain
polymorphs, in our case rod-like aS fibrils over fibrils with a twister-like chain structure.
However, the relation between aS polymorphs and disease phenotype has not been established.
While fibrils seeded with lysates from brain tissue of Parkinson Disease patients have rod-like
structures,”® this may be an artefact of the growth conditions. On the other hand, the clustering of
familial mutations associated with Parkinson disease in the preNAC region, de-stabilizing the rod-
architecture but not twister-like conformations, rather points to twister polymorphs as disease-
causing agent.** Hence, it is not clear whether our observation points to a mechanism that may
explain the correlation between SARS-COV-2 infections and early onset of Parkinson Disease.
Nevertheless, our results add to an emerging picture of SARS-COV-2 protein fragments (cleaved
during infection-cause inflammation) cross-seeding amyloidogenic human proteins, potentially

triggering the onset of the associate amyloid diseases.
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Chapter 6 - Podoplanin Positive Cell-derived Small Extracellular Vesicles

Contribute to Cardiac Amyloidosis After Myocardial Infarction

The following chapter will provide a brief overview of the experimental work performed by Cimini
et al, as well as the computational work performed by the author of this dissertation to support
their experimental findings. The resulting work was published as “Podoplanin Positive Cell-
derived Small Extracellular Vesicles Contribute to Cardiac Amyloidosis After Myocardial
Infarction” in Cell Reports, 44 (2025), 105408, by Maria Cimini, Ulrich H.E. Hansmann, Carolina
Gonzalez, Andrew D. Chesney, May M. Truongcao, Erhe Gao, Tao Wang, Rajika Roy, Elvira
Forte, Vandana Mallaredy, Charan Thej, Ajit Magadum, Darukeshwara Joladarashi, Cindy

Benedict, Water J. Koch, Cagla Tiikel, and Raj Kishore.?°

This study focused on the contributions to cardiac amyloidosis following myocardial infarction in
mice. Our experimental collaborators identified a subset of activated cardiac stromal cells (CSC)
that acquire the expression of a platelet aggregation-inducing type 1 transmembrane glycoprotein
named Podoplanin (PDPN) as a key factor in the amyloidosis process. They went on to show that
CSCPPPN* release small extracellular vesicles (SEVs) to communicate with macrophages following
myocardial infarction. The components within the CSCPPPN* sEVs were then evaluated via
proteomic analysis using mass spectrometry. It was found that serum amyloid A3, was
quantitatively and statistically upregulated in CSCPPPN* sEVs. They then showed that CSCPPPN*
sEVs are required to activate and induce SAA3 over expression in bone marrow derived

macrophages (BMDMs) via toll-like receptor 2 (TLR2) activation and p38-MAPK
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phosphorylation. This over expression of SAA3 was shown to contribute to the presence of

amyloid fibrils in heart scar tissue following myocardial infarction.

Previously, in the Hansmann group the effects of small peptides on human SAA1 fibril stability
were investigated.?! From these computational investigations the peptide RSFFS, or R5S, was
identified to destabilized the fully formed SAA1 fibril structures. However, due to the inherent
difficulties this peptide would exhibit when utilized as a treatment in vivo, namely proteolytic
cleavage, a D-retro-inverso version was purposed. A D-retro-inverso (DRI) peptide is a peptide in
which the sequence of the amino acids is reversed, while also inverting the chirality of the amino
acids from the native L-enantiomer to the D-enantiomer. Simulations with this peptide were also
shown to destabilize the fibril structure of SAAIl. From these results, our experimental
collaborators utilized this DRI-R5S peptide in their mice system following myocardial infarction
as a potential treatment. Treating the mice with DRI-R5S every other day for 30 days after
myocardial infarction resulted in decreased scar formation as well as increased cardiac function
compared to those treated with saline. These results are extremely promising as there are currently

no specific treatments for cardiac amyloidosis.

To provide a possible explanation for the results observed, molecular docking and free energy
calculation were performed. Of interest were the interactions between DRI-R5S and human sAA1
cross-f fibril structures, mouse SAA3 monomers, fibronectin, and collagen 1a.. As well as the
effect these interactions had on the interactions between the proteins investigated. Molecular
docking was performed using HADDOCK®* to model the interactions, and binding free energy

