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ABSTRACT

MOLECULAR MECHANISMS OF AMYLOID-LIKE FIBRIL
FORMATION

by
Sharareh Jalali

Proteins play a critical role in living systems by performing most of the functions
inside cells. The latter is determined by the protein’s three-dimensional structure
when it is folded in its native state. However, under pathological conditions, proteins
can misfold and aggregate, accounting for the formation of highly ordered insoluble
assemblies known as amyloid fibrils. These assemblies are associated with diseases
like Parkinson’s and Alzheimer’s. Strong evidence suggests that three mechanisms are
critical for forming amyloid fibrils. These mechanisms are the nucleation of amyloid
fibrils in solution (primary nucleation) as well as on the surface of existing fibrils
(secondary nucleation) and the elongation of fibrils. This dissertation aims to provide
insights into the complex mechanisms underlying the formation of amyloid-like fibrils
at the atomic level, which remains poorly understood. This knowledge will enable
the rational design of drugs to treat diseases.

This dissertation is divided into three parts. First, extensive molecular
dynamics simulations are performed to show that all-atom models can account for
the aggregation of peptides into amyloid-like fibrils. These simulations are conducted
using different amino acid sequences at different temperatures. They highlight the
importance of hydrophobic interactions in aggregation. This is supported by an
increase in the rate of fibril formation with increasing temperature, which is a
characteristic behavior of hydrophobic interactions. Moreover, the effect of NaCl on
the aggregation of sequences made with non-polar residues that exhibit a low degree of
hydrophobicity is investigated. Results provide evidence that screening electrostatic

interactions with salts promotes aggregation. Furthermore, the results of this study



demonstrate that peptides made from the same amino acids located at different
positions in the sequence form fibrils with different propensity. An analysis of these
systems indicates that the propensity to form fibrils in-vitro correlates positively with
the propensity to form fibrils in-silico when long simulations (2-3 us) are conducted.

Second, all-atom simulations are performed to provide new insights into the
kinetics of fibril growth and the role played by the fibril surface in this phenomena.
Results of this study show that peptides can land on the fibril tip via two pathways:
bulk-docking and surface-docking. In bulk-docking, the peptide binds from the
bulk solution directly to the tip to elongate the fibril. In the surface-docking,
the peptide lands and diffuses on the fibril surface to reach the tip. Peptides are
usually assumed to populate the fibril tip via bulk-docking. However, simulation
results show that surface-docking can contribute significantly to this phenomena. In
particular, changing the temperature and aspect ratio of the fibril affects the relative
contribution of these two docking pathways. A continuum model is proposed by
collaborators to quantify the effect of fibril surface, length, and temperature in bulk-
and surface-docking.

Third, all-atom simulations are performed to provide insights into primary
nucleation. An intermediate state is observed to form spontaneously on the pathway
to fibril formation, which is made of two laminated [S-sheets with peptides oriented
perpendicularly to each other. This state remains stable for ~ 0.5 us after which
[-sheets rotate to account for the spine of amyloid fibrils where peptides are aligned
with each other. This study also emphasizes the importance of side chain interactions
in aligning docked peptides with the fibril template. Docked peptides get trapped in
local minima when conformational changes are not driven by side chain interactions
at high temperatures. The role played by non-polar patches on the fibril surface in

secondary nucleation is also discussed.
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4.4  Unbiased pathway accounting for fibril elongation. (a) The trajectory

of the peptide as it interacts with the fibril before docking to its tip
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4.11 Schematic representation of the intermediate states and pathways

accounting for fibril formation of Ac-(FKFE)o-NH, peptides in our
simulations. BLUE: primary nucleation proceeds via the formation of
perpendicular cross-g structures. Rotation of [-sheets in the latter
leads to the emergence of the amyloid spine. RED (Upper): docking
proceeds with peptides diffusing in solution or on the fibril edge to
land on the tip. RED (Bottom): step-wise-locking proceeds with the
alignment of side chains at different extremities of the peptide with
the fibril. Positively charged residues (K) and negatively charged
residues (E) are shown in blue and red, respectively. GREEN:
peptides (light blue) aggregate at the non-polar edge of the fibril
where new fibrils are nucleated. . . . . . . . .. ...

4.12 Amino acid sequence, (-sheet, and amyloid fibril from an amphipathic

peptide. (a) Non-polar phenylalanine (F), positively charged lysine (K),
and negatively charged glutamic acid (E) are the three amino acids used
to account for the amphipathic Ac-(FKFE),-NH, peptide.

(b) Non-polar and charged residues are segregated to different faces of
anti-parallel -sheet. (c) packing of non-polar faces of two [-sheets
against each other accounts for the cross-f structure of amyloid fibrils.
Non-polar edges and tips are highlighted in the figure. . . . . . . . ..

xx1

Page

104

105



CHAPTER 1

INTRODUCTION

Under various solvent conditions, soluble proteins and peptides can misfold and
aggregate to form highly ordered insoluble assemblies, i.e., amyloid fibrils. The
latter can grow for several micrometers in length while preserving the structure of its
tips with atomic fidelity. This phenomenon, which determines the fate of almost all
amyloid proteins/peptides in diseases like Alzheimer’s, remains unclear [5, 6, 7, §].
Currently, the microscopic mechanisms accounting for fibril nucleation remains also
unclear. In this dissertation, we study the aggregation of peptides and the structural
transitions accounting for amyloid-like fibril formation with a short amphipathic
peptide as a model of amyloid protein using all-atom molecular dynamics simulations.
This study addresses important fundamental questions related to the forces driving
the nucleation and growth of amyloid-like fibrils. For example, we investigate how
the kinetic of fibril growth is affected by external conditions like temperature and the
presence of salt. Also, we provide insights into how the fibril nucleus is catalyzed at
the surface of existing fibrils in solution.

This dissertation is organized into five chapters and includes the following
elements. In Chapter 1, we provide an introduction to amino acids, proteins,
fibril formation, and molecular dynamics simulations. Chapter 2 develops the
computational framework to study the spontaneous aggregation of amphipathic
peptides into amyloid-like fibrils. This framework is then used in Chapter 3 to
study different pathways by which peptides dock onto the fibril tip accounting for
growth. The role of the fibril surface and temperature are also investigated in this

study. Chapter 4 provides insights into the nucleation of the cross-g structures in the



bulk solution, on the surface of the existing fibril, and fibril growth mechanisms. In

Chapter 5, we conclude our research and propose new ideas for future direction.

1.1 Amino Acids Structures and Protein
Amino acids are essential biomolecules that comprise proteins. They have a central
carbon atom, i.e. , Ca, which is attached to a carboxyl group (COOH), an amino
group (NHy), a hydrogen atom (H), and a side chain (R) — see Figure 1.1. Amino
acids are distinguished by their side chain, which gives each one unique properties.
Moreover, all amino acids have a chiral carbon atom (C,) giving rise to L- and

D-form, reflecting left and right-handed chemical structures as shown in Figure 1.1a-b

[9, 10, 11, 12, 13).

Figure 1.1 Schematic representation of amino acid structure. (a) Left handed
amino-acid, (b) right handed amino-acid, and (c) torsion angle between N-Ca bond
(¢) and Ca -C bond (v).

Amino acids are attached to each other via a peptide bond and form
proteins, which perform almost every biochemical function in living cells, including
metabolism, particle transportation, information processing, and many more. The
sequence of amino acids in a protein is called primary structure, which defines its

three-dimensional shape.



The primary structure is the first hierarchy level in protein structure and is
its linear amino acid sequence. Protein’s secondary structure is referred to local
conformations of the protein backbone such as a-helices and [-sheets. The latter
constitutes the most relevant secondary structure for fibril formation. In particular,
[-strands occur when the protein chain is extended completely. Several S-strands can
be linked to each other by backbone hydrogen bonds and form S-sheets. The §-strands
in a (-sheet can be either parallel or anti-parallel, depending on the direction of
protein sequence — see Figure 1.2. If they have the same orientation for N-terminus
to C-terminus they form a parallel sheet and if they have the opposite orientation
(C-terminus of one strand is close to N-terminus of the other strand), it is called an

anti-parallel S-sheet [14, 15].
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Figure 1.2 Two major types of secondary structures in proteins. (a) S-sheet
consisting of S-strands pointing to the same direction (parallel), and [-strands
pointing to the opposite direction (anti-parallel). Hydrogen bonds form between
oxygen (O) in carboxyl group of one residue and hydrogen (H) of amino group of
the other residue. Red, blue and cyan colors are used to represent oxygen, nitrogen
and carbon atom. (b) a-helix with the pitch of 5.4 Aand hydrogen bond formation.
The structure is obtained from Protein Data Bank (lcdw).
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1.2 Biochemical Bonds

Biochemistry is the science that provides insight into the chemistry between living
organisms. To explore and better understand the living organisms, we need to know
what are the interactions that keep atoms of proteins together as a molecule or
how different groups of molecules interact with each other. Biochemical bonds are
classified into two major groups: covalent, and non-covalent bonds. Covalent bonds
keep atoms of a molecule together and are formed when two atoms share electrons. For
example, the two carbons in the backbone of an amino acid, form a covalent bond with
a distance of 1.54 A and bond energy of 85 (kcal/mol). The second type of biochemical
bonding is a non-covalent bond. Although they are weaker than covalent bonds, they
play a significant role in all biological structures and functions. Non-covalent bonds
are separated into four types of bonds and interactions: hydrogen bonds, electrostatic
interactions, van der Waals interactions, and hydrophobic interactions [16, 1].

Hydrogen Bonds: Hydrogen bonds are weak in terms of energy , but they
play a crucial role in many biological functions and stabilizing proteins. For example,
the energy of hydrogen bonds between water molecules can vary from 20 to 42
(kJ/mol) [17]. As shown in Figure 1.3 when a hydrogen atom is shared between two
electronegative atoms, especially nitrogen or oxygen, the one linked with the covalent
bond to the hydrogen (donor) pulls the electron of the hydrogen atom toward itself
and becomes partially negative. As a result, the hydrogen atom becomes partially
positive which forms a dipole-dipole attraction between hydrogen atom bonded to the
donor and the lone electron pair in the other electronegative atom (acceptor). This
results in a hydrogen bond [18].

Intra-peptide hydrogen bonds take place between atoms of the same peptide,
while inter-peptide hydrogen bonds form between different peptides. The hydrogen
bond length, i.e., the distance between two non-hydrogen atoms involved in a

hydrogen bond, is approximately 2.4-3.5 A [16].
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Figure 1.3 Hydrogen bond between two water molecules. The Hydrogen atom, i.e.,
H, of one molecule is shared among the two Oxygen atoms, i.e., O, in the same
molecule and another water molecule [1].

Electrostatic Interaction: The attraction and repulsion between two charged
atoms is known as electrostatic (or Coulomb) interaction, and its energy is calculated
based on Coulomb’s law (Equation (1.1)). This energy is directly proportional to the

magnitude of each charge and reversely proportional to the distance between the two

atoms.

I qige
E = _ 1.1
dmeg 1 (1.1)

where ¢; and ¢y are the charges of the first and second atoms respectively, ¢, is
permittivity of vacuum, and r is the distance between two atoms.

Van der Waals interaction: Another weak non-covalent bond is the van
der Waals interaction which depends upon the distance between atoms. This force
originates when two atoms move toward one another, and a fluctuation takes place in
their polarization. As a result, a dipole interaction arises between neighboring atoms.
This type of interaction varies from attraction, when two atoms are far from each
other, to strong repulsion when atoms are in close proximity. Finally, it stabilizes at
a specific distance called the equilibrium distance [16, 19, 1].

Hydrophobic Interaction: Another non-covalent interaction that is
important in protein folding and mostly emerges from interaction of proteins with

water molecules is hydrophobic interaction. When proteins unfold, their non-polar



residues become exposed to water, push water molecules away from protein and
cause water molecules to form ordered structures with lower entropy. However,
when proteins fold, non-polar residues become buried away from water. As a result,
water molecules have more freedom to interact with polar residues of the protein
and become more disordered and thus have higher entropy. This entropic effect of
water molecules accounts for a net attraction between non-polar molecules and is
known as hydrophobic effect. This non-covalent interaction is thermodynamically
favorable and contributes to folding of many proteins [20, 1]. Figure 1.4 shows the
formation of the hydrogen bonds around a single molecule and when non-polar

residues aggregate.
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Figure 1.4 Hydrogen bonds form between water molecules around non-polar
residues for (a) single molecules interact with water molecules and (b) the
interaction between water molecules and two molecules when aggregating. The red
bonds represent the formation of hydrogen bonds.
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1.3 Formation of Cross (-structures
Prior studies have shown that under specific circumstances, soluble proteins misfold
and form insoluble aggregates. These protein aggregates can undergo further
structural reorganization and form amyloid fibrils consisting of [-sheets stacked on

top of each other which is known as cross-£ structure. Such fibrils are observed



extensively in protein misfolding diseases and neurodegenerative conditions including
Alzheimer’s [21, 22].

The cross-f structure was reported for the first time from X-ray diffraction
pattern of stretched poached egg whites proteins in 1935. In that study, he proposed
a general molecular arrangement for fibrous, wherein the strands pointed in the same
direction and elongated along the fibril axis [23, 21, 24]. In 1951, Pauling and Corey
discovered the pleated (-sheet motif arrangement. They found that the hydrogen
bonds between the [-strands account for connecting the [-strands and formation
of S-sheet [25]. Following this, in 1968, cross-/3 structures were determined by X-ray
diffraction, revealing the atomic details, including an intense ring at 4.75 A overlaying
a diffuse halo at 4.3 A, and a less intense perpendicular ring at 9.8 A and pleated
[-sheet was reported [26]. Advancement of experimental methods, including cryo-
electron microscopy (cryo-EM) and solid state Nuclear Magnetic Resonance (NMR)
has led to a better understanding of the molecular structure of amyloid fibril cross-/3
structures.[27, 28, 21, 29].

Cross-g structures of amyloid fibrils were characterized by X-ray diffraction
represents the space between two strands, i.e., interstrand space, (4.8 A) and between
the two sheets (~ 10A) [21, 22]. These cross-3 spines are made from two identical
[b-sheets. These steric zipper protofilaments can be classified into eight distinct
classes [21]. Subsequently, these classes can be divided into two groups based on
the arrangement of the strands, i.e., parallel, i.e.; or anti-parallel. The orientation of
their faces and the strands can determine their classes. For example, they can be face
to face, faces to the back, both sheets face up, or one of them face up while the other
one face down [21, 30, 31]. The pre-formed fibril studied in Chapters 3 and 4 of this
dissertation form anti-parallel $-sheets that pack against each other in class 5 of the

Eisenberg classification scheme.



In experimental studies, the kinetics of fibril formation can be monitored
using a sigmoidal shape profile corresponding to an increase in fibril mass as shown
schematically in Figure 1.5. The process is divided into three phases: lag, growth,
and stationary. The lag phase refers to the slow process where the monomers are
mostly soluble (no fibril is present), and only initial nucleation of the monomers in
the solution emerges, i.e., primary nucleation. Subsequently, after the formation of
the nucleus, the fibril mass is detectable, and it can be elongated by adding the
monomer at the end of the fibril, i.e., the growth phase. Secondary nucleation,
in which a new nucleus emerges on the surface of existing fibrils, may also take
place in this phase. Finally, the mature fibril forms in the stationary phase, and
the fibril and monomers are in equilibrium [32, 33]. Understanding these three
mechanisms accounting for amyloid fibril formation at the atomic level is critical to
provide insights into the rational for developing strategies to treat neurodegenerative
diseases [34, 35, 36] but also plays a significant role in designing new peptide-based
materials that can be used in biomedical applications, e.g., in tissue engineering,
matrices for cell adhesion, and anti-cancer drugs with high loading drug capacity
(37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. Insights from in-silico simulations provide
invaluable information to understand underlying atomic interactions of nucleation,
which are beyond the reach of experiments due to their short time scales and length

scales involved in the process [47, 48].
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Figure 1.5 Schematic representation of three phases involved in amyloid fibril
formation: lag, growth, and stationary.

1.4 Methodology
In this dissertation, we use MD simulations to provide insight into peptide-peptide
interactions accounting for spontaneous aggregation of short peptides into amyloid-
like fibrils, nucleation and fibril growth. We are going to perform long, unbiased
simulations to generate trajectories with details at atomic level under different

conditions.

1.4.1 Molecular dynamics simulation

One of the powerful techniques for understanding the details and dynamics of
biological macromolecules is molecular dynamics (MD) simulations. It can obtain
details at the atomic level and provide insight into interactions between atoms, which
is experimentally not easy to obtain. First, it will read the initial coordinates of
atoms and boundary conditions of a system with N particles. Second, it will randomly

assign the initial velocities to atoms. Third, it computes forces acting on atoms from
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Figure 1.6 Flow chart represents the steps for molecular dynamics.

specific inter-atomic potential energy and finally, by integrating Newton’s equation
of the motion, accelerations, velocities, and final atoms coordinates are calculated. It
will update the coordinates of atoms. The flow chart indicating these steps is shown

in Figure 1.6 [49, 50].

Verlet algorithm One of the most common numerical method to integrate
Newton’s equation of motion in MD simulations is known verlet algorythm. In this

method, Taylor expansion of r(t) is used as below:

P+ At = r(t) + 0(DAL+ Sa()AL + éc(t)At?’ b (12)
r(t — At) = (1) — v(t) At + %a(t)m? - éc(t)AtS 4. (1.3)
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by adding Equations (1.2) and (1.3):

r(t+ At) = 2r(t) — r(t — At) + a(t) A2 (1.4)

in these equations At denotes the duration of the time step, v(t) is the velocity,
a(t) represents the acceleration and can be computed by a=F /m, where force can be

derived as the gradients of potential with respect to the position:

a= %VV(T) (1.5)

As shown in Equation (1.4), the coordination of the particles can be calculated
without their velocities. However, to compute the system’s kinetic energy and assess
the energy conservation, velocity is required, which can be obtained by subtracting

Equation (1.25) from Equation (1.26) with the error of order A? [51].