was approximated with PRODIGY®’. From our calculations, it was found that DRI-R5S binds
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most strongly to SAA3 monomer (-36 kJ/mol) and fibronectin (-43 kJ/mol), as compared to its
interactions with the SAA1 fibril (-22 kJ/mol) and collagen 1a (-16 kJ/mol). The results indicate
that all SAA3 monomers will be bound with DRI-R5S as well as the fibronectin fibrils. From our
calculations, we found that the DRI-RSFFS segment interacts with the following mouse SAA3
monomer residues: E27, A28, G31, S32, M35, W36, Y39, M42, K43, D51, H55, A62, G68, G69,
A72, A73, 176, R80, V83, Q84, T87, H89. The guanidinium group of the arginine (R) residue of
the DRI peptide was found to nestle into a pocket in the surface of the monomer and contributed
most to the interactions between the peptide and monomer, interacting with E27, A28, G31, S32,
G68, G69, A72, A73. It was also noted that the DRI peptide interacts with residue E27 through its
backbone atoms rather than its sidechain carboxylate group. The DRI-RSFFS segment was found
to interact with the following fibronectin residues (PDB-ID: 1FBR): F5, D6, H7, L21, P22, Y23,
M27,V29, G39,141,T42, C43, T44, S45, R48, C49, N50, R83, G84, E85, W86. These interactions
can be organized into 3 main clusters depending on the DRI residue: Cluster 1 (DRI-residue 1),
Cluster 2 (DRI-residues 2-4), and Cluster 3 (DRI-residue 5). Interactions involved in Cluster 1
include the following residues: F5, D6, H7, G39, 141. Cluster 2: L.21, P22, Y23, M27, V29, 141,
T42, C43, T44, S45. Cluster 3: T44, S45, R48, C49, N50, R83, G84, E85, W86. The fibronectin
residues of the Cluster 3 formed a pocket with which the C-terminal arginine residue of the DRI
segment interacted. These interactions contribute to most of the contacts observed. Similarly,
cluster 1 also formed a pocket on the surface of the protein, which interacted with the N-terminus

of the DRI-peptide. Cluster 2 contributed to a grove that connected Cluster 1 and Cluster 3.

Additionally, free energy calculations were performed to examine the effects DRI-RSS has on the

ability of SAA3 monomers to interact with collagen 1o and fibronectin. It was shown that the
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presence of DRI-RS5S had little impact on the binding of SAA3 monomers with collagen 1o, while
there was a slight increase in binding free energy between SAA3 monomers bound with DRI-R5S
and fibronectin. This slight increase may indicate that SAA3 monomers will bind with fibronectin
and be less likely to form fibril structures. We also noted a strong reduction in the stability of
growing SAAT1 fibrils when in the presence of DRI-R5S. This was evaluated by docking two fibril
structures together, in the presence of absence of the DRI-R5S segment. This indicated a

destabilization effect, which may make the formation of elongated fibrils difficult.

Overall, in this project I was able to help provide insights into the interactions observed in our
collaborator’s experiments. However, this relatively simple analysis can be further evaluated
utilizing molecular dynamics simulations. In the following chapter, Chapter 7, I introduce and
discuss a project that stemmed from this collaboration, in which I seek to identify new DRI-

peptides that may be able to disrupt the stability of mouse SAA3 utilizing molecular dynamics.
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Chapter 7 — D-Retro-Inverso Peptides for Inhibition of Serum Amyloid A3
Aggregation
The following chapter is taken from a draft of a forthcoming article soon to be submitted.

Introduction

Serum amyloid A (SAA) is an acute phase protein that is associated with the inflammation
response. Following inflammation, SAA levels increase to upwards of 1000 times normal levels.
This spike in concentration is normally short lived, however chronic inflammation can lead to high
concentrations of SAA in the body. These high concentrations can lead to the potential misfolding
and aggregation of SAA into fibril structures. These fibrils can then deposit into organs such as the
liver, kidneys, and the heart, resulting in secondary amyloidosis. SAAs are evolutionary conserved
throughout vertebrate species. With there being high sequence similarities between human and
mice SAA1/2 and SAA4. However, in mice there is the presence of SAA3, which is considered to
be a pseudogene in humans due to an early stop codon but has been shown to exist as fusion protein
with SAA2%. SAA proteins in mice are known to be synthesized hepatically (SAA1/2/4)°6% and
extra-hepatically (SAA3)®. Those synthesized hepatically largely contribute to the circulating
SAAs, while SAA3 is secreted more locally at the site of injury®. As SAA3 can bind to toll-like
receptor 2 (TLR2) on macrophages, it leads to signaling that initiates the enhanced self-production

of SAA3 and other cytokines and chemokines.!%%10!

During chronic inflammation, the enhanced
levels of SAA3 derived from activated macrophages leads to decreased cleavage of SAA3. As a
result, saturated lysosomes release SAA3 monomers that are enriched with -sheet motifs that are

prone to aggregation, which accumulate into insoluble amyloid protofilaments in the extra cellular

matrix!2,
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It has been recently shown experimentally that following myocardial infarctions in mice,
amyloidosis occurs in the heart, and the amyloid fibrils produced are comprised of macrophage-
derived SAA3 monomers?’. Previously, the Hansmann group investigated potential small peptide
inhibitors for human SAA aggregation®!. Of the small peptides investigated, the first five residues
of human SAA1, RSFFS, or R5S, was shown to destabilize the full-length fibril model of SAA the
most. Which built upon previous experimental results that highlighted the ability of the peptide to
inhibit the formation of amyloid fibrils made of short SAA.1> fragments'®. However, due to the
likely short half-life when implemented because of proteolytic cleavage another form of the
peptide was tested. A peptide in which the sequence was reversed, and the chirality of each residue
was inversed was utilized. The resulting peptide is referred to as a D-retro-inverso (DRI) peptide.
By reversing the target sequence and inverting the chirality, the resulting peptide is more resistant
to proteolytic cleavage while maintaining similar sidechain orientations of the native L-

enantiomer. An example illustrating the D-retro-inverso transformation is shown in Figure 1.

PN

L-Ile-Cys-Glu D-lle-Cys-Glu
L-Glu-Cys-Ile D-Glu-Cys-lle

VO

Figure 1: Diagram illustrating the differences and similarities of between a L-enantiomer, top left
quadrant, and a DRI-peptide, bottom right quadrant.
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The DRI-RS5S peptide also showed fibril disruption capabilities like the L-enantiomer. As a result
of this study, experimental investigators, Cimini et al., utilized this proposed peptide in their
investigations of mouse SAA3 amyloidosis following myocardial infarction. The proposed peptide
was able to decrease the formation of SAA3 amyloid fibrils as well as improve the cardiac function
of the treated mice compared to the control group?’. Motivated by this successful implementation
of DRI-R5S as a treatment for mice following myocardial infarction, we have performed all-
atomistic molecular dynamic simulations to investigate the effects DRI-R5S has on mouse SAA3
fibril stability. Additionally, we have performed virtual screening utilizing hexamer DRI-peptides
and have identified three novel potential inhibitor candidates. For further evaluation of the

inhibitor candidates, molecular dynamics simulations were also performed.

Methods

Generation of SAA3 Fibril Model

At this point in time there is no fibril structure of mouse SAA3 available from the Protein Data
Bank. To generate a structure to use in our simulations, a vascular variant of human SAA1 was
utilized, PDB ID: 7zky. Due to the high sequence similarity between human SAA1 and mouse
SAA3, this structure served as a backbone to build our model. The structure was then mutated to
match the mouse SAA3 sequence using UCSF Chimera®?. The resulting model generated is shown
in Figure 2 and consists of three layers with two protein chains per layer for a total of six chains.
A system of consisting of two folds and three layers was selected as previous studies within the
Hansmann group had shown that such a structure was above the critical threshold required for

fibril stability?!.
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Figure 2: Fibril model of SAA3 utilized in simulations. Protofibril 1 is shown in red and Protofibril
2 is shown in cream.

Generation of DRI-Peptides

To begin our investigations, we decided to look at identifying potential hexapeptide inhibitor
candidates. Due to the possible ~ 2076 combinations of hexapeptides, a smaller data set was used.
Stemming from the origins of the RSFFS segment, which comes from the first five residues of
human SAA1, the WALTZ-DB 2.0 database!'® of potential amyloid forming hexapeptides was
utilized resulting in 1,402 peptides. To generate the reversed peptides, the sequences of the
hexapeptides were reversed. Then were generated using PeptideBuilder!%. Following the creation
of the reversed peptide structure files, the peptides were then converted to their D-enantiomer
confirmation by swapping the positions of the B-carbon and a-hydrogen for each residue. The
106

resulting structures were then energy minimized in gas phase using SANDER from AmberTools

The DRI-RSFFS segment was generated in a similar manner. The 1,402 peptides generated were
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then screened against the SAA3 fibril model. Autodock Vina® version 1.1.2 was utilized in a global
search as no binding sites of SAA3 are known. A grid search area of 107.309A x 80.0083A x
47.3189A was used to allow ample room for the peptides to move around the SAA3 fibril. To
account for potential off-target molecule interactions, the peptides were also screened against
collagen 1o, (PDB:2LLP) and fibronectin (PDB:1FBR), with search areas of 53.5701A x 24.4785A
x 26.1194A and 61.8103A x 28.7406A x 37.8707A, respectively. Following the screening process,
the top three inhibitor candidates based off Autodock Vina affinity scores were selected for further
study. The three peptides selected were DRI-GVWWFF (DRI-G6F), DRI-ERGFFY (DRI-E6Y),
and DRI-HFVWIA (DRI-H6A). The Autodock Vina affinity scores of the peptides with respect to

SAA3, collagen 1a, and fibronectin are shown in Table 1.

Table 1: Autodock Vina affinity scores of the top inhibitor candidates and DRI-R5S with respect
to SAA3, collagen 1a, and fibronectin.

Autodock Vina Affinity Scores (kcal/mol)
Peptides
SAA3 Collagen la Fibronectin
DRI-GVWWEFF -9.2 -4.5 -6.0
DRI-ERGFFY -8.7 -4.3 -5.6
DRI-HFVWIA -8.4 -5.3 -6.5
DRI-RSFFS -7.6 -4.7 -7.3

The selected inhibitor candidates and DRI-RSFFS were then docked with the SAA3 fibril model
in a 1:1 ratio of peptide to monomer chains found in the fibril model using HADDOCK 2.447%4,
resulting in four structures. Similarly, the peptides were docked with collagen la and fibronectin

to explore possible off-target effects.
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General System Preparation and Simulation Protocol