The Leapfrog algorithm Leapfrog integration is alternative numerical technique
for Verlet algorithm that was used to solve the equation of the motion [52, 53|. In

this integration, the velocities are computed based on half-step:

1 () —r(t— At)
ot - S A1) = N (1.6)
ot + %At) _ it AA’fi rit) (1.7)
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subsequently, velocity is utilized to compute the new coordinates:

r(t+ AL) = r(t) + vt + %At)At (1.8)

v(t+ %At) =o(t — %At) +a(t)At (1.9)
1 1

v(t) =v(t — 5At) - 5a(t)Azf (1.10)

The advantage of the Leap-frog algorithm compared to Verlet is the smaller calculated
error for coordinates and velocities. However, the potential issue of simultaneously
referring to the coordinate and velocity is still there.

In order to be able to refer coordinate and velocity at the same instant time,

Speed Verlet algorithm can be used [54]:

ot + %At) —o(t) + %a(t)At (1.11)
Pt + Al) = #(t) + v(t) At + %a@)m? (1.12)

after this step, acceleration can be computed by using the new coordinates. Finally,
by having the acceleration, and velocity for the second half of the time step, can be

calculated below:

1 1
v(t + At) = v(t + 5At) + 5a(t + At)At (1.13)
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Energy minimization To minimize the energy of the system before starting the
equilibration, an algorithm called steepest descent is applied. This leads the motion
of each atom to the direction wherein the energy of the system becomes minimum.
In order to link between microscopic behavior of the system and thermodynamic
properties in equilibrium, pressure and temperature of the system is computed.
Equilibration of the system can take place in two common ways: NVT and NPT
ensembles. In NVT ensembles (canonical ensembles), numbers of particles (N),
volume (V), and temperature (T) are constant. In NPT ensembles, numbers of
particles, pressure, and temperature are remain unchanged. To control and keep
the temperature of the system at a specific value, temperature coupling should be
applied [55, 50]. The thermostat we applied in our MD simulations will be explained

here:

Thermostat The temperature is drived from total kinetic energy of a system with

N particle:

|PP? _ NgkpT
Z 2m f , (1.14)

where p represents linear momentum, /N4 denotes the number of degrees of freedom,
kp is the Boltzmann constant, and T is the temperature. To perform simulations at

constant temperature, NVT ensembles is required [49].

Velocity-rescaling temperature coupling This thermostat can be considered as
an extension to Berendsen thermostat by an additional term to keep the temperature
of the system constant. The time averaged kinetic energy of each particle can be
obtained by:
1 2
<K>=_< > mu} > (1.15)

=1
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or

N,
<K >= %kBT (1.16)

by integrating the Equations (1.15) and (1.16), we can drive:

1 o No

,where instantaneous temperature of the system can be derived as:

1
T(t) = N < § mv; > (1.18)
=1

In this method by re-scaling the velocity for temperature T, the total kinetic energy
can maintain constant. The factor to be employed to re-scale the velocity is defined

as:

A= /To/T(1), (1.19)

, where Tj is the target temperature of the system and T(t) is the real time

temperature.

AT — Zz‘:l mi()‘vi)Q . 21:1 mivz‘z
NkB NkB

(1.20)

AT = (N = 1)T(t) (1.21)
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The advantage of this thermostat is reaching first order decay of temperature
deviations without oscillations [56].

Periodic Boundary Conditions The behavior of the infinite and finite
systems is not similar. Modeling infinite systems with computational modeling is
extremely expensive. On the other hand, considering finite systems with solid walls
will result in the collision of adjacent atoms with the wall and cause boundary effects.
Applying periodic boundary conditions, i.e., PBC, allows us to resemble an infinite
system by just replicating a unit cell of the system in three direction and minimizing
the boundary effects. Under this situation, if one particle crosses the top boundary

of the unit cell, it can appear from the opposite side (bottom edge).[52, 57, 50, 55].
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Figure 1.7 Schematic of periodic boundary condition in a unit cell containing
fourteen particles in two dimensions [2].
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1.4.2 Force fields
The potential energy between all atoms in the space can be related to their coordinates
by force field equations. Force filed or potential function can describe the interactions

between any atoms of the systems. It contains two terms: bounded interactions and

non-bounded [58].

Bonded interaction Atoms bonded with the covalent bond can have interactions
due to their bonds length, i.e., 2 body, angles, i.e., 3 body, and torsions, i.e., 4
body. Potential energy related to these interactions is called bonded interaction and

is relative to their equilibrium positions [59].

Figure 1.8 Bonded interactions: (a) bond length between two bodies (b) angles
between three bodies and (¢) dihedral angles between four bodies. Potential energy
is related to (d) bond extensions between two bodies, (e) angles distortions between
three bodies, and (f) dihedral angles change between four bodies [3, 4].

As shown in Figure 1.8, length of the bond between pair of atoms in covalent
bonding can be described by simple harmonic motion and can be resembled by a
spring that connects these two atoms. Angle distortion is shown by bending an

angel, and it follows the angular vibrational motion. The last one is related to the

16



distortion of the dihedral angle. The dihedral angle is a four-body interaction. If you
consider four atoms in sequence, the first and the last three atoms can form a plane.
The angle between these two planes is described by dihedral angles and rotation can

occur around this angle [60, 3, 4].

Harmonic potential The length of the bond between pair of atoms (i and j) can

be describe by simple harmonic potential (Figure 1.8-panel d):

Ub = —k:l-’-(rij — bij)Q (122)

where b;; denotes the equilibrium bond length and k:zl-’j represents the force constant.

Angle potential The angle potential between three atoms of i, j, and K can be

represented by harmonic potential of the angels (Figure 1.8e):

1
Ua(ei]’k) - Ekzejk(el]k - 9,?]]9)2 (123)

0 “7 .
where 07, represents equilibrium angle.

Dihedral torsional potential Torsion angle can be obtained by rotation of four
covalently bonded atoms, i.e., ijkl, with respect to the central bond. The energy
change due to rotation of the bond i-j and bond k-1 around the covalent bond j-k

represents dihedral torsional energy.

Ud(ijkl) = k(COS(TlQﬁ + (5) + 1) (124)
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where n denotes the periodicity and 0 represents the phase.

Ramachandran plot The backbones of the polypeptide chains can have two
dihedral angles, which are ¢ and ¢ . Different combinations of these two angles
can lead to different conformations. The ramachandran plot is a tool to visualize the
conformation preference. It will show the statistical distribution of these two angles.
As shown in Figure 1.9, two regions for the conformations shown in the plot: allowed

regions (lighter colors) and favorable regions (darker colors) [3, 50].

180
+y
left — handed helix
0
, |
-180
-180 -0 0 +® 180

Figure 1.9 Schematic representation of ramachandran plot to visualize torsional
angles of ¢ and 1) of the amino-acids.

Non-bonded interaction Non-bonded interaction is any interaction between
unbonded atoms within a certain distance from each other. As shown in
Equation (1.25), non-bonded interaction has two terms: Lennard-Jones potential

and Coulomb interaction-see Equation (1.26).
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Unonbonded = ULJ + UC (125)

1 Tij\12 Oijg kqiq;
Uunbonded - 5 Z 2462']' ((_) - (_) + (126)

T i Tij Tij Tij

where ¢ denotes Lennard-Jones well depth and o represents the distance where the
potential energy is zero. The parameters of the force field are optimized by fitting the
energy computed from the force field to the experimental measurement or ab initio

quantum data [58]. In this dissertation, we used Amber99SB-ILDN force field [61].
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CHAPTER 2

USING ALL-ATOM SIMULATIONS IN EXPLICIT SOLVENT TO
STUDY AGGREGATION OF AMPHIPATHIC PEPTIDES INTO
AMYLOID-LIKE FIBRILS.

Originally published in the Journal of Molecular Liquids:

Jalali, S.,; Yang, Y., Mahmoudinobar, F., Singh, S. M., Nilsson, B. L., Dias,
C. (2022). Using all-atom simulations in explicit solvent to study aggregation of
amphipathic peptides into amyloid-like fibrils. Journal of Molecular Liquids, 347,
118283.

In this chapter, we perform all-atom molecular dynamics simulations in explicit
solvent to study the aggregation of amphipathic peptides into amyloid-like fibrils.
We use large simulation boxes containing more than 200,000 atoms and including
50 peptides to account for peptide concentrations of the order of 30 mM. Six
different peptide sequences are studied in this work. We show that when long
simulations (2-3 us) are performed, a positive correlation is observed between
experiments and simulations. In particular, peptide sequences that do not form
fibrils in experiments show a low propensity to form inter-peptide hydrogen bonds and
[-structures, and vice-versa. Simulations are also performed at different temperatures
and NaCl concentration to highlight the importance of hydrophobic and electrostatic
interactions on aggregation. The rate of fibril formation in our simulations increases
with increasing temperature for amphipathic peptides made from highly hydrophobic
amino acids. This phenomena is related to the strength of hydrophobic interactions
that enhances with increasing temperature. Electrostatic interactions may be
responsible for the preference of anti-parallel g-sheets in our simulations. However,
screening these interactions with NaCl favors aggregation of amphipathic peptides

made from less hydrophobic amino acids. The sequence of events leading to fibril

growth in our simulations is also discussed.
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2.1 Introduction

The self-assembly process by which peptides organize themselves into one-dimensional
structures is ubiquitous in nature. It is related to several neurodegenerative diseases
including Alzheimer’s and Parkinson’s, and to functional biomaterials used by
different organisms to gather food and/or for protection, e.g., silk in spiderwebs and
silkmoth eggshells [62, 5]. In recent years, considerable effort has been dedicated
to fine-tune the properties of these materials to make them suitable for different
biotechnological applications including drug delivery systems and tissue engineering
[40, 41, 42, 43, 35, 44, 45, 46]. These properties emerge from the supramolecular
one-dimensional structure of the peptide assembly, which is characterized by the
stacking of long [-sheets on top of each other accounting for the cross-f signature of
amyloid-like fibrils [28, 63]. Currently, our understanding of the forces driving this
self-assembly process and the critical events on pathway to fibril formation remains
incomplete [48, 64]. It requires probing peptide structures with atomic precision
over micro- to millisecond timescales, which is beyond reach of most experimental
methods but is becoming accessible to all-atom simulations in explicit solvent. This
type of knowledge is expected to improve our understanding of amyloids in biological
organisms as well as enable the development of better sequence-structure predictive
tools.

Strictly amphipathic peptides are often used as a starting point in the design
of new amyloid-like fibril structures [65, 66]. Consecutive residues in these peptides
alternate between non-polar (X) and polar (Y and Z) amino acids, i.e., (XYXZ),.
Of particular interest to this work are neutral amphipathic peptides with n = 2 and
where polar residues are positively and negatively charged lysine (Y=K) and glutamic
acid (Z=E), respectively. Each of the two §-sheets that accounts for fibrils from these
peptides have one of their faces decorated with non-polar side chains of X residues and

the other face with charged K and E side chains—see Figure 4.4. These [-sheets are
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anti-parallel in nature to provide the proper alignment for the interaction between
positive K and negative E residues in neighboring strands [67]. In the fibril, side
chains of polar K and E residues are exposed to the solvent whereas non-polar faces
of B-sheet are buried against each other forming a stable dry core-see Figure 4.4. This
type of cross-f structure formed by strictly amphipathic sequences correspond to the
symmetry class 5 in the Sawaya/FEisenberg classification scheme of fibrils [68, 69].

One of the challenges of studying fibril formation is that the aggregation process
is strongly sensitive to experimental conditions. Thus, it is important to compare
experiments performed under the same conditions when studying the effect of the
peptide sequence. Experimental studies have explored the role of hydrophobicity
in fibril formation by probing different non-polar amino acids at position X of the
(XKXE)y sequence [70, 71]. For the least hydrophobic amino acid, i.e., alanine
(X=A), peptides did not self-assembly up to a concentration of 8 mM [72, 70]. In
contrast, peptides made from the more hydrophobic amino acids, i.e., phenylalanine
(F), leucine (L) or valine (V), formed amyloid fibrils already at concentrations of 0.2
mM [72, 70]. The net hydrophobicity is, however, not the only factor accounting of
a sequence’s propensity to form fibrils as amphipathic sequences in which pairs of
non-polar residues are flanked by charged residues, i.e., (KFFE),, did not form fibrils
at concentrations up to 1 mM as opposed to KEFFFFKE or the strictly amphipathic
(FKFE), sequence [67]. This profound influence of the sequence pattern on fibril
formation was related to its effect on the propensity of a peptide to form [-sheets
and its ability to enable non-polar and charged side chains to segregate to different
faces of a [3-sheet [67].

All-atom simulations in explicit solvent have the potential to provide a more
complete picture of the aggregation process by characterizing the sequence of events
and the molecular mechanisms accounting for fibril formation [64, 73]. However,

simulations starting with peptides randomly distributed in space which aggregate into
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Charged
faces

Ac

Figure 2.1 Cross-§ structure of strictly amphipathic sequences Ac-(XKXE),-NH,,
where K and E represent positively and negatively charged lysine and glutamic acid,
respectively. (a) Atomic structures of peptides in which the non-polar residue X is
phenylalanine (F), leucine (L), valine (V), or alanine (A). (b) f-sheet from strictly
amphipathic sequences wherein charged and non-polar residues are exposed to
different faces of the sheet. Non-polar side chains are depicted in cyan. Purple and
orange colors are used for lysine and glutamic acid, respectively. (c¢) Packing of two
[-sheets into a cross-f structure wherein the dry core is formed by non-polar side
chains in cyan.
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amyloid fibrils are very time consuming as they require tracking a large number atoms
(e.g., > 200, 000 atoms to account for peptide concentrations of the order of 10 mM)
for a long time (> 1us). Moreover, it is not possible to fully reproduce experimental
conditions [48] and the ability of force fields to account for fibril formation remains a
question of debate [74, 75]. Accordingly, simulations of spontaneous aggregation
using all-atom models have been performed for only a small number (< 10) of
short peptides, which mostly do not self-assemble into stable cross-g structures.
Nonetheless, promising results have recently been obtained for the Af_99 sequence,
suggesting that, at least for short peptide sequences, all-atom simulations will soon
reach a state where they can work hand-in-hand with experiments complementing
each other [74]. Regarding the amphipathic (KFFE); sequence, recent all-atom
simulations of tetramers have illustrated the challenge of interconverting disordered
aggregates into ordered ones [76]. Short femtosecond-long all-atom simulations of
(FKFE), peptides have also been performed to test the stability of different fibril
structures varying in the hydrogen bond pattern of their S-sheets [77, 78].

Here, we expand on these computational studies by performing large-scale (50
peptides in a simulation box containing more than ~200,000 atoms) and long-time
simulations to provide insights into the aggregation process of six peptide sequences at
different conditions of temperature and salt-concentration. Some of our simulations
are more than one order of magnitude (10-14 us) longer than the length of most
all-atom molecular dynamics studies of aggregation (0.5-1 us). We show that, in most
cases, the latter timescale is not enough to enable the formation of cross-g structures
or to discriminate the aggregation process of different amphipathic peptide sequences.
However, when longer (> 2-3 pus) simulations are performed, we observe a positive
correlation between aggregation in silico and n vitro wherein sequences that do not
form fibrils in experiments have a low propensity to form inter-peptide hydrogen

bond and [-structures in our simulations. Moreover, we show that increasing
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temperature causes aggregation to take place faster for highly hydrophobic amino
acids, which we relate to the enhanced strength of hydrophobic interactions with
increasing temperature. A preference for the formation of anti-parallel [-sheets
is also observed in fibrils that formed spontaneously in our simulations. Whereas
electrostatic interactions are expected to drive this preference, these interactions
may also be unfavorable to fibril formation [79]. In our simulations, screening these

interactions by adding salt to the solution increased the preference for fibril formation.

2.2 Methodology

System Design, Equilibration and Simulation. Four strictly amphipathic
peptides with sequences alternating between non-polar (represented by the letter
X) and charged (represented by letters E and K for the negatively and positively
charged glutamic acid and lysine residues, respectively) residues were investigated in
this study. These eight-residue peptides were capped with an acetyl group (Ac) at
the N terminus and an amide group (NHy) at the C terminus, i.e., Ac-(XKXE)o-NHs.
The four peptides studied here differ in the degree of hydrophobicity of their non-polar
residue, which is either phenylalanine (F), leucine (L), valine (V), or alanine (A)-see
Figure 4.4. We will refer to these strictly amphipathic sequences as F-, L-, V-,
and A-peptides. Experimentally, the more hydrophobic F-, L-, and V-peptides were
shown to form fibrils as opposed to the less hydrophobic A-peptide [70]. We also
performed simulations of two sequences that are amphipathic but they do not have
alternating hydrophilic/hydrophobic sequence order , ie., Ac-(KEFFFFKE)-NH,
and Ac-(KFFE),-NH,. Self-assembly into amyloid fibrils was observed in experiments
using the former peptide sequence at concentrations of 1 mM but not the latter [67].

Simulations in this work were prepared in two steps. First, 50 peptides were
randomly place in a cubic box of length 8 nm, which was then solvated and the

energy of the system minimized followed by a 4 ns equilibration in the NVT ensemble.
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Second, to avoid creating a self-assembly process in which an elongated aggregate
interacts with itself through periodic boundary conditions, the size of the simulation
box was increased to 13.5 nm and solvated accounting for a peptide concentration
of 37 mM. The energy of the system was minimized and equilibrated in the NVT
ensemble.