To generate the initial structures for the molecular dynamic simulations performed, the SAA3
model, collagen la (PDB:2LLP), fibronectin (PDB:1FBR), and all the docked structures were
converted to GROMACS format using the pdb2gmx module. During this step hydrogen atoms
were added to the structures. All chains and peptides were also capped with -NH3" and -COO"
groups. For the simulations performed the CHARMM 36m-July 2017°° all-atom force field was
utilized with TIP3P!%7 explicit water molecules. All simulations were performed with GROMACS
2020.4 software package*’. The structures were then placed in the center of cubic simulation boxes
with a minimum distance of 15A between the solute and the edge of the box. The boxes were then
filled with water molecules, and counter ions were added to neutralize the system in accordance
with the particle-mesh Ewald method. Na" and CI- ions were used as the counterions and were set
to a physiological concentration of 150 mM NacCl. The total number of atoms and water molecules
from each system is listed in Table 1. Following the addition of water and counterions, the systems
were then energy minimized. The steepest decent method was used, and the systems were
minimized for up to 50,000 steps. The systems were then subjected to equilibration at constant
volume to set the temperature of the system to 310K for 200ps. Then, at a constant pressure of 1
bar for an additional 200ps. During these equilibration steps the heavy atoms were constrained
with a force constant of 1000 kJ/molenm?.

3¢ was used

To main a constant temperature during the simulation a velocity-rescale thermosta
with a coupling constant of 0.1 ps. Pressure was maintained by using the Parrinello-Rahman

barostat’’ with a pressure relaxation time of 2 ps. A time step of 2 fs was used for integrating the
p p p g g

equations of motion. This was made possible by using the SETTLE?® algorithm to insure the water
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molecules were rigid, as well as restraining protein bonds involving hydrogen atoms to their
equilibrium length with the LINCS>® algorithm. Periodic boundary conditions were utilized for all
systems, as a result the long-range electrostatic interactions were computed with the particle-mesh
Ewald method, using a real-space cutoff of 12A and a 1.6A Fourier grid spacing. Short-range van
der Waals interactions were truncated at 12A with smoothing beginning at 10 A. Each system was
simulated in triplicate differing by their initial velocity distribution. The length of the trajectories

studied for each system is listed in Table 2.

Table 2: Simulated Systems

Water Ipdividgal . Total.
System Total Atoms Simulation Simulation
Molecules . .
Time (ns) Time (ns)
Control 217,853 70,729 1500
DRI-R5S 210,506 68,106 1500
SAA3 DRI-G6F 209,565 67,745 500 1500
DRI-E6Y 210,665 68,119 1500
DRI-H6A 211,966 68,554 1500
Control 51,635 16,463 1200
DRI-R5S 49,508 16,166 1200
Collagen 1a DRI-G6F 49,526 16,148 400 1200
DRI-E6Y 47,253 15,395 1200
DRI-H6A 50,913 16,614 1200
Control 72,606 23,689 1200
DRI-R5S 72,195 23,522 1200
Fibronectin DRI-G6F 73,493 23,946 400 1200
DRI-E6Y 74,025 24,124 1200
DRI-H6A 73,140 23,830 1200
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Trajectory Analysis

The molecular dynamics trajectories are analyzed with the GROMACS tools* and MDTraj
software®!. For visualization of trajectory conformations we use VMD®® version 1.9.4a57, and
UCSF ChimeraX-1.9'%, The root-mean-square deviation (RMSD), root-mean-square-fluctuation
(RMSF), and solvent accessible surface area (SASA) are calculated using GROMACS tools, for
the latter quantity using a spherical probe of 1.4 A radius. The residue-wise contact frequencies
are calculated using GROMACS and MDTraj software, defining contacts by a cutoff 4.5 A in the
closest distance between heavy atoms in a residue pair. The binding free energy between the
inhibitor candidates and the SAAS3 fibril and off-target proteins was calculated using the approach
described in Bellaiche et. al®. This approach was used earlier to study inhibition of Ap amyloid
formation by small peptides®® and relies on calculating a dimensionless association constant from

the distribution of bound and unbound conformations.

Results and Discussion

Mouse SAA3 Fibril Simulations

We begin our discussion on the effects of DRI-peptide inhibitor candidates on mouse SAA3 by
exploring the effects the peptides have on the overall structure of the fibril model. To gleam an
overall picture of the fibril assembly over the course of a trajectory the global backbone RMSD of
the SAA3 fibril was calculated. As shown in Figure 3, we note that both the control simulations,
the simulations in the absence of any peptide, and the simulations in the presence of DRI-RS5S have
an increased average global RMSD compared to the other simulated systems. While the overall

system in the presence of DRI-G6F shows less deviation compared to initial structure.

90



40 1 —— Control
—— Ww/DRI-R5S
35 | — W/DRI-G6F
—— w/DRI-E6Y
—— w/DRI-H6A
30 4
=<
[m)
)
=
@
©
o
o kA
o PN Y ‘~‘j. L
e, 1
1 b W il J.,L‘jﬁuﬂ

0 100 200 300 400 500
Time (ns)

Figure 3: Average Global Root Mean Square Deviation (RMSD) of SAA3 backbone atoms in
reference to the initial frame of the simulation in the absence and presence of DRI peptide inhibitor
candidates, with shaded regions indicating standard deviation. Control simulations are shown in
black. Simulations in the presence of DRI-R5S are shown in red, DRI-G6F in blue, DRI-E6Y in
green, and DRI-H6A in magenta.

However, to further quantify the effect the peptide inhibitors have on the system other quantities
must be examined. When we shift to examine the average chain-wise backbone RMSD, Figure 4,
we note a similar trend, in which the control simulations have a higher deviation than the inhibitor
candidates. From the chain-wise RMSD we note that the control simulations fibril chains are

moving on average 10A from the initial positions. Interestingly, the simulations in the presence of

DRI-H6A, show a higher chain-wise RMSD than the other inhibitor candidates.
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Figure 4: Average chain-wise RMSD of SAA3 backbone atoms in reference to the initial frame of
the simulation in the absence and presence of DRI peptide inhibitor candidates, with shaded
regions indicating standard deviation. Control simulations are shown in black. Simulations in the
presence of DRI-RSS are shown in red, DRI-G6F in blue, DRI-E6Y in green, and DRI-H6A in
magenta.

To evaluate the effect of the presence of the DRI peptides on residue-wise backbone fluctuations
RMSF was calculated, and averaged over the last 100ns of the simulations, Figure 5. Due to the
asymmetric nature of the fibril model utilized, RMSF is shown averaged over each respective
protofibril. In the presence of DRI-H6A we note an increased flexibility in protofibril 1 ranging
from residue 15 to 46 and residue 53-69 compared to the control simulations. While in the presence
of the other peptides, a decreased flexibility of protofibril one is observed. In the presence of DRI-
R5S and DRI-E6Y, protofibril 2 shows an increased flexibility in the N-terminal residues, 2-12,

compared with the control. In the presence of all peptides, residues 21-40 in protofibril 2 show

decreased flexibility.

92



Protofibril 1 Protofibril 2
12 12

—— Control
—— DRI-R5S
10{ — DRI-G6F 104
—— DRI-E6Y

—— DRI-H6A

RMSF (A4)

1b 2|0 3|0 4|0 Sb 6IO _‘:> 1I0 1'5 2IO 2|5 3b 3l5 40
Residue Number Residue Number

Figure 5: Average residue-wise Root-Mean-Square-Fluctuation (RMSF) of SAA3 fibril backbone
in the presence and absence of DRI peptide inhibitors candidates. Standard deviation indicated by
the shaded regions.

To get an understanding of how the DRI-peptides are interacting with the SAA3 fibril model,
contacts between the peptide segments and fibril were calculated. To allow for easier comparison
between the peptide sequences, the number of contacts were averaged and normalized, such that
the number of contacts in the initial frame were equal to 1. As failing to do so artificially indicates
less interactions between the DRI-R5S segments and the fibril, due to the peptide consisting of 5
amino acids compared to the other hexapeptides used. As shown in Figure 6a, we note that DRI-
G6F has approximately over 80% of its total contacts remaining compared to the initial frame over
the last 100ns. While DRI-RS5S and DRI-E6Y both have approximately 60% of their total contacts.
DRI-H6A however shows decreased contacts over the last 200ns, with approximately 50% of its
total contacts remaining compared with the initial frame. To further evaluate the interactions
between the DRI-peptides, we look at the evolution of the native, or initial, contacts between the
fibril and segments. This is shown in Figure 6b. We note in all simulations a decrease in the

contacts that were present initially. This indicates that the segments are moving from their initial
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binding sites, as there are no restraints applied to the peptides some drift is to be expected. We do
see that approximately 12% of the initial contacts between DRI-GOF are preserved over the
simulation. When compared to the other peptides whose normalized native contacts range from 5-

7%, DRI-G6F is clearly interacting stronger with the SAA3 fibril.
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Figure 6: (a) Normalized average contacts between the DRI peptides and SAA3 fibril over the
length of the simulations. Contacts are normalized to the number of contacts in the initial frame of
the trajectory. (b) Normalized average native contacts between the DRI peptides and SAA3 fibril
over time. Native contacts are taken to be contacts found in the initial frame of the trajectory.
Shaded regions indicate standard deviations.

To explore the location of the binding interactions on the fibril model, the average contact
frequency per DRI-peptide segment was calculated over the last 100ns of the simulations and

plotted against the fibril residue index, Figure 7. From this figure we see clear differences in

contact distribution between the various peptides.
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Figure 7: Average contact frequency per DRI-peptide segment with respect to SAA3 fibril residue
index with shaded regions indicating the standard deviation. The contact frequency was calculated
over the last 100ns of the simulations. To indicate the regions associated with the six chains found
in the fibril model, Chain A is highlighted in blue, Chain B in orange, Chain C in green, Chain D
in red, Chain E in purple, and Chain F in brown.