Software, Hardware, and parameters. MD simulations were performed
with the Amber99sb-ILDN force field [61] and the TIP3P water model by applying
periodic boundary conditions in the isothermal-isobaric (NPT) ensemble. The
leapfrog algorithm was used to integrate the equations of motion with a 2 fs time-step
[55].  The Parrinello-Rahman barostat (7, = 2.0 ps) was used to maintain the
pressure of the system at 1 bar [80]. Temperature was controlled by coupling
protein and solvent separately to the velocity-rescale thermostat (7, = 0.1 ps).
The cut-off for short range van der Waals and electrostatic interactions was 1.0
nm. The smooth Particle Mesh Ewald algorithm was used to compute long range
electrostatic interactions [81]. For all systems, the production run started with a 100
ns simulation in the NPT ensemble using GROMACS [82]. Some of these simulations
were then extended either on Anton 2 supercomputer [83] or on our local cluster using

GROMACS——see Table 3.1 for a list of all simulations performed here.
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Table 2.1 Details of all Simulations

Peptides Temperature (K) | NaCl (mM) | Length of Simulations

300 - 1 ps
Ac-(FKFE),-NH, o0 ) 10 ps 1(/22““2)

450 - 1 ps

350 - 14 ps (Anton2)
Ac-(VKVE),-NH, 370 ; 1 s

450 - 1 ps

350 - 1
Ac-(LKLE)y-NH, 150 - N Z:

300 - T s

350 - 1 pus

350 40 1
Ac-(AKAE),-NH, 520 <0 N Z:

350 160 1 s

450 - 0.5 s

- Anton2

Ac-(KFFE),-NH, b J s “S.éﬁ:sn )

350 - 3 us (Anton2)

Ac-KEFFFFKE-NH, 450 ] 0.627 pis

Analysis. To quantify the extent of by which peptides self-assemble into
p-sheets in our simulations, we track the number of hydrogen bonds (Nyg) between
backbone atoms over time [84]. This quantity is also decomposed into contributions
from intra- (intra-Nyp) and inter-backbone (inter-Nyp) hydrogen bonding. We
consider that an hydrogen bond forms when the distance between donor and acceptor
atoms is less than or equal to 0.35 nm and the angle between hydrogen, donor and
acceptor atoms is less than or equal to 30 degree. Contact maps (CM) were used
to provide insights into inter-peptide interactions formed during the self-assembly
process. For that purpose, two residues are considered to be in contact if the distance
between any pair of their respective atoms is less than or equal to 0.4 nm. The sum of
inter-peptide contacts was normalized to account for a probability of contacts. The
python scripts provided by the Strodel group [85] was used for that purpose with
the required libraries [86, 87, 88]. Secondary structures are defined using the DSSP

(Define Secondary Structure of Proteins) algorithm [89].
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Figure 2.2 Effect of temperature on self-assembly. Backbone hydrogen bond
formation in our simulations using strictly amphipathic (a) F-, (b) L-, (¢) V-, and
(d) A-peptides at different temperatures. Last configuration in our simulations
performed at 350 K using (e) F- and (f) V-peptides. van der Waals representation is
used to depict non-polar side chains in gray and secondary-structures are shown
using a cartoon representation where [§-sheets are shown by arrows. Different colors
are used for cross-f structures that are not (or are loosely) connected to each other
via hydrogen bonds.

2.3 Results and Discussion
2.3.1 Role of hydrophobic interactions on fibril formation.
In Figure 2.2, we show the time dependence of the total number of backbone hydrogen
bonds, i.e., Nygg, for simulations performed using strictly amphipathic sequences in
pure water. A logarithmic scale is used for the x-axis to highlight the aggregation
process at short timescales when Nyp is subjected to large changes. Panel a shows
that, for the F-peptide at 350 K (black line), Nyp increases with time and it
starts saturating after approximately 4 ps. At 300 K (green line), Nyp increases
at a significantly slower pace than at 350 K suggesting that increasing temperature
accelerates the self-assembly process that leads to fibril formation. Note that recent
experimental studies have reported a similar effect for elastin-based peptides over the

temperature range 293-353 K [90]. To further highlight this effect of temperature, we

perform additional simulations at extreme temperatures of 370 and 450 K. Simulations
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Figure 2.3 Burial of non-polar side chains. The time-dependence of the solvent
accessible surface area (SASA) of non-polar residues is shown for (a) F-, (b) L-,
(¢) V-, and (d) A-peptides from simulations performed at 350 K. The number of
backbone hydrogen bonds is also shown in blue.
at these extreme temperatures should, however, be taken with caution and they are
only used here to highlight the trend observed at 300 and 350 K. The increase in Nyp
at 370 K occurs at approximately the same rate as in our simulations at 350 K but
it takes place significantly faster at 450 K saturating after only 0.6 us. Temperature
has a similar effect on Nyg for the L- and V-peptides in panels b and c¢. In particular,
for the L-peptide, Nyp increases significantly faster at 450 K than at 350 K. For the
V-peptide at 450 K, Nyp saturates after only 0.6 us whereas 10 us are required for
this to happen at 350 K. For the less hydrophobic A-peptide, Nyg does not increase
in a significant manner at any temperature—see panel d. This is consistent with
experimental studies highlighting the importance of hydrophobic interaction in the
formation of stable aggregations [70, 72]. Moreover, at any time during the simulation,
this less hydrophobic peptide forms less hydrogen bonds at the higher temperature

(450 K) than at lower temperatures, i.e., 300 K and 350 K.
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At first sight the faster aggregation of F-, L-, and V-peptides with increasing
temperature is counterintuitive as temperature favors states with higher entropy
wherein peptides would be dispersed in the simulation box. However, hydrophobic
interactions play an important role in the attraction between amphiphilic peptides and
the strength of these interactions increases with increasing temperature to maximize
the entropy of the solvent [91, 92, 93, 94, 95]. Hydrophobicity is therefore expected to
be the force driving peptide self-assembly in our simulations of F-, -, and V- peptides,
as it can explain the increased rate of aggregation with increasing temperature in
panels a-c. This is consistent with studies showing that amyloid fibrils that have a
non-polar core become more stable with increasing temperature [96, 90, 97, 98, 99].
In the same vein, the inability of the A-peptide to self-assemble and form fibrils in
simulations (see panel d) and experiments [70, 72] can be explained by the reduced
hydrophobic nature of this peptide.

Final structures of simulations performed using F- and V-peptides at 350 K
are shown in Figure 2.2 e-f. In these structures, peptides form cross-3 structures
with most non-polar side chains (in gray) buried away from the solvent. A different
color is used to represent cross-f structures that are not connected to each other
through backbone hydrogen bonds highlighting different unit blocks. Notice that
solvent exposed non-polar side chains are located either at the tip or at the edge
of cross-f structures. Burial of these exposed non-polar side chains away from the
solvent drives packing of cross-f units in our simulations. Because phenylalanine has
a bulkier side chain than valine, edges of cross-f structures from F-peptides have more
exposed non-polar surface area than for V-peptides—see Figure 2.2e-f. Accordingly,
non-polar side chains at edges and tip of cross-g structures in our simulations of the
F-peptide are buried against each other—see blue and green as well as red and green
cross-f structures in Figure 2.2e. For the V-peptide, the different cross-g structures

are connected to each other mostly through the “tip” which has exposed non-polar
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Figure 2.4 Last configurations of A-peptides at (a) 350K, (b) 450K, and
L-peptides at (c) 350K, and (d) 450K. Van der Waals and new-cartoon
representation are used to depict non-polar residues and S-sheet, respectively.

side chains. Last configurations of L- and A-peptides in our simulations at 350 K and
450 K are shown in Figure2.4.

To further highlight the importance of non-polar burial, we show in Figure 2.3
the time dependence of both the solvent accessible surface area (i.e., SASA) of
non-polar side chains and Nyg. For F-; L-; and V-peptides, SASA (black lines)
and Nyp (blue lines) decreases and increases, respectively, with time as hydrophobic
interactions between non-polar side chains and hydrogen bonds between backbone

atoms form during fibrilization. This shows strong correlation between non-polar
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Figure 2.5 Contact maps computed for strictly amphipathic a) F-, (b) L-, (¢) V-,
and (d) A-peptides in simulations performed at 350 K. Only the last 500 ns of our
simulations are used in the calculation of contact maps.
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burial and S-sheet formation. For the A-peptide (panel e), SASA and Nygp change
only modestly due to the lack of cross-f structure formation. Contact maps (i.e.,
CM) computed during the last 500 ns in our simulations at 350 K are shown in
Figure 4.8 to depict pairs of residues involved in interpeptide interactions. Contacts
between non-polar residues for F-, L-, and V-peptides occur at least twice more
frequently than between charged K and E residues. These non-polar contacts are
formed with neighboring residues on the same (-sheet as well as with residues on the
other sheet of the cross-g structure. Conversely, charged residues, which are facing
the solvent, can only form contacts with neighboring residues on the same S-sheet.
Notice that because of the absence of a dry core for the A-peptide, both non-polar and
charged residues interact with approximately the same probability in our simulations.
Figure 4.8 also depicts a tendency of peptides to form antiparallel contacts wherein the
first residue interacts preferentially with the last or second to last non-polar residue.
Accordingly, 72% and 65% of all pairs of neighboring strands for F- and V- peptides in
Figure 2.2e-f form anti-parallel S-sheets. Electrostatic interactions between charged
side chains can be used to discriminate parallel and anti-parallel §-sheets[70]. In a
parallel setup, like-charged residues (K-K or E-E) of neighboring strands face each
other whereas, in anti-parallel S-sheets, opposite-charged pairs of residues (K-E) of

neighboring strands face each other optimizing electrostatic interactions.

2.3.2 Growth of cross-3 structures.

Figure 4.9 depicts the time evolution of secondary structures in our simulations.
Initially, peptides are mostly disordered and, thus, residues adopt preferentially coil
(see panel b) or bend/turn (see panel c¢) conformations. As the simulation evolve in
time, the fraction of residues adopting § conformations increases from 0.1 to 0.5 for
F- and V- peptides and from 0.1 to 0.3 for L-peptides. Congruently, the number of

disordered residues (coil and bend/turn in panels b and ¢) decreases proportionally.
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Figure 2.6 Secondary structures of strictly amphipathic peptides in simulations
performed at 350 K. Fraction of all residues adopting (a) 5, (b) coil, (c) bend+turn,
and (d) helical conformations as a function time.
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Figure 2.7 Growth of the seven (-sheets that formed spontaneously in our
simulation performed using F-peptides at 350K. (a) Number of backbone hydrogen
bonds of each -sheet as a function of time. Thick lines are a guide to the eye and
they correspond to moving averages over 25 ns. Panels b, ¢, d, e, f, and g
correspond to the configurations of two sheets at time 0.7 ps, 1.1 ps, 1.5 us, 1.9 us,
3.5 pus and 10 ps, respectively. Disordered monomers in the vicinity of the sheets are
drawn in light red and light blue.

For the A-peptide, the fraction of residues adopting 8 conformations increases only
marginally from 0.1 to 0.2. Similarly the number of disordered residues for the A-
peptide, i.e., coil and bend/turn conformations, does not decrease significantly as in
the case of the more hydrophobic sequences. This is consistent with this peptide not
forming fibrils in the 1 us time-frame in our simulations. The fraction of residues in
helical conformations is not significant for the more hydrophobic peptides and it is
small (but not zero) for the A-peptides consistent with the high propensity of alanine
to form a-helices [100].

To provide insights into the formation of cross-g structures in our simulations,
we identify the peptides that are part of the different [-sheets at the end of our
simulations and compute separately the number of backbone hydrogen bonds between
these peptides as a function of time. For the F-peptide, seven [-sheets varying in

size from two (black color in Figure 4.10a) to eleven (red color) peptides are present

at the end of our 350 K simulation. The two [-sheets with the highest number of
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hydrogen bonds (red and blue lines) at the end of the simulation are part of the
same cross-f3 structure. Similarly, sheets with the third and fourth highest number of
hydrogen bonds (light blue and purple) are part of the same cross-g structure. The
smallest cross-f structure in our simulation is made from the (-sheets with fifth and
sixth highest number of hydrogen bonds (yellow and green lines in Figure 4.10). This
suggests a correlation between the growth of the two sheets that are part of the same
cross-3 structures.

Figure 4.10b-g illustrates the growth of the largest cross-3 structure represented
by red and blue f-sheets in panel a. At 0.7 us (panel b), a S-sheet extending over
seven peptides (in blue) has already formed on top of which two small S-sheets (in
red) are deposited at the extremity of its non-polar face. Non-polar side chains of
these “blue” and “red” sheets are packed against each other forming stable dry cores.
Growth of both red and blue -sheets occur concurrently via displacement of peptides
located in their vicinity towards the tip—see arrows in panel b-g. Also, peptides are
being deposited in the space between the two red sheets. This is illustrated in panels
d-g where yellow and light red peptides land in between the two red (-sheets forming
hydrogen bonds with both of them. Initially, the yellow peptide is folded into a
[S-hairpin—panel e. Unfolding of the S-hairpin enables this yellow peptide to become
extended where it forms hydrogen bonds with just one of the red sheets without
interacting with the other red sheet—see panel f. Displacement of red sheets along
the main axis of the cross-§ structure allows the yellow peptide to connect the two
red sheets via hydrogen bonds—see panel g. This depicts the formation of a cross-f3
structure wherein one sheet behaves as the substrate on top of which peptides are
being deposited.

In Figure 4.11, we show the growth of different 5-sheets in simulations performed
using the V-peptide at 350 K. At the end of the simulation, we identify eight sheets

that are not (or are only loosely) connected to each other via backbone hydrogen
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Figure 2.8 Growth of the eight S-sheets that formed spontaneously in our
simulation performed using V-peptides at 350K. (a) Number of backbone hydrogen
bonds of each [-sheet as a function of time. Thick lines are a guide to the eye and
they correspond to moving averages over 25 ns. Panels b, ¢, d, e, f, and g
correspond to the configurations of two sheets at time 2.1 us, 5.6 us, 6.4 us, 8.1 us,
11.5 ps and 14 us, respectively. Disordered monomers in the vicinity of the sheets
are drawn in light red and light blue.

bonds. The two largest sheets (represented in red and blue) in panel a are part of the
same cross- structure. At 2.1 us (panel b), each of these sheets contain four peptides.
As for the F-peptide, the growth of these sheets occurs mainly via the displacement
of peptides that are located in their vicinity towards the tip—see arrows in panels b-e.
In addition to this cross-f structure, six S-sheets that are only loosely connected to
each other through hydrogen bonds are present at the end of our simulation. These
sheets are highly distorted enabling the formation of a dry core within themselves
where valine side chains are buried away from water. The evolution of two of those
[-sheets is depicted in light blue and brown colors in panels b-g. They correspond
to sheets with the third and fourth largest Nyg in panel a. These sheets form early
and they remain stable throughout the simulation. The absence of distorted S-sheets

in our simulations using the F-peptide may be explained by the bulky side chain of

phenylalanine, which imposes steric constrains on compact conformations.
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2.3.3 Role of the amino acid sequence pattern on fibril formation

The net hydrophobicity of amphipathic sequences is an important factor determining
the ability of peptides to form amyloid-like fibrils. However, experimental studies have
also highlighted the importance of the sequence pattern on the self-assembly process
[101, 65, 102]. In particular, peptides composed of identical amino acids as the F-
peptides but with non-polar and charged residues located at different positions in the
sequence have been tested for fibril formation [67]. Two such peptides are amphipathic
Ac-(KFFE),-NHy and Ac-KEFFFFKE-NH; sequences that have non-polar segments
made from two and four consecutive phenylalanines, respectively, flanked by charged
residues. Compared to the F-peptide, which forms fibrils at concentrations of 0.2 mM
and 1 mM, Ac-KEFFFFKE-NH; only formed fibril at 1 mM, and Ac-(KFFE),-NH,
does not self-assemble at both concentration [67]. A possible explanation for this
sequence pattern effect may come from the low propensity of K and E residues to
form S-sheets [100]. The less fibril-prone sequences have patches with two consecutive
charged residues, i.e., EK or KE, which may reduce the propensity of peptides to
form [-strands specially when located in the middle of the sequence—as in the case
of the Ac-(KFFE),-NH, peptide [67]. Also, the inability of non-polar and charged
residues to be segregated into different faces of a [-sheet for Ac-(KFFE),-NH,y and
Ac-KEFFFFKE-NH, peptides is expected to contribute to their reduced propensity
to form fibrils [67].

To provide insights into effects of sequence pattern on the self-assembly process
of the F-peptide, we performed additional 3 us simulations using Ac-(KFFE),-NH,
and Ac-KEFFFFKE-NH, peptides. All simulations were performed under the same
conditions described in the methodology section for the F-peptide. Figure 2.9a
compares the evolution of the total number Nyp of backbone hydrogen bonds for
these peptides over time. The F-peptide forms hydrogen bonds much faster than the

other two peptides, consistent with its higher experimental propensity to form fibrils.
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Figure 2.9 Effect of sequence pattern on fibril formation.Time evolution of the
number of (a) total,(b) intra-, and (c) inter-peptide backbone hydrogen bonds for
F- (black), Ac-KEFFFFKE-NH; (red), and Ac-(KFFE),-NH, (green) peptides.
Peptide configurations at 4 us from simulations of (d) F-, () AccKEFFFFKE-NH,,
and (f) Ac-(KFFE);NH, peptides. Yellow, cyan, white, purple and blue colors are
used to represent [-structures, turn, coil, a-helix and 3-10 helix structures. Fraction
of all residues adopting (g) g, (h) coil, (i) bend+turn, and(j) helical structures.
Moreover, after 3 us most F-peptides in our simulations adopt S-sheet structures—see
Figure 2.9d. The time evolution of Nyg is very similar for Ac-KEFFFFKE-NH,
and Ac-(KFFE),-NH, sequences although their final structures are significantly
different—see Figure 2.9e-f. A cross-f3 structure and several large S-sheets comprising
4-5 peptides are observed in simulations using Ac-KEFFFFKE-NH, peptides (panel
c¢) while Ac-(KFFE)o-NH, peptides (panel d) adopt mostly coil and turn structures
with high propensity. These structural differences are in line with experiments
showing that the Ac-KEFFFFKE-NH, sequence has a greater probability of forming
fibrils compare to Ac-(KFFE),-NHs.