DRI-RS5S interacts mainly with residues found in chain A of the fibril model, while mainly DRI-
GOF interacts with the N-terminal region of chain E as well as chains A and F. In comparison, the
distribution of DRI-E6Y is broad and spread over all chains in the fibril. Like DRI-G6F, the DRI-
H6A segments interacting mainly with chain E and F, as well as chains B and D. Additionally from

this figure, we note that the contact frequency for DRI-G6F is increased compared with the other

peptides, further indicating the increased interactions observed with the SAA3 fibril.
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Table 3: Average normalized final values of total SASA, hydrophobic SASA, hydrophilic SASA,
stacking and packing contacts for the SAA3 fibril systems.

Control 1.30 £0.03 1.37+£0.05 1.24 +0.01 0.73+0.03 0.80+0.01
DRI-R5S 1.27 £0.09 1.3+0.1 1.23+£0.09 0.81 +0.05 0.53 +0.06
DRI-G6F 1.26 £ 0.05 1.19+0.07 1.33+0.03 0.80+0.05 0.42 +0.08
DRI-E6Y 1.23+£0.04 1.21 £0.04 1.25+0.06 0.76 £ 0.04 0.6+0.1
DRI-H6A 1.27 £0.05 1.25+0.08 1.29+0.03 0.76 £ 0.03 05+0.3

To evaluate the effect of the various peptides on the fibril stability solvent accessible surface area
(SASA) was calculated. SASA is a measurement of how much surface is exposed to the solvent.
Folded proteins prioritize burying their hydrophobic residues; therefore, structures that have lower
exposed hydrophobic residues are more compact. The total SASA, hydrophobic SASA, and
hydrophilic SASA were calculated over the course of the simulations. Shown in Table 3 are the
average normalized final SASAs for each system. All systems indicate an increase in total SASA
compared to the initial structure. This increase indicates a structure that is less compact than the
initial structure. When comparing the final normalized hydrophobic SASA between the systems a
larger difference is observed. For the control and the DRI-RS5S simulations we observe an average
final normalized value of 1.37 + 0.05 and 1.3 £ 0.1 respectively. Comparing with the other peptide
simulations we note that this increase in hydrophobic SASA is more pronounced, especially
compared to the DRI-G6F simulations which have an average final value of 1.19 + 0.07. This

difference in hydrophobic surface area shows that the hydrophobic core of the fibril structure in
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the absence and presence of DRI-RS5S is more exposed resulting in a less compact structure. In the
presence of DRI-G6F the hydrophilic SASA of the SAA3 fibril has increased more than the other
systems. This along with the relatively decreased exposed hydrophobic SASA indicates that the

SAA3 in the presence of DRI-G6F is more compact.

Other quantities calculated to evaluate the effect of DRI-peptides on fibril stability were stacking
and packing contacts of the fibril. Stacking contacts here refer to the number of contacts between
the layers of the fibril. In the simulations stacking contacts were calculated by determining the
number of contacts between layer 1 and 2, and layer 2 and 3. These values were then added to
achieve the total number of stacking contacts. Packing contacts refer to the contacts between the
two protofibrils found in the fibril. Also shown in Table 3 are the final average normalized stacking
and packing contacts. Overall, the normalized stacking contacts for all peptide systems range from
approximately 76-81% of the number of contacts present in the initial frame. This indicates that
the stacking contacts in the presence of the DRI-peptides are relatively unaffected compared to the
control simulations with approximately 73% of the initial number of contacts remaining. However,
when packing contacts are considered, there is quite a difference between the control and peptide
simulations. The control system has 0.80 & 0.1 of the initial number of contacts at the end of the
simulation while the peptide simulations have normalized packing contacts ranging from 0.42 to
0.6. The lowest being associated with DRI-G6F. This may, however, be misleading. After visual
inspection of the trajectories, the fragments of DRI-G6F are interacting at the protofibril interface.
As a result, there is a decrease in contacts forming between the two protofibrils. As both
protofibrils are interacting with the fragments in this interface, the overall stability is preserved

and explains the trends observed in SASA and RMSD.
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Simulations of Off Target molecules, Collagen 1« and Fibronectin

To evaluate the potential effects on off-target molecules that were identified by Cimini et. al, we
performed molecular dynamic simulations of collagen 1o and fibronectin in the presence and
absence of the DRI-peptides identified. We begin our discussion by focusing on the simulations
performed with collagen 1a. To examine the effect on the overall structure of the protein over the
trajectory, global backbone RMSD was calculated. Figure 8a shows the average RMSD of the
collagen 1a backbone in the presence and absence of the DRI-peptides. We note that on average in
the presence of DRI-E6Y, DRI-R5S, and DRI-G6F the RMSD of collagen la is increased
compared to the control simulations. While the simulations in the presence of DRI-H6A behaved
similarly as the control simulations. The average normalized contacts between the peptides and
collagen 1o were also calculated and are shown in Figure 8b. In all simulations we note fewer
contacts over the course of the trajectories. Especially for DRI-R5S and DRI-H6A. This decrease
in contacts indicates little binding specificity to the collagen 1a protein. As collagen la is an off

target, this decreased affinity is promising.
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Figure 8: (a) Average backbone RMSD of collagen la in the presence and absence of DRI-
peptides. (b) Average normalized contacts between DRI-peptides and collagen 1o over the course
of the simulations. Contacts are normalized to the initial frame of the simulations. Shaded regions
indicate the standard deviation.

Table 4: Average normalized final total SASA, hydrophobic SASA, and hydrophilic SASA of
collagen 1a in the presence and absence of DRI-Peptides

System Total SASA Hydrophobic SASA Hydrophilic SASA

Control 1.011 £0.009 0.950 + 0.008 1.12+0.02
DRI-R5S 0.96 +0.05 0.95+0.05 0.96 + 0.08
DRI-G6F 0.92 +0.06 0.92 £0.04 09+0.1
DRI-E6Y 1.0+0.2 1.0+0.2 1.1+0.2
DRI-H6A 0.89 £ 0.02 0.88 £0.04 0.914 +0.009

SASA was calculated for the collagen 1o simulations, the final average normalized values are
shown in Table 4. When observing the normalized SAA of collagen 1 in the presence and absence
of DRI-peptides we note that the final total SASA is very similar to the initial values, with the
exception for DRI-H6A which has ~10% less total SASA. Indicating the systems are maintaining
their compactness. This observation is further supported by the normalized hydrophobic surface

area. In all systems, besides DRI-E6Y, there is a slight decrease in hydrophobic SASA meaning
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less hydrophobic residues are exposed resulting in more compact structures. Overall, the effect

that the DRI-peptide inhibitor candidates have on collagen la stability is very minimal.
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Figure 9: (a) Average backbone RMSD of fibronectin in the presence and absence of DRI-
peptides. (b) Average normalized contacts between DRI-peptides and collagen 1a over the course
of the simulations. Contacts are normalized to the initial frame of the simulations. Shaded regions
indicate the standard deviation.

We similarly evaluated the effects of the DRI-peptide inhibitor candidates on the off-target
molecule fibronectin. We bean by calculating the global backbone RMSD of all systems simulated,
Figure 9a. From this figure the overall structure of the fibronectin varies little between the control
simulations and the peptide simulations. Indicating there is minimal effects on overall structure
deviations in the presence of the DRI-peptides. To gain a better understanding of the interactions
between fibronectin and the DRI-peptides, normalized contacts were calculated. Figure 9b shows
the average normalized contacts over the simulations. We note a clear difference in contacts with

DRI-G6F and the other peptides. DRI-G6F has on average ~70% of the number contacts in the

initial frame, while the remaining peptides have less than ~40%. DRI-G6F seems to have a higher
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affinity for fibronectin than the other peptides. As fibronectin is an off-target, this higher affinity
is a possible concern for off-target effects.

Similarly, as was done for collagen 1a the total SASA, hydrophobic SASA, and hydrophilic SASA
was calculated for fibronectin. Overall, the effect of the DRI-peptide on fibronectin SASA is very

minimal as shown in the average normalized final values reported in Table 5.

Table 5: Average normalized final total SASA, hydrophobic SASA, and hydrophilic SASA of
fibronectin in the presence and absence of DRI-Peptides

System Total SASA Hydrophobic SASA Hydrophilic SASA

Control 0.99 £ 0.02 1.18 £0.07 0.88 £ 0.02
DRI-R5S 0.98 £0.02 1.10 £ 0.02 0.90 +0.03
DRI-G6F 1.01 £0.02 1.09 £0.01 0.95+0.02
DRI-E6Y 0.98 +£0.03 1.08 £ 0.04 0.91+0.03
DRI-H6A 0.974 + 0.005 1.06 £0.01 0.92+0.01

To evaluate the binding affinity of the DRI-peptide inhibitor candidates against mouse SAA3,

collagen 1a, and fibronectin the average binding free energy was calculated over the last 100ns of

all stimulations, Table 6.

Table 6: Average binding free energy calculated for the last 100ns of simulations.

) Binding Free Energy last 100ns (kJ/mol)
Peptides SAA3 Collagen la Fibronectin
DRI-R5S -l6£1 -8+2 -10£3
DRI-G6F -19+1 -12+2 -17.1£0.1
DRI-E6Y -18.2+0.5 -9+2 -11+4
DRI-H6A -18+£2 -9+2 -14+£2




For all peptides, the binding free energy against mouse SAA3 had a larger magnitude compared
with the off-target molecules. Indicating the peptides have higher preferential affinity for the SAA3
fibril model. As mentioned previously, we note an increased binding free energy for DRI-G6F with
fibronectin compared to the other peptides. Additionally, the difference in binding free energies
between DRI-GOF & SAA3 and DRI-G6F & fibronectin is approximately 2 kJ/mol. This small
difference may indicate that the DRI-G6F peptide will bind with either molecule. It should be
mentioned that the free energy calculation method utilized has limitations. For instance, if a
segment maintains contacts with the target molecule for the entire interval the free energy is
calculated than the resulting free energy is infinite by the methods definition and cannot be
included in the averaging. For the simulations of DRI-G6F with SAA3, 2-3 segments in each of
the three simulations performed maintained contacts throughout, as a result the reported free

energy is likely an underestimate of the actual binding energy.