The similarity in the time dependence of Nyg for Ac-KEFFFFKE-NH, and
Ac-(KFFE),-NH; sequences can be understood by decomposing this quantity into
intra- and inter- peptide backbone hydrogen bonding, i.e., intra-Nygp and inter-Nyg,

respectively. These quantities are shown in Figure 2.9b-c. The F-peptide (black line)

forms less intra-Nyp than the other two sequences and after 0.3 us this quantity
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decreases continuously in the simulation (see panel b) while inter-Nyp increases over
time (see panel ¢). This characterizes the F-sequence as having a high propensity to
interact with neighboring peptides via backbone hydrogen bonds. Although the initial
intra-Nyp for the Ac-KEFFFFKE-NH, sequence (red line) is much larger than for the
F-peptide, this quantity also decreases after 0.3 us (panel b) while inter-Nyp increases
continuously but modestly throughout the simulation (see panel ¢). Thus, this peptide
also has a preference for interacting with neighboring peptides via backbone hydrogen
bonds although this preference is smaller than for the F-peptide. The initial intra-
Npup for the Ac-(KFFE),-NH, sequence (green lines) is comparable to the one for
the AccKEFFFFKE-NH; peptide but this quantity does not decrease significantly
during the simulation (panel b) and inter-Nyp remained constant during the last 2
ps of our simulations (see panel c¢). This highlights the lack of propensity of the
Ac-KEFFFFKE-NH, sequence to interact with neighboring peptides and aggregate.

In Figure 2.9g-j, we show the time evolution of the fraction of residues in different
secondary structures for F-, Ac-(KFFE),-NH; and Ac-KEFFFFKE-NH, sequences.
These peptides are highly disordered in the beginning of the simulations with the
fraction of all residues adopting coil and bend+turn structures being 0.7-0.9 and
0.1-0.2, respectively—see panel h-i. As the simulation progresses, peptides become
more ordered. In particular, disordered structures are replaced with S-conformations
at a rate that increases in the following sequence order: F-peptide > Ac-KEFFFFKE-
NH; > Ac-(KFFE),-NH,, which corroborates the experimental sequence propensity
to form fibril. Note that the number of S-structures does not change for the Ac-
(KFFE),-NH, peptide in the last 2 us of the simulation, consistent with the lack of
formation of new inter-peptide hydrogen bonds in panel c. Interestingly, a residual
number of a-helices is observed in the reversed order of fibril propensity, i.e., Ac-

(KFFE)>-NHy > Ac-KEFFFFKE-NH; >> F-peptide. Thus, sequences that do not
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Figure 2.10 Effect of sequence pattern on contact map and SASA. Contact maps
computed within 2.5-3 us in our simulations using (a) F-peptide, (b) KEFFFFKE,
and (c) (KFFE),. (d) Solvent accessible surface area of non-polar residues (SASA)
for simulations performed using F-peptide (black), KEFFFFKE (red), and
(KFFE), (green).
form fibril in our simulations exhibit a non-negligible propensity to adopt helical
structures. This includes the A-peptide (see Figure 4.9) and Ac-(KFFE),-NHo.
Figure 4.5a-c shows contact maps of the three peptides studied here computed
during the time-frame 2.5-3 ps. For all sequences, interactions are formed with
higher probability between pairs of non-polar residues accounting for the dark pattern
color in panels a-c. Contacts between charged amino acids occur with a significantly
lower probability, which is consistent with the reported low propensity of K and E
amino acids for f-structures [100]. In the case of the Ac-(KFFE)y,-NH, peptide,

charged residues in the middle of the sequence make it difficult for [-structures
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Figure 2.11 Effects of NaCl on aggregation of A-peptides. Contact maps
computed within the (a) first and (b) last 500 ns in simulations performed in pure
water for trajectory 1 (S;). Number of inter- hydrogen bonds for trajectory 1 (S;) in
black and trajectory 2 (Ss) in red for simulations performed in (c) pure water and
(d) 40 mM NaCl. (e) Number of hydrogen bonds and (f) SASA in simulations
performed in different NaCl concentrations for S;. Final conformations of peptides
in simulations performed in (g) pure water, (h) 40 mM NaCl in S;.
to extend all the way from the N- to the C-terminus. Accordingly, we observe
several short [-strands made of only two residues in Figure 2.9f. The solvent
accessible surface area (SASA) of non-polar residues for the three-peptides studied
here is shown in Figure 4.5d. This quantity decreases continuously for F- and
Ac-KEFFFFKE-NH, sequences as non-polar side chains are buried away from
the solvent during the formation of cross-f structures. For the Ac-(KFFE),-NH,
sequence, SASA decreases during the first 0.4 ps and then it increases during the
remaining of the simulation. Combined with results from Figure 2.9, this shows that
the Ac-(KFFE)y,-NH, sequence does not form cross-f structure as the number of

inter-peptide hydrogen bonds and S-structures is not maximized in the simulation,

and SASA is not minimized.
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Figure 2.12 Contact maps computed for strictly amphipathic (a) F-, (b) L-, (¢) V-
and (d) A-peptides in simulations performed at 350K. Only the first 500 ns of the
simulations are used in the calculation of contact maps.
2.3.4 Role of electrostatic interactions on fibril formation.
To provide additional insights into the lack of aggregation of the A-peptide, we show
in Figure 2.11 contact maps computed over the first (panel a) and the last (panel b)
500 ns in simulations performed at 350 K. These maps show a strong preference for
contacts between charged residues in the beginning of the simulation (panel a) and a
strong preference for non-polar contacts at the end of the simulation (panel b).
Since, for the more hydrophobic peptides non-polar contacts dominate both
the beginning (Figure 2.12) and the end of our simulations (see Figure 4.8), this

made us wonder if screening electrostatic interactions for the A-peptide would favor
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aggregation. To test this hypothesis, additional simulations of the A-peptide were
performed in the presence of NaCl at concentrations of 40, 80, and 160 mM. In
panels ¢ and d, we shown the time evolution of the number of inter-peptide hydrogen
bonds (i.e., inter-Ngp) and SASA in these simulations. Whereas these quantities
are subjected to large fluctuations, they highlight a trend in which the addition of
NaCl to the solution accounts for a modest increase in inter-Npp and a reduction in
SASA, which is consistent with an increase in the propensity of peptides to aggregate.
This propensity does not, however, increase monotonically with increasing NaCl
concentration as effects of NaCl on aggregation are less pronounced at 160 mM NaCl
than at 40 or 80 mM. Nevertheless, at all non-zero NaCl concentrations, inter-Nyg and
SASA are higher and lower, respectively, compared to simulations performed in pure
water solution. Final structures obtained from our simulations in the absence and
presence of NaCl are shown in panels e-h. The presence of aggregates is significantly
more pronounced in solutions containing 40 or 80 mM NaCl (panels f and g) than at
160 mM (panel h) or 0 mM (panel e). These aggregates consist mainly of -sheets
wherein one face is mostly populated with alanine side chains and the other with
charged side chains. In the absence of NaCl, aggregates are mostly nonexistent.

In Figure 2.13, we show contact maps computed for the first 500 ns in
simulations performed in pure water, 40, 80, and 160 mM of NaCl. The probability
of forming contacts between charged residues is high under conditions in which
A-peptides do not form large aggregates, i.e., pure water (panel a) and solution
containing 160 mM NaCl (panel d). In contrast, contacts between charged residues are
significantly reduced in 40 and 80 mM NaCl solutions where A-peptides form S-sheet
aggregates. This is consistent with our hypothesis that electrostatic contacts between
side chains contribute to deter the formation of aggregates for A-peptides. Our results

are aligned with a previous study on the AEAKAEAKAEAKAE peptide, also known
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as KAK16-1. In this study, the addition of NaCl to the solution at concentrations

below 20 mM was shown to promote the self-assembly process into fibrils [79].

2.4 Discussion and Conclusion

In summary, we performed extensive all-atom simulations of strictly amphipathic
sequences to study their aggregation into amyloid fibrils. We found that this self-
assembly process occurs faster with increasing temperature and the formation of fibrils
does not take place if non-polar residues are weakly hydrophobic. This latter result
is consistent with experimental studies and points to the important role played by
hydrophobic interactions in fibril formation [70, 72]. Moreover, the faster formation of
amyloid fibrils with increasing temperature in our simulations can be attributed to the
strength of hydrophobic interactions, which increases with increasing temperature [91,
92, 93]. Another important interaction contributing to fibril formation is hydrogen
bonding between backbone atoms. As expected, the formation of -sheets leads to
an increase in the number of backbone hydrogen bonds in our simulations. However,
if hydrogen bonds were the main (or only) interaction driving fibril formation, all
sequences studied here would form fibril as they have identical backbone atoms and,
thus, the same potential to form hydrogen bonds [95]. This is consistent with other
computational studies wherein the formation of one peptide-peptide hydrogen bonds
was shown to be compensated by the rupture of two peptide-water hydrogen bonds
and the formation of one water-water hydrogen bond [103, 104]. Also, hydrogen
bonds become unstable with increasing temperature [92, 93], which cannot explain
the temperature dependent rate of fibril formation in our simulations.

We also found a preference of the peptides studied for the formation of
anti-parallel [-sheets. Electrostatic interactions between charged side chains may
be responsible for this preference as they can discriminate between parallel and

anti-parallel [-sheets. While in simulations where the non-polar residue is only

46



weakly hydrophobic, i.e., the A-peptide, electrostatic interactions did not contribute
favorably to aggregation: screening these interactions by adding salt to the solution
produced a modest increase in aggregation. This is consistent with experimental
studies on the AEAKAEAKAEAKAE peptide wherein the addition of NaCl to the
solution at concentrations below 20 mM was shown to promote fibril formation [79].
In the same vein, in a recent all-atom simulation study of the Aj protein, the addition
of salt to the solution was shown to screen interactions between charged residues in the
middle of the protein [96]. This was shown to destabilize the formation of a /-sheet
between the central-hydrophobic-core and the central-hydrophilic-core of this protein
enabling the formation of the turn region observed in some Af fibril structures. This
could explain the increased rate of fibril formation of this peptide in the presence of
salts [105, 106, 107].

Fibril growth in our simulations proceeded through the displacement of peptides
located in the vicinity of the fibril to the tip. Most peptides were extended, e.g.,
formed a [-strand, when deposited on the fibril tip. This is consistent with another
computational study on the aggregation of KFFE peptides in which the formation of
[-sheets was suggested to occur in an orderly manner from the beginning to the end
of the simulation [76]. However, we also observed the deposition of a peptide that was
folded into a fB-hairpin. Within 1 us, this hairpin unfolded to adopt a conformation
consistent with the fibril template, i.e., a S-strand. Thus, fibril growth may also take
place in a more disordered manner given enough time for conformational defects to
relax.

As suggested in previous studies, the sequence pattern determines both the
propensity of a peptide to form S-strands as well as its ability to segregate non-polar
and charged residues into difference faces of the g-sheet [67]. These two properties of
a sequence are prerequisites for the formation of fibrils while the net hydrophobicity is

required to stabilize packing of S-sheets into cross-f structures [108, 71, 72, 70]. Here,

47



we also performed simulations using KEFFFFKE and (KFFE), sequences which are
made of the same amino acids as the F-peptide but have different propensity to form
[-structures as well as segregate non-polar and charged residues to different faces of
a [-sheet. The propensity of these sequences to form (-structures and inter-peptide
hydrogen bonds in our simulations correlate with their experimental tendency to
form cross-g structures, i.e., F-peptide > KEFFFFKE > (KFFE),. This suggests
that all-atom simulations could become a powerful method to predict a sequence’s
propensity to form amyloid fibrils, at least for amphipathic sequences. However,
simulations have to be performed for much longer (2-3 ps) than most current all-atom
studies (0.5-1 us) to be able to differentiate between the aggregation propensity of
(KFFE), and KEFFFFKE peptides—see Figure 2.9. Note that bioinformatics tools
to predict the propensity of peptides to form amyloid fibrils are not always reliable for
designed sequences [109, 110]. For example, the order of aggregation predicted using
AGGRESCAN [111] and Tango [112] are KEFFFFKE > F-peptide = (KFFE), and
(KFFE), > KEFFFFKE > F-peptide, respectively. The latter predicts the reverse
order of aggregation compared to experiments, and AGGRESCAN predicts the same
aggregation propensity for (KFFE),, which does not form fibrils in experiments, and

the F-peptide that is highly aggregation prone.
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CHAPTER 3

GROWTH KINETICS OF AMYLOID-LIKE FIBRILS: AN
INTEGRATED ATOMISTIC SIMULATION AND CONTINUUM
THEORY APPROACH

Zhang, R., Jalali, S., Dias, C. L., Hattaja M. P., Growth kinetics of Amyloid-like
Fibrils: An Integrated Atomistic Stmulation and Continuum Theory Approach, equal
contributions, ready for submission.

Amyloid fibrils have long been considered to be closely related to many neurodegen-
erative diseases. The conventional understanding of the formation and proliferation
of the fibrils from unfolded proteins comprises primary and secondary nucleation,
elongation and fragmentation. However, the effects of fibril surfaces during these
processes are often overlooked, and it is still unclear how surfaces might impact
the overall growth kinetics. In Chapter 2 of this dissertation, we showed that MD
simulations can reproduce fibril formation of short amphipathic peptides in a realistic
manner and provide results that are consistent with experiments. In this chapter,
we explore the pathways involved in fibril elongation through collaborative work
to quantify the effects of fibril surface, length, diffusion, and attachment kinetics
during elongation. In this investigation, we perform all-atom molecular dynamics
simulations, while our collaborators established a mesoscale continuum model.

We observe that peptides in the bulk solution can attach and then diffuse on
the fibril surface freely, which sometimes leads to fibril elongation via either bulk or
surface-mediated docking mechanisms. A mesoscale continuum model is formulated
by our collaborators to facilitate the analysis of such events by incorporating bulk-
mediated surface diffusion and attachment kinetics during fibril-peptide interactions.
By considering physical parameters such as aspect ratio, diffusion coefficients, surface
binding rate, residence time, etc., our collaborators explore different regimes of the
continuum model in steady state, including diffusion-limited and attachment rate-

limited growth. The steady-state bulk and surface peptide density profiles reveal the
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boundary layer effects at fibril tips, which can be decoupled from fibril length. Our
collaborative results from MD simulations and continuum model provide quantitative
evidence that the overall fibril growth rate is determined by both bulk and surface
peptide flow rates, enriching our understanding of the growth kinetics of amyloid-like

fibrils.

3.1 Introduction

Amyloid fibrils are supramolecular structures formed during the self-assembly of
p-sheet rich proteins like amyloid-3, tau, amylin, and a-synuclein [113, 114]. Their
presence in human tissues is often indicative of diseases such as Alzheimer’s,
Parkinson, and type 2 diabetes [115, 116]. At least three mechanisms have been
related to the formation of these structures, which are the nucleation of fibril seeds
via primary and secondary mechanisms, and the growth of these seeds into micrometer
long fibrils [117, 118]. Almost all proteins are incorporated into fibrils via the latter
process where they bind to the fibril-ends one peptide at the time [119]. This
phenomenon has therefore been a source of intensive interest aimed at controlling
the fibril load in diseases [120]. However, the atomic mechanisms and pathways
enabling fibril growth are not well understood and require complementary methods
that can bridge multiple length scales [121, 122]. In particular, effects of the fibril
surface (which plays a critical role in secondary nucleation) remains mostly unknown
at the atomic level [123].

The mechanism by which a peptide binds to the fibril ends accounting for its
growth is often described by a two-step dock-and-lock process [120]. The dock phase
describes the process by which proteins promptly land on the fibril tip, and the lock
phase accounts for how they undergo the structural rearrangement enabling them
to slowly adopt the conformation established by the fibril template. Two pathways

have been envisaged for the locking process wherein docked proteins change their
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conformations randomly (constrained only by steric interactions with the tip) or
driven by side chain interactions with the fibril [124, 125]. In regards to docking,
almost all studies assume that proteins land onto the fibril tip from the solution, i.e.,
bulk-docking [126, 127, 128]. This assumption is, however, almost never tested as
it requires long unbiased simulations whereas most molecular dynamics studies are
performed starting with peptides already docked (or even locked) onto the fibril tip.

In recent years, it has been increasingly evident that the fibril surface plays an
important role in accounting for the kinetics of the fibril load. In particular, most
oligomers that are on pathway to fibril formation are catalyzed at the fibril surface via
secondary nucleation [118]. This may emerge from non-specific binding of proteins in
solution with the fibril surface [129, 125, 130]. Also, in implicit solvent simulations,
ApS proteins were shown to promptly diffuse on the fibril surface [131]. The latter
diffusion could account for an alternative docking pathway where proteins would
adsorb onto the fibril surface and diffuse on it until reaching its extremities. Since
diffusion on the fibril surface takes place in one-dimension (instead of three-dimension
in the bulk), this docking pathways could contribute significantly to fibril elongation.
However, to the best of our knowledge, there has never been a direct observation of
this pathway or a quantitative estimation of its relevance compared to bulk-docking.