Conclusion

From our extensive molecular dynamic simulations of mouse SAA3 with DRI-R5S, and newly
identified DRI-G6F, DRI-E6Y, and DRI-H6A we have observed the effects these peptides have on
the stability of the fibril model. In the presence of DRI-G6F, the SAA3 fibril maintains its structure
and is the most stable. However, this increased stability may allow for further aggregation of SAA3
in more elongated fibrils. That along with the increased binding affinity for fibronectin and
collagen la compared with the other peptides, leads to suggesting DRI-G6F not to be further
studied as a potential inhibitor candidate. As observed experimentally, DRI-R5S was shown to
decrease the fibril stability, leading to increased solvent accessible surface area and increased
global RMSD. SAA3 in the presence of DRI-H6A showed decreased fibril stability as well as

increased flexibility in protofibril 1. Additionally, an increase of hydrophobic SASA was observed.

102



However, the normalized contacts between DRI-H6A and SAA3 indicate that DRI-H6A interacts
less than the other peptides tested. For further evaluation, mutational studies to increase this
specificity should be performed. All peptides identified showed little effect on the off-target

molecules from our extensive molecular dynamics of collagen 1o and fibronectin.
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Chapter 8 — Summary

In the presented work, I have investigated the effects of small peptides of various origins on
amyloid aggregation. Initially motivated by the COVID-19 pandemic, my research began by
focusing on the interactions of two amyloidogenic SARS-CoV-2 proteins, SK9 and FI10, on
amylin, the amyloid protein associated with type II diabetes. From my simulations of amylin
monomer within aqueous solution in the presence of SK9 and FI10, a secondary structure
stabilizing effect was observed. These results were validated by our experimental collaborators, in
which CD spectra of amylin in the presence of SK9 or F110 remained in a-helical conformations.
Additionally, our collaborators noted differential effects on amylin in the presence of SK9 and
FI10 within a membrane environment. This effect indicated SK9 promotes accelerated formation
of fibril aggregates, while FI10 stabilized the formation of smaller oligomeric structures which
proved to be more cytotoxic. These results may provide a plausible mechanism for the increased

cases of type Il diabetes observed following contraction of SARS-CoV-2.

To further explore the effect of SK9 and FI10 on amyloid proteins, we investigated their effects on
a-synuclein, the amyloid protein associated with Parkinson’s disease. In the presence of SK9 and
FI10, a-synuclein monomers showed a shift in their conformational ensemble towards more
aggregation prone structures. This effect was shown to be higher in the presence FI10.
Additionally, we observed an effect on fibril stability. FI10 was shown to preferentially enhance
the stability of the rod polymorph of a-synuclein. As we continue post the COVID-19 pandemic,
the long-term effects of SARS-CoV-2 infections are not known. With the many overlapping
symptoms between individuals suffering from neurodegenerative disease and Long-COVID?!%:16,

this work has shown some possible interactions between SARS-CoV-2 and amyloid proteins that
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may provide a plausible mechanism for some of these overlaps. However, to further explore the
possible interactions with SARS-CoV-2 other amyloid protein need to be investigated. For
instance, one of the key proteins associated in Alzheimer’s, amyloid-f. In these projects we have
only evaluated the effect of the viral protein segments on monomers or fully formed fibrils. To
fully explore the effects on amyloid aggregation studies focusing on early aggregation need to be

performed.

The latter half of the research that was performed during my graduate career, again, focused on
amyloid protein and the interactions with small peptides. However, in this research the aim was to
determine peptides that could destabilize amyloid fibrils and inhibit their aggregation. This
research was motivated greatly by the successful implantation of DRI-RS5S as a treatment in mice
following myocardial infarction. I sought to identify new potential DRI-peptide inhibitors for
mouse SAA3 via virtual screening and molecular dynamics. From this virtual screening three new
peptides were identified, DRI-GSFFS (DRI-G6F), DRI-ERGFFY (DRI-E6Y), and DRI-HFVWIA
(DRI-H6A). These peptides along with DRI-R5S, were simulated with a mouse SAA3 fibril
model. Simulations of DRI-R5S and DRI-H6A showed decreased fibril stability compared with
the other peptides tested. The results observed with the DRI-R5S peptides further support those
observed in the mice experiments of Cimini et al.?’ It was noted that DRI-H6A had decreased
contact frequency compared with the other peptides tested. In the future, computational mutational
studies should be performed to increase this specificity. Additionally, these peptides identified
should be simulated with SAA3 monomers to evaluate the effects of early aggregation events. To

further validate the results the peptides should be evaluated in vitro as performed by Cimini et. al.
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This research has only begun to scratch the surface of possible effect of small peptides have on
amyloid aggregation. I hope the work presented here may provide a steppingstone for future

researchers in the field.
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