Here, docking pathways are investigated using unbiased all-atom simulations
of large systems comprising an amyloid fibril, a peptide, and water molecules. We
use a short amphipathic peptide to mimics the alternating stretches of non-polar
and polar amino acids in the sequence of amyloid proteins. Independently of
the initial position of the peptide in the simulations, we find that it binds and
unbinds to the fibril several times before docking to one of its extremity either
from the solution or after diffusing on its surface. To guide the interpretation
of these simulations and provide a quantitative picture of the growth kinetics of

a single fibril, our collaborators formulate a continuum model which incorporates
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the essential phenomena observed in our all-atom simulations. This model is used
to investigate how relevant physical parameters affect the kinetics of fibril growth.
Effects of temperature on these parameters are obtained from all-atom simulations
and incorporated into the continuum model to make predictions. Steady-state
solutions of the continuum model are consistent with a picture where surface-docking
and bulk-docking dominate at low and high temperatures, respectively. Moreover,
contributions of the surface-docking pathway to the kinetics of fibril growth at low
temperatures are significantly more pronounced for long fibrils compared to small
ones. This is due to the capacity of the fibril surface to store peptides, which
can promptly diffuse to tip. It can be anticipated that determining the cross-over
temperature where surface-docking and bulk-docking contribute equally to growth
for different amyloid proteins will be critical to identify the pathway that needs to be

targeted by drugs to control fibril growth.

3.1.1 Bulk and surface-mediated fibril elongation: Molecular Dynamics
simulations
To investigate the different pathways accounting for docking, all-atom simulations
were performed with a peptide initially located randomly in space at a distance
larger than 2 nm from a pre-formed fibril. The latter consist of two laminated
anti-parallel [-sheets made of 10 peptides each—Figure 3.1A. Due to the stochastic
nature of fibril elongation, five replicas were studied for each of the conditions studied
here. Figure 3.1A provides a schematic representation of the two docking pathways
observed in our simulations. In the bulk-docking pathway, the peptide lands on the
fibril tip after diffusing in solution. In the surface-docking pathway, the peptide
lands on the non-polar surface of the fibril and diffuses on it to reach the fibril tip.
Independently of the docking pathway, the peptide is able to lock itself onto the fibril

tip reproducing its structure.
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B \& Bulk-docking

Surface-
docking

Figure 3.1 A) Schematic representation of the pathways involved in the fibril
elongation. Representative trajectories of (B) bulk- and (C) surface-docking
pathways where the peptide (in blue) initially in solution binds to fibril tip and
surface, respectively. Panel C depicts the diffusion of the peptide along the fibril in
the surface-docking pathway. Locking is represented in zoomed regions of panel C
where lysine and glutamic acid residues are represented by blue and red beads,
respectively. Phenylalanine and backbone of peptides in the fibril are represented in
white and orange, respectively.
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The peptide locked onto the fibril tip in three out of the five simulations
performed at 325 K remaining there without detaching itself until the end of the
trajectory—i.e., for ~ 1us. In one of these trajectories, the peptide landed on the fibril
tip via the bulk-docking pathways. Conformations of the peptide in one of these
trajectories is shown in panel B. In two of the trajectories (panel C), the peptide
landed on the fibril surface and diffused on it before reaching the tip where it became
locked, i.e., the peptide followed the surface-docking pathway.

Our simulations show that non-polar interactions are critical to enable the
diffusion-docking pathway. In particular, the peptide interacted with the non-polar
edge of the fibril by burying at least one of its non-polar residues away from the solvent
while polar faces of the fibril remained depleted of peptides. In the same vein, diffusion
on the fibril surface took place via the consecutive formation and rupture of non-polar
contacts between peptide and fibril. At the fibril tip, the peptide ended up adopting
the structure established by the fibril template, which is an anti-parallel 5-sheet with
~ 7 backbone hydrogen bonds formed between peptide and fibril-see panel F. At
325 K, the latter process (independently of the docking pathway) always started with
the alignment of either N- or C-terminals of the peptide with the fibril-second to
last snapshot in Panel C. This process was driven by the formation of electrostatic
interactions between charged side chains, i.e., alignment of positive lysine (in blue)
and negative glutamic acid (in red) side chains. Subsequently, the other terminal
of the peptide stretched out to also become aligned with the fibril-last snapshot in
Panel C.

Surface-docking also emerged as a pathway in fibril elongation in simulations
performed at higher temperature, i.e., 350 K-see Figure 3.12c.  Similarly for
simulations performed using shorter and longer pre-formed fibrils made with 5 and
15 peptides per [-sheet, respectively. We observe that, when the peptide lands

on the fibril surface not too far from the tip, docking via surface diffusion takes
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Figure 3.2 Schematic illustration of the geometry of the system. Three peptides
(blue) originally in the bulk solution interact with an existing fibril (white and
orange). One peptide (right) shows adsorption on fibril surface, and two other
peptides are attached to both top and bottom ends of the fibril. The fibril is
approximated as a cylinder (orange) to facilitate the theoretical analysis.

place in one step. However, in most cases, docking emerges from a combination of
surface and bulk diffusion in which the peptide approaches the tip via consecutive
binding-diffusion-unbinding events. Thus, our simulations suggest that the surface-
docking pathway, which is currently not appreciated in the literature, could play a
significant role in fibril elongation. The importance of this pathway could be even
more significant than suggested by our simulations since the fibril surface could behave

as a reservoir of peptides accounting for their constant presence close to the tip.

To provide a quantitative assessment of the surface-docking pathway and guide the
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Figure 3.3 Steady-state bulk and surface peptide densities for fibril aspect ratio

e = 20. (A) 3D rendering of a slice of Cy(7, ) with the cylindrical surface colored
with local value of ng(2) for A = 0.001. (B) 3D rendering for A = 1000. (C)

Contour plot of Cy,(7, 2) around the fibril tip in panel (4). (D) Contour plot of

Css(7, Z) around the fibril tip in (B). Local negative gradients in Cy4(7, 2) are
indicated using black arrows.

interpretation of MD simulations, our collaborators now study docking via continuum
theory calculations.

3.1.2 Mesoscale model for bulk and surface-mediated fibril growth

The kinetics of fibril growth is traditionally modeled using rate equations [124, 132,
133, 134]. While such models readily yields predictions for size distributions of fibrils
during aggregation in homogeneous solutions, all spatial dependence of monomer and
oligomer concentrations and the effects of fibril surfaces during growth are ignored.
Thus, a more microscopically-informed model is needed to properly incorporate
surface effects and quantify how these alter the overall growth kinetics of amyloid
fibrils. When considering free peptides that can diffuse in the bulk and intermittently
adsorb to a surface on which they can undergo further surface diffusion, the problem
belongs to the category of bulk-mediated surface diffusion (BMSD) [135, 136]. In
the biological context, such models have been applied to study transcription factors
such as the lac repressor, which undergoes a diffusional search along DNA to find its

specific binding site [137, 138]. Studies have also suggested that the ability to diffuse
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on the surface may enhance the rate of adsorbates in finding their target [139]. These
theories provide a continuum interpretation to the kinetic processes at atomic level,
showing the possibility of bridging the multi-scale processes.

In the continuum model provided by our collaborators, the geometry of a single
fibril is approximated by a cylinder with radius R and length L as depicted in
Figure 3.2; they return to the merits and deficiencies of this simple approximation
in the discussion section. The center of the fibril is positioned at the origin of a
cylindrical coordinate system. The fibril is immersed in a bulk solution which has
freely diffusing protein peptides quantified by the bulk density, C(r,z,t). On the
curved cylindrical surface, assuming axial symmetry, the concentration of adsorbed
protein peptides is characterized by the surface density, n(z,t). The time evolution

of C(r, z,t) is governed by the diffusion equation

aC(r, 2, t 19 ( 0 0

where D, denotes the bulk diffusion coefficient. The peptides on the fibril surface are
described by a one-dimensional diffusion equation containing a flux emanating from

the bulk [135]:

on(z,t)
ot

9*n(z,1)
022

oC(r, z,t)

I
S

+ 27 RD,

with Dy denoting the surface diffusion coefficient. They consider a system with a

constant bulk density C' = Cy far away from the fibril such that

lim C(r,z,t) = lim C(r,z2,t) = Cy. (3.3)

=00 Z—r—00,00
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The bulk density is in turn coupled to the surface density via a reactive boundary
condition [135]

lim C(r, z,t) = pun(z,t), (3.4)

L L
r—R, —5<Z<5

with the coupling constant u = 1/(2nRky7og), where k, denotes the binding rate
of peptides from the bulk to the surface while 7,4 is the average time for adsorbed
peptides to unbind from the surface. Furthermore, at the fibril ends, to account for
the interplay between diffusive transport of peptides and finite attachment kinetics,

our collaborators impose mixed boundary conditions of the form

oC
K.CF Dy —0; (3.5)
0z 7‘<R,z::té
and
0
ki n+ D2 — 0, (3.6)
82 z::l:%

with k%, and k2, denoting the attachment rates of peptides from the bulk and surface
to the tips, respectively. While there have been reports that show the binding rates

at two ends of the fibril may not be identical [127, 140], they ignore any such possible

asymmetries and impose reflective boundary conditions at midpoint: % =
z=0
% = 0. Finally, with the initial conditions C(r,z,0) = Cy and n(z,0) =
z=0

ng, they have the complete description of a system that incorporates BMSD and
the kinetics of specific bindings at the ends of a fibril. The peptides originally in
the bulk solution have two pathways to the fibril ends, one via direct binding from
the bulk and another via adsorption and surface diffusion. To study the interplay

between bulk diffusion, adsorption/desorption, surface diffusion and fibril growth,
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our collaborators analytically and numerically explore the steady-state solutions of

the coupled transport problem.
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Figure 3.4 Steady-state surface densities for fibril aspect ratios e = 100 (A) and

¢ =5 (B) over a range of A values. (C) Scaled boundary layer width § vs. A~/2 for
e = 100. Red dashed line is a linear fit.

Governing equations in non-dimensional form To solve Equations (3.1) and
(3.2) with the corresponding initial and boundary conditions, the model is first non-
dimensionalized by defining 7 = 7/R, Z = z/R and 7 = Dyt/R* They also define
Coy = png such that the dimensionless bulk and surface densities become C(7, 2, 7) =
C(r, z,t)/Cy and n(2,7) = n(z,t)/ng, respectively. Equations (3.1) and (3.2) in turn
become

00(27) _[10 (20, e s

R_oC
kaoff 87:

On(z,7) D, 0% .
or N Db 852

(3.8)

Our collaborators next define two dimensionless parameters, the fibril aspect ratio

¢ = L/R and A = BB

Dskprom’

with A controlling the interplay between the peptide
fluxes along the surface and to/from the surface as will be discussed in more detail

shortly. Now, the dimensionless radius of the fibril is scaled to R = 1 such that
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the dimensionless fibril length L = e. The boundary conditions in turn become

limp oo C(F, 2,7) = limz 0o C(F,2,7) = 1, limjyy, ez C(F,2,7) = 0(Z,7),
~ ac = on _ Dp : :
C==xG 5 , and n = F( %|2=i§’ where (,, = R denote dimensionless

“li<t, z=%¢
parameters that describe the interplay between attachments kinetics and diffusive

transport. Based on reported data on various protein systems that can form amyloid
fibrils [134, 141, 142, 143], they estimate that (, varies from ~ 107! to ~ 10°, thus
encompassing both bulk diffusion-limited (¢, < 1) and attachment kinetics-limited
(¢p > 1) fibril growth regimes.

Now, as briefly alluded to above, the parameter A is key in determining the
role of the fibril surface on fibril growth kinetics. More specifically, at fixed aspect
ratio (or fibril length) €, in the asymptotic limit A — 0, Equation (3.8) together with
the boundary conditions at the tip and fibril midpoint imply that, in steady state,
n = 0 along the fibril surface. In this limit, the whole fibril surface effectively acts
as a sink, and hence the surface-mediated peptide flux to the fibril tips scales as L.
On the other hand, for finite A, boundary layers of width 6 ~ A~Y2 are expected
to develop at both fibril ends such that n — 1 outside the boundary layers; in this
limit, the surface-mediated peptide flux to the fibril tips becomes length-independent.
Therefore, at finite A < 1 they expect a crossover in surface-mediated fibril growth
kinetics when the boundary layers become non-overlapping corresponding to e*A/2 ~
1. Finally, with regard to bulk-mediated fibril growth, they expect it to be only weakly
dependent on A via its effect on C through the boundary condition along the fibril

surface.

Steady-state behavior I: Diffusion-limited growth To verify and further
elucidate the emerging physical picture of the coupled bulk and surface-mediated fibril
growth, our collaborators solve Equations 3.7 and 3.8 numerically for the steady-state

bulk and surface densities, Ci(7, 2) and figs(2), as discussed in Materials and Methods.
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Figure 3.5 Parametric study of the steady-state C' profiles for different values of ¢
and A at the limit of , = (; =0. (A) e =5. (B) € = 20. At low A values, the fibril
surface acts as a sink for peptides, while at high A values, surface acts as a reservoir
for bound peptides.

They first focus on the diffusion-limited case ((, = (s = 0), such that any contact
between a peptide and the tips leads to the immediate incorporation of the peptide
to the growing fibril. This is equivalent to imposing absorbing boundary conditions
at the fibril ends: C(7 < 1,2 = +5) = n(Z = £5) = 0. Figures 3.3A and B show
three-dimensional renderings of the steady-state solutions for fibrils of length ¢ = 20.
A vertical slice of éss(f, Z) through the center of cylinder is illustrated on the plane,
while ng(2) is mapped to the cylindrical surface. For A = 0.001 (Figure 3.3A),
the bulk density approaches zero at the fibril surface. This case corresponds to the
scenario where the entire fibril surface effectively acts as a sink for peptides. Indeed,
the local gradients of the bulk density in the vicinity of the fibril tip (Figure 3.3C)
imply significant fluxes to both the tip and the surface. For A = 1000 (Figure 3.3B),
on the other hand, the solution depicts the conventional view of the problem, in
which the bulk density only shows variations in regions close to the fibril ends. The

gradient field in Figure 3.3D implies that the flux is negligible along the fibril surface,

and hence the surface does not significantly contribute to the fibril growth.
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The effect of A on peptides along fibril surface are further quantified by plotting
the steady-state surface density profiles against the scaled distance away from tip,
I € [0,¢/2]. For a fibril with high aspect ratio e = 100 (Figure 3.4A), the surface
density converges to 1 away from the tip for large A values. Also, the slope of the
surface density at the tip rapidly increases at large A values, approaching a Heaviside
step function. Indeed, the gradient of surface density at the tip shows diverging
behavior as A increase. The dashed line indicates n = 0.5, above which indicates
leaving the boundary layer close to the tip. The surface density profiles have lower
plateau values for shorter fibrils with € = 5 (Figure 3.4B), indicating fewer peptides
on the surface during steady-state growth. Different from longer fibrils, the surface
density in this case depletes to zero for small A. As a result, for A < 1, the boundary
layer encompasses the entire fibril, while for A > 1, they will see the variations in
surface density. They verify in Figure 3.4C that the boundary layer width ¢, here
operationally defined as the point at which n reaches 0.5, is indeed proportional to
A~Y2 for long fibrils, consistent with our scaling argument.

They next discuss the combined effects of the fibril aspect ratio e and A on
steady-state bulk density profiles. In Figure 3.5, they show contour plots of the
steady-state bulk density for two fibrils with different aspect ratios, and compare
them for a wide range of A values. For ¢ = 5 (Figure 3.5A), the bulk density
at the fibril surface is close to zero for small A, indicating that the surface acts an
effective conduit for transporting peptides to the ends. For A = 1, the boundary layer
effects begin to emerge along the fibril surface, consistent with the transition shown
in Figure 3.4B. This effect is amplified for longer fibrils (¢ = 20 in Figure 3.5B),
for which the variations in bulk density are more sensitive to changes in A. The
contour plot at A = 0.001 is similar to the short fibril case, while the boundary layer
starts to develop at A ~ 0.1, implying less efficient transport of peptides along the

fibril surface. Further increasing A leads to smaller §, and the contour lines start
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to converge at the two ends. An even longer fibril with ¢ = 100 exhibits similar
decoupling behavior at a lower value of A = 0.001 (Figure 3.7).

Fibril growth rate I Our collaborators now turn to the implications of the
above observations on the fibril growth rate. Specifically, they focus on the net amount
of peptides transported to the fibril ends per unit time. Under diffusion-limited
conditions considered above, the peptide flux emanating from the bulk to one end
of the fibril is given by j,(r) = Dy %—S‘Z:L/Q such that the total amount of peptides
incorporated to the growing fibril per unit time (“flow rate”) can be determined from
Jy = 4Am fOR Jy rdr. In steady state, the net amount of peptides that diffuse to the
ends along the fibril surface equals the amount of bulk peptides that get adsorbed to
the surface, and thus the flow rate of peptides from fibril surface to the fibril ends,

Js, can be readily calculated via J; = 27 R f_LL/Z

Js dz, where js(2) = D, 0C/0r|,_p.
To illustrate how the flow rates change in the parametric study, they focus on the
dimensionless flow rates J, = Jp/(RDyCy) and J, = J, /(RDyCy), as well as the
total flow rate jtotal = jb + JNS. These flow rates are shown in Figure 3.6 for several
representative values of € and A. For a short fibril with ¢ = 5 (Figure 3.6A), the
trend shows that js decreases with increasing A, whereas jb increases. js is the
main source for the total flow rate at small A values, which agrees with our prior
understanding that peptides on the fibril surface are instantly transported to the
ends. As A increases, the discrepancy between J; and J, diminishes, and then .J,
becomes the main contribution to the total flow rate. For longer fibrils with € = 20
(Figure 3.6B) or € = 100 (Figure 3.6C), J, is at least one order of magnitude higher
than J, at small A. They observe that for distinct e values, J; consistently intersects
with J, at around A = /10, suggesting that the main mechanism for fibril growth
switches from surface to bulk diffusion.

The value of J, is almost insensitive to any change in € (Figure 3.6D), showing

a consistently increasing behavior as A increases. Unlike .J,, as illustrated in
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Figure 3.6E, the flow rate from the fibril surface is highly dependent on both € and
A. In the low A regime, the extra surface areas of long fibrils can amplify the
peptide adsorption rate from the bulk and efficiently transport the surface peptides
to the fibril ends, thus the longer the fibril, the higher the flow rate. J, becomes
length-independent in the regime A > 1, as the curves of various aspect ratios collapse
into one. They observe that for each A, there exists a critical aspect ratio €*, above
which the fibril experiences a constant flow rate from the surface. For example,
for A = 1072, the surface flow rate starts to saturate for e > 50, thus a critical
aspect ratio of €* = 50 (green). For ¢ < €, the fibril has an increasing flow rate,
indicating accelerated growth. The inset shows that as A approaches zero, €* goes
to infinity, and as A increases, €* goes to zero. To further highlight the transition
from accelerated to constant growth velocity, they illustrate in Figure 3.6F that for
small A = 1072 (red), a short fibril will grow with acceleration due to the increasing
surface flow rate as the fibril gets longer; for A = 107! (yellow dashed line), the
fibril will only grow with acceleration for a brief moment and reach steady state once
the fibril length exceeds ¢* = 10; for A > 1, which is not shown in the figure, the
fibril reaches steady state during the very early stage of growth, because the growth
is completely determined by bulk diffusion. The steady-state velocity of the fibril
increases with decreasing A values, as longer fibrils have higher flow rate from the
fibril surface, especially in the low A regime. Studies have shown that the short
and soluble oligomers produced by both primary and secondary nucleation processes
exhibit more toxicity than the long and insoluble fibrils [144, 145], suggesting the
important role of early-stage growth kinetics in the spreading of the pathology. If
in the low A regime, the accelerated growth of oligomers with ¢ < € may lead to
rapid depletion of the surrounding peptides, potentially affecting biological functions

in cells.
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Figure 3.6 Steady-state flow rate of protein peptides to the fibril ends via bulk and
surface diffusion for different values of € and A. (A) e =5. (B
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Figure 3.7 Steady-state C profiles for e = 100 for different values of A.
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Steady-state behavior II: Attachment rate-limited growth from bulk;
diffusion-limited growth from surface They now discuss the scenario where
the binding of bulk peptides is attachment rate-limited ({, — oo) while the binding
of surface peptides remains diffusion-limited ({s — 0), corresponding to the boundary
conditions dC' /9% i<t 24cp = 0 and (2 = &e/2) = 0. They first show the combined
effects of the fibril aspect ratio € and A on steady-state bulk density profiles in
Figure 3.8. At the fibril tips, there is now a finite bulk density of peptides, and
the bulk density always increases with increasing A. Similar to the diffusion-limited
case, the bulk density approaches zero at the fibril surface for small A, indicating the
effective transport of surface peptides to tips. At A = 1, the boundary layer effects
start to show in the bulk density for fibril with e = 5. For a longer fibril (e = 20
in Figure 3.8B), the same effects emerge at A < 0.1, showing the length-dependent
surface property in steady-state growth.

Fibril growth rate II While the steady-state surface flow rate J; can be
calculated by the same definition as in the diffusion-limited case, the flow rate at the
tips from bulk peptides is now redefined as J, = 47 fOR k> Cr dr, showing attachment-
rate dependence. When plotting the non-dimensional flow rates Jp = m and J,
together, they observe that in the small A regime, J, is eight times greater than J, for
short fibrils with € = 5 (Figure 3.9A), showing the dominance of bulk attachments of
peptides comparing to surface diffusion in fibril growth. As A increases, J, increases in
a sigmoidal curve, while js declines to zero, and jtotal increases monotonically overall.
For a very long fibril (e.g. € = 200), .J, becomes slightly greater than .J, as A — 0. As
a result, there is a crossover of bulk and surface flow rate at low A, and jtotal is not
monotonically increasing or decreasing with greater A values. They observe that Jj,
stays almost invariant at different aspect ratios, similar to the diffusion-limited case

but with a 40-fold increase in magnitude (Figure 3.6D). Moreover, J, in Figure 3.9C
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shares the same behavior as the diffusion-limited case (Figure 3.6E), as the governing
equation and boundary conditions for surface peptides remain unmodified.

They note that the crossover behaviors shown in both this limit and the
diffusion-limited case are not necessarily indicative of changes in growth mechanisms
in a real system due to non-dimensionalization. In order to gain more understanding
in the growth kinetics of amyloid-like fibrils in a particular system, one should
determine the dimensional bulk and surface flow rates J, and J,, respectively, and

make comparisons.

Steady-state behavior III: Attachment rate-limited growth from bulk and
surface Finally, let us discuss the case for which the fibril growth is attachment
rate-limited from both bulk and surface. In this case, the bulk density is always at
Cy while the surface density equals Cy/pu in steady state. The total flow rate to the
tips can be easily obtained as Jigta = kegCo, where keg = 27TR2kgn + 2k, /p. They

note that Jiya is independent of fibril length.
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Figure 3.8 Parametric study of the steady-state C profiles for different values of ¢
and A at the limit of ¢, — oo and (s = 0. (A) e =5. (B) € = 20.
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Figure 3.9 Bulk and surface flow rates for different values of € and A at the limit
of (, > o0 and (;=0. (A) e=5. (B) e =200. (C) Surface flow rate to the tips for
different aspect ratios.
3.2 Results

3.2.1 Estimation of physical quantities from MD simulations
Simulation setup The pre-formed fibril is made by packing non-polar faces of two
antiparallel (-sheets against each other. The peptide is inserted randomly in the
simulation box at a distance greater than 2 nm from the fibril. The peptide sequence
consists of a strictly alternating pattern of non-polar (phenylalanine F), and polar
(glutamic acid E, and lysine K) amino acids, i.e., Ac-(FKFE)-NHy—see Figure 3.11.

To investigate different scenarios of fibril growth, simulations are performed at
three temperatures (i.e., 298 K, 325 K, and 350 K) and using fibrils differing in their
length. Short, medium, and long fibrils are made with [-sheets containing 5, 10,
and 15 peptides. This accounts for € values of 1.79, 3.86, and 5.29, respectively. For
each temperature and fibril length, simulations are repeated at least five times due
to stochastic nature of the dock-and-lock mechanism. Table 3.1 provides a summary

of the simulations carried out in this study.

Determining the state of the peptide The peptide in the simulation box can be
found solvated, bound to the fibril at its surface or at its tip. To distinguish between
solvated and fibril-bound states, the minimum distance between pairs of peptide-fibril

atoms is computed for each trajectory. This quantity is shown in red in Figure 3.12.
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Figure 3.10 (A) Computed physical quantities from MD simulations for fibril with
e = 3.86 at 298 K, 325 K and 350 K, from which we compute the corresponding
dimensionless parameters A, (, and (s. (B) Steady-state bulk density contour plots
at the limit of ¢, — oo and ¢, — 0 for e= 5 (left), e=10 (middle) and e=20 (right)
using A measured at 325 K. (C') Steady-state surface density for the fibril with

e =2, 5,10, 20 and 50. (D) Steady-state bulk and surface flow rates to tips when
the fibril elongates from 2.8 to 70 nm.
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Charged
faces

Figure 3.11 (A) Schematic representation of the atomic structure of the strictly
alternating amphipathic Ac-(FKFE)o-NH; peptide. (B) Cross-f structure made of
two laminated [-sheets with a dry core and two solvent exposed polar faces. White,
red, and blue colors are used to indicate phenylalanine, i.e., F, glutamic acid, i.e., E,
and, lysine, i.e., E, respectively. (C') Simulation box containing a pre-formed fibril
and a peptide. Water molecules are not shown for clarity.

A cut-off distance of 0.3 nm is used to determine if the peptide is bound to the
fibril or solvated. To distinguish between edge- and tip-bound states, the minimal
distance between center-of-mass (COM) of fibril and atoms of the peptide is also
computed and it is shown in blue in Figure 3.12. Whenever the peptide is bound to
the medium-length fibril with a COM-distance greater than 2 nm (see dashed lines),
it is found to be bound to its tip. For all other COM-distance in which the peptide
is bound to the fibril, it is defined as surface-bound.

The two distances computed in Figure 3.12 allows us to determine the state
of the peptide at any given time. Accordingly, we find that one, three, and all
trajectories simulated at 298 K, 325 K, and 350 K end up with the peptide locked
onto the fibril-see Figure 3.12. Note that trajectories in which the peptide does not

lock onto the tip were extended to more than 2.5 us. Minimal and COM distances also
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Table 3.1 Number of Simulations Performed at Different Temperatures and for
Fibrils with Different Aspect Ratio, i.e., € = L/R. The Approximate Time of the
Simulations is Indicated in Microseconds.

Temp.
298 K 325 K 350 K
€

1.79 — 5 x0.5 us | 5 x0.5 us

3.86 O X4 pus | b x1bus|7x 15 us

5.29 — 5 x1 pus 5 X1 us
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Figure 3.12 Simulations performed with medium-length fibril, i.e., e = 3.86.
Minimal distance between peptide-fibril atoms (in blue) and minimal distance
between COM of the fibril and atoms of the peptide (in red) computed at a) 298 K,
b) 325 K, and c¢) 350 K. Dashed lines indicate tip-bound states.

allow us to determine the path taken by the peptide to reach the tip. For example,
in the first trajectory at 325 K, the peptide lands on the fibril surface at ~750 ns
(i.e., its COM distance is smaller than 2 nm). This is followed by the diffusion of
the peptide, which does not detach itself from the fibril surface, until it reaches the

fibril tip. This characterizes the surface-docking pathway. The last trajectory at 325
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K provides an example of bulk-docking pathway. Distances for short and long fibrils

are depicted in Figures 3.14-3.13.
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Figure 3.13 Simulations performed with long fibrils, i.e., € = 5.29. Minimal

distance between peptide-fibril atoms (in blue) and minimal distance between COM
of the fibril and atoms of the peptide (in red) computed at (A) 325 K, and (B) 350
K. Dashed lines indicate tip-bound states.

Table 3.2 summarizes the number of trajectories in which the peptide locks onto

the tip via a bulk- and surface-docking pathway. This table shows that, at almost all

temperatures, surface-docking is as an important pathway as bulk-docking.

The average time between consecutive binding and unbinding events to the

fibril surface accounts for 7.g, i.e., the residence time. The average value of 7,4 was

evaluated over each trajectory. Finally, the average values of multiple trajectories

and the corresponding standard deviations were reported at each temperature.
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Figure 3.14 Simulations performed with short fibrils, i.e., e = 1.79. Minimal
distance between peptide-fibril atoms (in red) and minimal distance between the
peptide and targeted tip, i.e., final binding spot (in blue) computed at (A) 325 K,
and (C) 350 K. The locked conformation of the peptide with lysine and glutamic
acid represented by blue and red balls, respectively, are shown.

Diffusion coefficient computed from MD simulations The diffusion coefficient

Dy, is estimated in our simulations from the mean square displacement (MSD) of the

peptide’s COM via Einstein’s relation

where d denotes the dimensionality of the system, and 7(t) corresponds to the position
of the center-of-mass (COM) of the peptide at time ¢. Independent segments of
our trajectories in which the peptide is adsorbed onto the fibril surface are used to

compute Dg. To obtain Dy, three additional simulations were performed in large
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Table 3.2 Number of Trajectories in Which the Peptide Followed Bulk- and
Surface-docking Pathways before Locking onto the Tip.

Temp. 298 K 325 K 350 K
Bulk- | Surface- | Bulk- | Surface- | Bulk- | Surface-
1.79 — — 3 2 2 2
3.86 1 1 2 4 3
5.29 — — 2 0 3 2

solvated boxes without the presence of a fibril. Figure 3.15 shows the MSD of the
peptide in simulations performed with medium-length fibril at 298 K, 325 K, and 350
K. The average MSD is shown in red and the black dashed line corresponds to the line
of best fit of this average [146, 147, 85]. Figure 3.16 shows Dy computed for the long
fibril at 325 K and 350 K. The computed diffusion coefficients from our simulations

is shown in Figure 3.10A.

Rate constants from MD simulations The rate with which the peptide locks

onto the tip from bulk is defined as

B, =
o Atiptb,

where Vj, corresponds to the relevant bulk volume around the tip shown by
hemispheres in Figure 3.17A, Ay, is the area of both tips, and ¢, is the total time the
peptide spends in the hemispheres before locking onto the tip. A radius of 2 nm is
used to compute the relevant bulk volume and the area of the tip. In the same vein,

the rate with which the peptide locks onto the tip from the surface is defined as
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Figure 3.15 Mean square displacement (MSD) of the peptide’s COM in bulk
solution at A) 298 K, B) 325 K, and 350 K. The MSD of the peptide’s COM as it
diffuses on the fibril surface is shown at D) 298 K, E) 325 K, and F) 350 K. The
mean MSD is shown in red and the error bars denote the standard deviation. The
linear fit of the average MSD is represents using black dashed lines.
where [, denotes distance from the tip (see Figure 3.17A), and ¢, is the total time the
peptide spends on the fibril and within the range.

All trajectories in which the peptide locks onto tip were used to compute k%
and k2, values. For the medium-length fibril, this includes seven trajectories at 350

K, three at 325 K, and one at 298 K—see Table 3.2.

The binding rate of the peptide to the fibril surface, i.e., k,, is computed by

N

by = ————,
tAsurfaceC

where N is the number of binding events to the surface, t corresponds to the

time the peptide spends close to the fibril (i.e., the cylinder surrounding the fibril
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Figure 3.16 Mean square displacement of the COM of the peptide on the fibril

surface for long fibril at A) 325 K, and B) 350 K. The mean MSD is shown in red

and the error bars denote the standard deviation. The linear fit of the average MSD
is represents using black dashed lines.

in Figure 3.17B),Asur face is the area of the fibril edge (i.e., 2x2l, x t), and C is the

1

——+——— ) nm~3. Estimates of k, computed from
‘/cylinder_vfibril

peptide concentration, i.e., <

our trajectories at 298 K, 325 K, and 350 K are provided in Figure 3.10.

Estimation of residence time The average time between consecutive binding and
unbinding events to the fibril surface accounts for 7.g, i.e., the residence time. The

average value of 7o¢ over all trajectories is shown in Figure 3.10A.

3.2.2 Comparison with Molecular Dynamics simulations

To further bridge the understanding between the continuum and atomic models,
the relevant physical quantities used in the continuum model are estimated from
MD trajectories to identify the growth mechanism. Simulations for peptide-fibril
interactions are performed for pre-formed fibrils with three aspect ratios, namely
e = 1.79, 3.86 and 5.29. We also study how the change in temperature affects

the growth of fibrils by collecting data at 289, 325 and 350 K, respectively. The
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Tipy

Figure 3.17 A) Schematic representation of the fibril, the peptide, and the relevant
bulk volume (radius of R,=2) encompassing both tips. B) Schematic representation
of a fibril, peptide, and a cylindrical contour around the surface from fibril axis.

results for ¢ = 3.86 are summarized in Figure 3.10A. We observe that Dy, Dy, ky,
kb

on’

and £, increase with increasing temperature whereas 7o is lower at higher
temperature. These expected dependencies on temperature are, however, does not
lead to a monotonically increasing or decreasing behaviors of A, (, or (, at higher
temperatures.

More insights into this dependence can be inferred from an analysis of the state
of the peptide in MD simulations. In particular, the percentage of trajectories in
which the peptide ends up locked onto the fibril tip decreases from 100% at 350 K to
60% at 325 K. This trend is observed for fibrils of all lengths at 298 K, wherein only
one out of the five trajectories (i.e., 20%) shows fibril growth. In the other trajectories,
the peptide is found on the fibril surface suggesting that, not only the tip, but also the
fibril surface can behave as a reservoir, adsorbing peptides as temperature decreases.
This result is consistent with experimental data on the temperature dependence of
secondary nucleation [148]. The latter phenomenon is found more frequently at lower
temperatures, suggesting that the fibril surface enhances the attraction of peptides at

lower temperature. One may, therefore, speculate that A increases with decreasing
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temperature to account for a higher concentration of peptides at the fibril surface,
which would enable enhanced secondary nucleation rates.

The interplay between attachment kinetics and diffusive transport is reflected in
the estimated values of (, and (5. At 325 K, the estimated values shows (5 ~ O(1) and
(p > 1, suggesting the fibril growth from the bulk peptides is attachment rate-limited,
whereas the surface-mediated growth is neither attachment rate-limited nor diffusion-
limited. They hereby focus on the limits of (;, — oo and (; = 5.96, which corresponds
to the the boundary conditions in the steady-state equations, i.e. dC/9Z |. Aimtefy =

0 and n = F¥5.96 % . Using A = 0.46, the contour plots of steady-state bulk

s

lm

density for fibrils with e = 5, 10 and 20 are shown in Figure 3.10B, reflecting how
the bulk density changes during fibril growth for this particular molecular system.
The variations in bulk density are smaller than that of diffusion-limited case due to
the absence of sinks. This results in an higher average bulk density at the vicinity
of the fibril. Similar boundary layer effects are observed, as the fibril elongates,
the boundary layers at the tips start to decouple from one another, resembling the
transition behavior in Figures 3.5 and 3.8. The elevated bulk density can also be
confirmed by the steady-state surface density profiles (Figure 3.10C), as 75, gradually
converges to 1 away from the tips when € increases from 2 to 50.

When plotting the dimensional bulk and surface flow rates, .J, = k% CoR?J,
and J, = RD,CyJ, in Figure 3.10D, they observe that J, is always two times greater
than J; for each fibril length. This suggests that the bulk peptides contribute more
to the fibril growth than surface peptides in this particular system with the specific
set of physical parameters. Moreover, both flow rates increase at low fibril lengths,
and become constant for L 2 15 nm. They note that due to the limited number of
elongation events observed in MD simulations, the estimated values of k% and kg,

for this system are subject to significant errors. Running repeated simulations under
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the same settings will produce more accurate estimations of the physical parameters

used in the continuum model.

3.3 Discussion

Amyloid fibrils, the insoluble and mechanically stable S-sheet structures in human
cells, are found to be associated with the pathology of many fatal diseases. Despite the
progress made in determining the molecular structures of the fibrils, the biophysics
of nucleation, growth, and proliferation remains insufficiently characterized. To
address this gap in knowledge, we and our collaborators combine all-atom molecular
dynamics simulations with theory to study the growth kinetics of a single amyloid
fibril in bulk solution. We identify that besides the classical dock-and-lock mechanism,
peptides frequently interact with the fibril surface and bind to the tips via surface
diffusion, revealing an important role of the surface in the overall growth kinetics. A
continuum model that incorporates various phenomena observed in MD simulations
is constructed to facilitate the analysis of this multi-scale problem. The physical
parameters that affect the fibril growth are summarized using four dimensionless
parameters, €, A, (, and (,, which collectively capture the state-state behavior of a
growing fibril.

Our collaborators note that more accurate geometrical approximations of a
single proto-fibril can be deployed rather than a cylinder in the current continuum
model, which has an overestimated surface area for binding. For example, the tips
may be approximated by rectangles/ellipses, and the corresponding binding surfaces
by rectangles/segments of a curved cylindrical surface, such that the overall geometry
can be viewed as a cuboid or an elliptic cylinder with reduced amenable surface area
for peptide binding. This will lead to a quantitative change in the results, as the
total surface binding area may get five times smaller than an entire curved cylindrical

surface. However, they do not expect the qualitative results to differ from the current
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analysis. The cylindrical approximation, in fact, displays an advantage over other
methods when one considers the probable formation of higher-order structures, i.e.
fibril bundles of two or more proto-fibrils with helical structure [149, 150]. Due
to the more circular geometry and uniformly distributed surface binding sites, this
continuum model will be more accurate in interpreting the growth kinetics of fibril
bundles.

Since there is no firm understanding on whether the growth of amyloid fibrils
is attachment rate-limited or diffusion-limited at physiological concentrations in the
existing literature [151, 152, 153|, their continuum model incorporates both effects.
During diffusion-limited growth ({, — 0 and {; — 0), the elongation at the fibril tips
is supplied by the flux of peptides from the bulk and the surface. The continuum
model predicts that for any finite A, there exists a boundary layer width around which
surface density changes from 0 to 1. This leads to a critical fibril length above which
it takes infinite amount of time to transport surface peptides to the tips via diffusion,
thus the growth of fibrils exceeding this length will be bulk diffusion-dominated, and
thus elongating with constant velocity. The generalized formulation also enables us
to explore the reaction-limited growth or any regime in between the two limits. For
instance, they also discuss the case where growth by bulk peptides is attachment
rate-limited ((, — oo) while growth by surface peptides is diffusion-limited ({; — 0),
which means the conformational changes of free peptides at tips before permanently
binding are much slower than rate of diffusive transport in the bulk but much faster
than diffusion on the surface. Moreover, it is also possible that both pathways are
attachment rate-limited ({, — oo and (; — o0), which a system will develop uniform
bulk density over the surface at steady state. The total flow rate to the tips is then
Jiotal = kerCo, where keg = QWRngn +2k3. /. This expression implies that there will
be no length dependence of the fibril growth rate, which has been assumed in the

existing kinetic models.
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Our contribution results also indicate that, as temperature increases, the peptide
diffuses faster both on fibril surface and in the bulk to reach the tips. As temperature
decreases, the peptide spends more time on the fibril surface with a lower diffusion
rate. To the best of our knowledge, the results for the temperature dependency of the
role of the surface and elongation pathway at atomic level with unbiased simulations
were revealed for the first time. We and our collaborators observe that the binding rate
from bulk to surface, ky, is approximately proportional to the bulk diffusion coefficient
Dy during the mass transport process under different temperatures, which can be
replaced by a constant in calculating A, thus the product of Dy(7T) and 7o4(7") in the
denominator causes the weak temperature dependence in this particular system. 7og
is proportional to the Arrhenius factor of the binding free energy E; of the peptides,
ie. Tog = A exp(,:g—lT), where A; is a prefactor and kg7 denotes the thermal energy
at temperature T' [154]. Similarly, the surface diffusion coefficient can be expressed
as D, = A, exp(—,i—%r), where A, is another prefactor and Fj is the activation energy
for a peptide to undergo surface diffusion. Therefore, A = Aj exp(%), where As
is a constant. This expression suggests that, for |—FE; + Ey| < kgT, the system will
show weak temperature dependence of A.

This provides insights into a better understanding of the temperature
dependency of secondary nucleation. QOur MD results are consistent with the
previous experimental studies showing that fibril elongation increases at higher
temperatures, whereas secondary nucleation decreases at higher temperatures
[123, 155]. Experimental studies also have shown that perturbing the binding of the
peptide to the fibril surface can be a pathway to inhibit secondary nucleation
[156, 123]. Our collaborators then speculate from the continuum model that both
higher binding free energy (E)) and lower temperatures can increase the residence
time of peptides on fibril surface once they bind. At the same time, large E5 and

lower temperature can hinder peptides from diffusing to the fibril ends for
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elongation. By assuming that the rate of secondary nucleation is proportional to the
probability of two surface peptides to interact, i.e. oc n%(z,t), the continuum model
suggests that longer fibril lengths and higher A values in general lead to higher
surface peptide density, which could potentially create sufficient conditions for
secondary nucleation to occur.

Overall, this chapter introduces a framework for interpreting the growth
of amyloid-like fibrils using atomistic and continuum models at the same time.
Methodologically, the MD simulations provides valuable insights of molecular inter-
actions at atomic resolution while being limited by the computational costs in
simulating large and complex systems that also require much statistical significance.
The mesoscale continuum model, on the other hand, elevates the length and time
scale of the problem at a lower computational cost. More importantly, it benefits
from the physically significant inputs from MD simulations for a specific system.
They have shown that the interplay among various physical parameters defined by a
specific molecular system determines the underlying mechanism of fibril elongation.
Both bulk and surface diffusion, and attachment kinetics can be key factors in the
process. By formulating essential microscopic physical quantities involved in fibril
growth into a continuum model, it may help us find optimized routes between bulk
and surface pathways based on the goal of either increasing/decreasing fibril growth

rate or inhibiting secondary nucleation in various systems.

3.4 Methodology
3.4.1 System design and MD simulations
All-atom molecular dynamics simulations in explicit solvent are performed in 10.1 x
10.1 x 10.1 nm? cubic boxes containing a pre-formed fibril and a peptide. The box
was then solvated with TIP3P water molecules, and the energy of the system was

minimized followed by a 4 ns equilibration in the NVT ensemble. MD simulations were
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performed with the Amber99sb-ILDN force field [61] in the isothermal-isobaric (NPT)
ensemble. The leapfrog algorithm was used to integrate the equations of motion with
a 2 fs time-step [55]. To maintain the pressure at 1 bar, the Parrinello-Rahman
barostat (7, = 2.0 ps) was employed [80]. Temperature was controlled by coupling
protein and solvent separately to the velocity-rescale thermostat (7; = 0.1 ps). The
cut-off for short range van der Waals and electrostatic interactions was 1.0 nm. The
smooth Particle Mesh Ewald algorithm was used to compute long range electrostatic

interactions [81]. For all systems, the production run started with a 100 ns simulation

in the NPT ensemble using GROMACS [82].

3.4.2 Numerical methods for solving steady-state equations

The non-dimensionalized equations (Equations (3.7) and (3.8) were solved using the
Forward Time Centered Space (FTCS) method on a 2D uniform grid with spacing
di = dz = 0.01. C(7, %,7) was solved for Z > €/2 and 7 > 1; 7(Z,7) was solved
for 7 =1 and 0 < Z < €/2. The full peptide bulk density profiles were obtained by
mirroring with respect to both 7 = 0 and z = 0. The first and second derivatives are
both evaluated to second order accuracy to minimize error long the fibril surface. Our
collaborators also note that due to the limit of numerical grid size, extreme values
such as A > 1000 and A < 0.001 might not retain the same accuracy as the tested
cases. To reduce the boundary effects for different aspect ratios of the fibril, the grid
size adapts with different aspect ratios: 1000 x 1000 for e = 5, and 1000 x 10000 for
€ = 100. A small time step dt = 2 x 107° is chosen to ensure numerical stability.
The steady-state solutions in the parametric study with e < 200 were obtained in less
than 5 x 107 time steps, while the case with € = 200 reaches steady state in 2 x 108

time steps.
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CHAPTER 4

NUCLEATION AND GROWTH OF AMYLOID FIBRILS

Jalali, S., Zhang, R., Hattaja M. P., Dias, C. L., Nucleation and growth of amyloid
fibrils, ready for submission.

The formation of amyloid fibrils is a complex phenomenon that remains poorly
understood at the atomic scale. In Chapter 3 of this dissertation, we discussed the
fibril growth kinetics and pathways involved in fibril elongation. In this chapter, we
focus on nucleation via primary and secondary mechanisms and provide additional
insights into the fibril growth that was studied in Chapter 3.

We find that primary nucleation takes place via the formation of an intermediate
state made of two laminated (-sheets oriented perpendicularly to each other. The
amyloid fibril spine emerges from the rotation of these [-sheets to account for (-
strands that are parallel to each other and perpendicular to the fibril axis. Growth
of this spine takes place via a dock-and-lock mechanism. Consistent with simulations
performed in Chapter 3, we show that peptides dock onto the fibril tip either from
bulk solution or after diffusing on the fibril surface. The latter docking pathway
contributes significantly to populate the fibril tip with peptides.

Moreover, we show that side chain interactions drive the motion of peptides
in the lock-phase during growth, enabling them to adopt the structure dictated by
the fibril tip with atomic fidelity. Conversely, docked peptide gets trapped in a local
minimum when docked-conformations are sampled randomly. Our simulations also
highlight the role played by non-polar patches on the fibril surface in catalyzing
and orienting the formation of small cross-f§ structures. Thus, our simulations are
providing critical new insights into the pathways and interactions accounting for

primary and secondary nucleation as well as fibril growth.
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4.1 Introduction

The molecular mechanisms accounting for the aggregation of amyloid peptides into
oligomers and fibrils is a topic of intensive research interest [121, 113, 114, 120, 157].
This is motivated by the importance of these aggregates in diseases such as
Alzheimer’s and Parkinson’s as well as by the use of fibrils in various biomedical
applications [40, 41, 42, 43, 35, 44, 45, 46]. Three processes have been shown to be
critical for the formation of amyloid aggregates, which are the nucleation of fibril
seeds via primary and secondary mechanisms, and the growth of these seeds into
micrometer-long fibrils [123, 118]. Targeting these processes independently of each
other may be required to treat diseases wherein toxic amyloid nuclei need to be
inhibited without dissolving fibrils/plaques [158, 159]. This level of control requires
an atomic understanding of the interactions, pathways, and intermediate structures
involved in seed formation and growth, which remains mostly unknown.

The experimental characterization of fibril formation at the molecular level is
challenging due to the dynamic nature and short timescales involved in seed formation
and growth [114, 160]. Similarly, the large number of atoms that needs to be tracked
for a considerable number of time-steps has made aggregation a difficult phenomena
to simulate computationally [161, 162, 163, 164]. Many of the theoretical insights into
fibril formation have, therefore, been obtained using coarse grained models [165, 166,
167, 168, 169, 170, 171] or enhanced sampling simulations [172, 173, 174, 128, 175,
176, 177]. These studies are providing insights into the structure of the nucleus, which
for AS can be made of four or twelve peptides [178, 179]. Insights into the pathways
accounting for primary nucleation have also been obtained for short peptides. For
example, the aggregation of the Af4_21 peptide was shown to emerged in two steps
where a disordered nucleus is formed first followed by its structural rearrangement
into a cross-f structure [177]. Most of the fibril nuclei emerging in experiments were

shown to be catalyzed at the fibril surface (i.e., via secondary nucleation) [117, 180]
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with a possible exception reported for the AfS6_92 peptide [181]. This catalytic effect
of the fibril surface may be related to an increased concentration of peptides in its
vicinity and/or to the ability of the surface to align peptides in a 2D plane. In umbrella
sampling simulations, the association of AfBy_40 peptides with the fibril surface was
shown to be driven by the release of a large number of hydration water molecules and
the formation of contacts between peptides and the fibril surface [175].

The growth/elongation of a fibril proceeds via the incorporation of peptides
to both of its ends one peptide at a time [119, 182, 183]. It is often described
as a dock-and-lock mechanism in which peptides bind promptly to the fibril ends
(i.e., dock phase) where they slowly sample different conformations (i.e., lock phase)
[120, 128, 184, 185]. The latter sampling is arrested when the incoming peptide
aligns itself with fibril-end peptides forming parallel or anti-parallel S-sheets. Since
more than 2,000 peptides are incorporated in a micrometer-long fibril (each time
reproducing the fibril-end structure with atomic fidelity), the molecular pathways
accounting for the lock phase have to be highly robust. Two such pathways have
been proposed wherein conformational changes take place either randomly, subjected
only by steric constraints (i.e., steric templating pathway), or driven by side chain
interactions between incoming peptides and fibril-end peptides (i.e., direct templating
pathway) [186, 187]. In addition to the dock-and-lock mechanism, fibril growth can
also emerge via a fast-deposition mechanism where peptides adhere to fibril-ends in an
activated state that enables them to promptly adopt the structure of the fibril without
the slow locking phase [188, 189]. In all these studies, peptides are assumed to dock
directly onto the fibril ends from bulk. However, peptides deposited on the fibril
surface are also able to promptly diffuse to the fibril tip where they can contribute to
growth [190].

Here, we use unbiased all-atom simulations in explicit solvent to provide a

more complete and accurate picture of the aggregation process. We show that fibril
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seeds from amphipathic Ac-(FKFE)o-NH, peptides emerge spontaneously via primary
nucleation, forming a cross-# pattern where the constituent [-sheets are initially
oriented perpendicular to each other. This enables the efficient burial of non-polar
residues away from the solvent. However, the growth of these seeds requires [-sheets
to rotate and become aligned with each other, accounting for the amyloid fibril spine.
The growth of an existing fibril in our simulations emerged spontaneously through
a dock-and-lock mechanism where peptides landed (or docked) onto the fibril tip
from bulk solution or after binding and diffusion on the fibril surface. At 325 K,
electrostatic interactions between charged side chains of docked peptide and fibril
drive the locking process in our simulations wherein the structure established by the
fibril tip is reproduced with atomic fidelity. At 350 K, docked peptides get trapped
in local energy minima while sampling their conformation randomly without ever
adopting the structure of the fibril tip. Secondary nucleation is also simulated by
adding peptides consecutively to a large simulation box containing a pre-formed fibril.
The role of non-polar patches on the fibril surface in catalyzing small aggregates into

cross-f structures is highlighted in these simulations.

4.2 Results and Discussion

4.2.1 Primary nucleation

Simulation Setup. To provide insights into the formation of a fibril nucleus in
bulk solution, 1.5-us long simulations were performed with 8, 10, 15, and 20 peptides
embedded randomly in large solvated boxes of dimension 13 x 13 x 13 nm?®. This
accounts for 6.0, 7.5, 11.3, and 15.1 mM peptide concentrations. Except at the lowest
concentration, a stable cluster containing most of the peptides is formed before the
end of the simulation. These clusters exhibit the cross-( pattern that is characteristic
of amyloid fibrils wherein non-polar residues of two (-sheets are buried against each

other. In simulations performed at the highest concentrations (i.e., 11.3 mM and
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Figure 4.1 Primary nucleation of two independent trajectories. The time
dependence of different quantities are computed to characterize the spontaneous
formation of cross-g structures. These quantities are (a and 1) the largest cluster
size in the simulation box, (b and m) the number of residues per peptide in a
p-structure, the number of peptides comprising (c) largest and (d) second largest
[-sheet in the simulation box, (e) solvent accessible surface area (SASA) of
non-polar residues, and (f and n) dihedral angle between peptides of largest and
second largest (-sheets. The formation of a stable oligomer and its structural
rearrangement are highlighted by gray and orange rectangles in panels a-f and 1-n.
Conformations of the largest cluster at different instances of time are shown in
panels g-k, and o-r for the two independent trajectories. A different color is used for
each peptide.

15.1 mM), these clusters emerged promptly within 0.25-0.5 s making it difficult to
identify the sequence of events leading to their formation—see Figures [?, ?]. Therefore,
we focused on two simulations performed at 7.5 mM, which were extended beyond
1.5 ps.

Nucleus Formation. Figures 4.1a-b and 4.1/-m depict the size of the largest
cluster and the number of residues making up S-sheet structures in two independent

simulations performed at 7.5 mM. Clusters form and dissociate within the first 1 us

and 2 us of the first and second trajectories. These intermittent clusters are mostly
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Figure 4.2 Primary nucleation of trajectory with 15 peptides. The time
dependence of different quantities are computed to characterize the spontaneous
formation of cross-f3 structures. These quantities are (a) the largest cluster size in
the simulation box, (b) the number of residues per peptide in a f-structure, and the
number of peptides comprising (c¢) the largest and (d) the second largest S-sheet in
the simulation box. Visual representation of the largest aggregate at different
instants of time is shown in panels e-g.
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Figure 4.3 Primary nucleation of trajectory with 20 peptides. The time
dependence of different quantities are computed to characterize the spontaneous
formation of cross-f3 structures. These quantities are (a) the largest cluster size in
the simulation box, (b) the number of residues per peptide in a S-structure, and the
number of peptides comprising (c) the largest and (d) the second largest S-sheet in
the simulation box. Visual representation of the largest aggregate at different
instants of time is shown on the right-hand side. A different color is used for each
peptide.
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dimers and trimers in the first trajectory (see panels g and h) but also heptamers and
tetramers in the second trajectory.

In the first simulation, a stable nucleus comprising 6-8 peptides emerges
abruptly at 1.25 ps when the cluster size (panel a) and the number of S-residues
(panel b) increase simultaneously—see the gray shade. This characterizes a one-step
nucleation process in which the nucleus is formed in an orderly manner [191]. In the
second simulation, a stable nucleus comprising 6-8 peptides forms after 2.0 us. In
the latter process, the cluster size increases within a short time-window of 0.2 us (see
panel 1) while the number of S-residues (see panel m) increases slowly over ~1 us—see
gray shades. This characterizes a two-step nucleation process wherein aggregation
takes place with a significant amount of disorder requiring subsequent conformational
changes. The existence of different timescales for aggregation and conformational
ordering of peptides is also observed in our high-concentration simulations (i.e., 11.3
nm and 15.1 mM). In the latter, the number of S-residues increases long after the
cluster size has saturated. These results are consistent with a recent study showing
that the A815_21 peptide undergoes a one-step nucleation process at low concentration
and a two-step process at high concentration [177].

Perpendicular and Parallel Cross-g Structures. To characterize the
structure of the nucleus, panels ¢ and d depict the size of the two largest [-sheets
in the system in the one-step nucleation process. Also, panel e depicts the solvent
accessible surface area of non-polar residues, i.e., SASAyxp. These panels show that
the two [-sheets increase in size during/after the formation of a nucleus (i.e., the
gray shaded area), and this coincides with an abrupt decrease in SASA as non-polar
residues of the two [-sheets become buried away from the solvent. This characterizes
the cross-f pattern of amyloid fibrils for which a representative structure is depicted
in panel i. In the two-step nucleation process, the early aggregate, which formed at

~ 2 us, also exhibits two (-sheets with non-polar residues buried against each other
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and with disordered peptides around them-see panel o. These disordered peptides
become incorporated into the two [-sheets within time 2 us and 3 ps—see panels p-q.

Clusters formed via one-step (panel i) and two-step (panel o-q) processes exhibit
two [-sheets that are initially oriented perpendicularly to each other. They remain
in that configuration for more than 0.5 us before reorienting themselves to become
aligned with each other—see panels jk, and r. This process is quantified in panels
f and n, which show the time dependence of the dihedral angle between peptides on
opposing [-sheets. Initially, in the trajectory, the dihedral angle can take any value
from —180° to 180° as peptides move freely in the simulation box-see light gray line.
As the early nucleus is formed, the dihedral angle adopts values close to -90° or 90°,
which is indicative of perpendicular cross-f structures. Panel f takes place between
1.25-2 pus. Subsequently, the dihedral angle changes to ~ 0° as [-sheets become
parallel to each other. Similarly, for panel n, the dihedral angle adopts values close
to 90° between time 2.5-3.25 ps. This is followed by an increase in the dihedral to
180° characterizing parallel S-sheets—see panel r.

Note that average SASA (panel f) of perpendicular and parallel nuclei are very
similar in magnitude despite S-sheets being made of more peptides in the latter. This
suggests that non-polar residues can bury themselves more efficiently in perpendicular
cross-f3 structures, which could be the force driving the formation of these structures.
However, perpendicular cross-£ structures need to rotate for the early nucleus to grow
as peptides cannot be incorporated indefinitely into [-sheets that are perpendicular

to each other while shielding their non-polar residues from water.

4.2.2 Fibril growth
Simulation Setup. To investigate the mechanisms accounting for fibril growth,
all-atom simulations were performed in a solvated box of size 10.1 x 10.1 x 10.1 nm?

containing a pre-formed fibril and a peptide. The fibril is constructed by packing
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non-polar faces of two antiparallel S-sheets made from ten Ac-(FKFE),-NH, peptides
against each other—see Figure 4.12. This corresponds to class 5 of the amyloid spines
classification scheme by Eisenberg and Sawaya [69]. The solvated peptide is initially
deposited randomly at a distance larger than 2 nm from the pre-formed fibril, and

simulations are performed at 298 K, 325 K, and 350 K.

Figure 4.4 Unbiased pathway accounting for fibril elongation. (a) The trajectory
of the peptide as it interacts with the fibril before docking to its tip is shown. The
conformations of the peptide (in red) is depicted at every 20 ns. Numbered arrows
show the progression of the peptide in the simulation. The fibril is depicted using a
cartoon representation in blue and a van der Waals representation for phenylalanine
side chains in cyan. The time dependence of five quantities are computed to
characterize the peptide-fibril complex: (b) minimum distance between atoms of the
fibril and the peptide, (c) inter- and (d) intra-backbone hydrogen bonds, (e) radius
of gyration of the peptide, and (f) number of water molecules around peptide and
fibril. Sample configurations of the peptide-fibril complex when the peptide is (g)
fully solvated, (h) bound to the fibril surface, (i) docked and (j) locked onto the
fibril tip. Arrows highlight possible transitions between these different states.

Addition of Peptides to Fibrils. Figure 4.4a depicts the trajectory of the
free-peptide as it binds to and unbinds from the pre-formed fibril in one of our 350
K simulations. Backbone conformations of the free-peptide (in red) are shown at

every 20 ns and numbered arrows depict the sequence of events in the simulation.

The peptide explores several of the non-polar binding sites at edges and tips of the
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fibril but it rarely binds to the charged faces of the fibril. To quantify these binding
and unbinding events, panel b shows the time dependence of the minimum distance
¢ between atoms of the peptide and the fibril. The peptide, which is initially in the
solution (i.e., £ > 2 nm), is attracted to the fibril in less than 0.025 us where it
binds (£ < 0.2 nm) and remains bound for approximately 0.125 ps. The peptide then
detaches itself to become fully solvated. It undergoes three other of these binding-
unbinding events until time ~ 0.8 us when it locks onto the fibril tip. It remains
locked until the end of the simulations, i.e., for more than 1.2 us.

To further characterize the state of the system, panels c¢-d depict numbers of
inter- and intra-backbone hydrogen bonds of the peptide. When it is solvated (i.e., £ is
large than 0.2 nm) or bonded to sides/edges of the fibril, the number of inter-peptide
hydrogen bonds is mostly negligible. This quantity is non-negligible only when the
peptide binds to the fibril tip as highlighted by blue and yellow shades. The number
of intra-peptide hydrogen bonds is non-negligible only when the peptide adopts a
folded conformation. In the blue shaded are in Figure 4.4, the peptide adopts a
“hairpin”-like conformation while docked onto the fibril tip. This binding event lasts
for approximately 0.3 us after which the peptide detaches itself from the fibril tip while
retaining its hairpin-like conformation. The radius of gyration, which quantifies the
compactness of the peptide, is shown in panel e. This quantity is maximum when the
peptide is locked into the fibril tip (see yellow shade) and it is minimum when the
peptide is folded into a hairpin-like conformation—see blue shade. While fully solvated
or on the fibril surface the radius of gyration adopts intermediate values.

Panel f shows the number Ng,o; of water molecules within a distance of 0.4 nm
from either the peptide or the fibril. The number of shell-water is a maximum when
the free-peptide is fully solvated. As it interacts with the fibril, desolvation takes place
as some shell-water molecules are released into the bulk, accounting for a reduction

in Ngpen. The number of shell-water in panel f is minimal when the free-peptide locks
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onto the fibril tip—see the yellow shade. Note that when the fibril grows by one layer,
the structure of the fibril end is reproduced with atomic fidelity, and the number of
shell water around the end does not change significantly. Thus, the reduction in Ngpen
when the peptide locks onto the fibril end must be due to shell-water molecules around
the free-peptide released into the bulk. The release of shell-water into the bulk is a
highly favorable entropic process around non-polar residues [192, 193, 194, 195, 196]

contributing to the energetics of elongation [128, 174, 173, 172].
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Figure 4.5 Locking of the peptide to the fibril tip. The time dependence of the
number of inter-backbone hydrogen bonds between peptide and fibril at (a) 350 K
and (f) 325 K. The structure of the peptide-fibril system in trajectory number 4 at
350 K is represented at time (b) 0.16 s, (c¢) 0.37 us, d) 0.57 us, and (e) 0.90 pys.
The structure of the peptide-fibril system of trajectory number 5 at 325 K is shown
at time (g) 0.09 ps, (h) 0.11 s, (i) 0.2 s, and (j) 1.01 ps. A van der Waals
representation is used for non-polar residues of the fibril (white) and peptide (blue).
Negatively charged glutamic acid and positively charged lysine are represented in
red and green, respectively.

Transitions between different peptide-fibril binding modes. The
quantities depicted in Figure 4.4b-f highlight the different states of the peptide in
which it can be fully solvated, bound to the fibril edge as well as docked and locked

to the fibril tip—see panel g. Six additional simulations (i.e., seven in total) were
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Figure 4.6 Schematic representation of the four quantities used to characterize
binding of the peptide to the fibril in simulations performed using
(a) CHARMM36m and (b) Amber99sb-ILDN force fields at 350 K. Fist row shows
the minimal atomic distance between the fibril and the peptide. Second and third
rows show inter- and intra-molecular hydrogen bonds. The last row shows the
radius of gyration.
performed at 350 K to provide insights into the allowed transitions between these
different states. In all simulations, the peptide end-up locked onto the fibril tip where
it remained until the end of the simulation, i.e., for more than 0.5 us. In two and five
of these simulations, the peptide formed anti-parallel and parallel $-sheets with the
fibril, respectively. Moreover, the quantities shown in Figure 4.4b-e were computed
for all simulations and the state of the peptide was determined at any given time—see
Figure 4.6b.

In three of the seven simulations, the peptide became incorporated onto the fibril

tip in less than 0.15 ps. In these simulations, the peptide diffused in bulk solution

before docking onto the tip. This was followed by the peptide promptly (in less than
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Figure 4.7 Schematic representation of the four quantities used to characterize
binding of the peptide to the fibril in simulations performed using at (a) 298 K and
(b) 325 K. Fist row shows the minimal atomic distance between the fibril and the
peptide. Second and third rows show inter- and intra-molecular hydrogen bonds.

The last row shows the radius of gyration.
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0.01 ws) changing its conformation to lock into the fibril tip. This characterizes a
“fast-deposition” process in which the peptide is deposited at the tip in an activated
state that requires little conformational change to reproduce the template provided
by fibril tip [189, 188]. This process is symbolized in Figure 4.4g by a gray arrow. In
the other four simulations, the peptide is also found to lock itself onto the fibril tip
within less than 2 us. This took place after the peptide reached the tip either from
the solution or after diffusing on the fibril surface. At the tip, the docked peptide
can detach itself to become solvated, diffuse back to the fibril edge, or lock itself onto
the fibril tip. These observed transitions in our simulations highlight the diversity of
pathways by which a peptide can lock itself onto the fibril tip and they are shown
by arrows in Figure 4.4g. An estimate of the transition rate between these states
and how they can be used to build continuum models of fibril growth is provided in
another publication.

Effects of Temperature. To provide insights into effects of temperature on
the dock-and-lock mechanism, five simulations were also performed at both 298 K
and 325 K-see Figure 4.7a, Figure 4.7b . In three of the five simulations at 325
K, the peptide ended up locked in an anti-parallel $-sheet conformation forming ~7
inter-backbone hydrogen bonds with the tip.

At 298 K, some of the five simulations were extended up to 4 us and in only one
of them did the peptide lock onto the fibril tip. Thus, at lower temperature (both
325 K and 298 K), most of the simulation time is spent with the peptide on the
fibril surface and much longer simulations are required to enable locking. This shows
that the fibril surface plays an important role in the kinetics of growth by adsorbing
peptides onto it.

Locking into the fibril tip. Figure 4.5 illustrates the process by which the
peptide samples different structures before locking into the fibril tip at 350 K (i.e.,

upper panels) and at 325 K (lower panels). Panel a shows the number Nyg of hydrogen
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bonds between peptide-fibril backbone atoms in four trajectories at 350 K. In most
trajectories, Nyp increases abruptly after the peptide lands onto the fibril tip. In
this process, at least one of its phenylalanine side chain remains in contact with the
fibril tip at all time while the other non-polar side chains are free to move and probe
different interaction sites at the tip—see panels b-e. These events are enabled by the
high temperature of the simulations, which provides a more random component to
the motion of the peptide. The latter is arrested when enough bonds are formed
between the peptide and the fibril without necessarily accounting for the proper
alignment. Accordingly, in two trajectories the peptide formed parallel (instead of an
anti-parallel) S-sheets at the tip. Moreover, within the time-frame of the simulation
(i.e., at least 1.5 us), Nyp does not change significantly after 4-6 hydrogen bonds have
formed (see panel a) whereas a perfect alignment of the peptide with the fibril requires
the formation of at least 7 hydrogen bonds. Accordingly, the atomic structure of the
tip is never reproduced by the peptide in any of the seven simulations performed at
350 K.

Panel f depicts Nyg for the three simulations in which the peptide locks onto
the fibril tip at 325 K. At this temperature, the locking process takes place in two
steps highlighted by dashed and full lines. An increase in Nypg from zero to 3-5
(dashed lines) accounts for the first step, which lasts for 0.1-0.3 us. The second step
emerges from another increase in Nyg to approximately 7 hydrogen bonds. The latter
gives rise to configurations in which the peptide is aligned with the fibril forming
anti-parallel [-sheets in all three simulations. To show how the peptide becomes
aligned with the fibril, characteristic configurations during the lock phase is shown in
panels g-j for trajectory number 5, i.e., red line in Figure 4.5f. Panel g shows that the
peptide lands on the tip in a random conformation with some of its non-polar side
chains buried away from the solvent. Conformations highlighting the first step of the

lock-phase are depicted in panel h-i. They are characterized by the alignment of the
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C-terminal of the peptide with the fibril wherein charged side chains of the peptide
interact with oppositely charged side chains of the fibril. The peptide remains in this
configuration for more than 0.2 us until charged side chains at the N-terminal of the
peptide become aligned with charged side chains of the fibril-see panel j. This type
of step wise alignment of the peptide contrasts with the random sampling at high
temperature.

Our simulations give rise to results that at first sight appear counter-intuitive:
peptides docked onto the fibril tip are more likely to find the global minimum at low
temperature than at high temperature where they get trapped in local minima. This
emerges because electrostatic interactions between charged side chains are disrupted
by thermal fluctuations at high temperature and cannot drive the alignment of the
peptide. Thus, a random conformational search takes place until a significant number
of peptide-fibril bonds are formed trapping the peptide at the tip without necessarily
accounting for the proper alignment. At low temperature, the peptide becomes
aligned with the fibril in a step wise manner wherein charged side chains at one
extremity of the peptide are aligned first followed by the other extremity. The latter

process enables the structure of the fibril to be reproduced with atomic fidelity.

4.2.3 Secondary nucleation

Simulation Setup. Secondary nucleation starts with the attraction of peptides
to the fibril surface enabling the local peptide concentration to reach critical values
required to form a stable nucleus. The adsorption of peptides onto the fibril edge in
our simulations (see Figure 4.4) hints to the possibility of secondary nucleation being
a mechanism of fibril formation for the Ac-(FKFE)o-NHy peptide. However, the
formation of a nucleus requires more than one peptide to be present in the simulation
box. To investigate this mechanism, we have therefore performed six simulations

with 6 peptides in 13 x 13 x 13 nm® boxes containing one pre-formed fibril at 350 K.

100



These peptides are placed randomly in the simulation box at a distance larger than

2 nm from the pre-formed fibril.

b

Figure 4.8 Final conformations of 2-us simulations where six peptides randomly
located in the simulation box are allowed to interact with a preformed fibril. A van
der Waals representation is used for non-polar residues of the fibril (white) and
peptide (blue). A cartoon representation is used for the backbone of the fibril
(orange) and peptide (blue).

Seed Formation and Growth. Final conformations of six 2-us simulations
are shown in Figure 4.8. In four of these simulations (panels a-d), most of the six
peptides contributed to the elongation of the fibril by locking onto its tip. In two of the
simulations (panels e-f), most of the peptides formed oligomeric structures at the fibril
edge. In particular, a single S-sheet and a cross-f structure became adsorbed onto
the fibril edge in panels e and f, respectively. In these two simulations, the sequence
of events leading to the formation of oligomeric structures is illustrated in Figure 4.9.

In both cases shown in panels a and b, two or three peptides are attracted towards

each other at the edge of the fibril where they form small aggregates. Non-polar
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Figure 4.9 Sequence of events leading to the formation of a nucleus on the surface
of a preformed fibril (in orange and white) from six peptides deposited randomly in
the simulation box. a) Events leading to the formation of the structures in
Figure 4.8e. b) Events leading to the structure in Figure 4.8f. Each peptide is
shown using a different color.
residues of these aggregates reduce their exposure to the solvent by facing the edge
of the fibril and/or by facing non-polar residues of nearby peptides. This leads to
the formation of a small $-sheet made from two peptides at time 0.54 us in panel a,
which elongates into a pentamer at the end of the simulation. In panel b, a small
cross-( structure formed early in the simulation (i.e., time 0.37 us) and it remained
stable until the end.

To study the growth of stable seeds on the fibril surface, we added six free-
peptides to the solvated box containing the configuration shown in Figure 4.8f. These
free-peptides are at an initial distance of at least 2 nm from the fibril-seed complex.

A 0.5 ps simulation of this system was carried at 350 K and its final configuration

was used as the starting point of a new simulation with six free-peptides added to
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the box. This process of adding six solvated peptides to the simulation box was
repeated another three times such that the final box comprises 36 “free-peptides” and
a pre-formed fibril made of 20 peptides. Final configurations after each of these steps
are depicted in Figure 4.10 showing the growth of both the pre-formed fibril and the
seed. Whereas one would expect a growth rate twice as large for the pre-formed fibril
that has two tips exposed to the solvent, Figure 4.10e shows that a similar number of
peptides are incorporated onto the seed and the fibril. One may speculate that the
larger exposure of non-polar side chains around the seed’s tip enables it to adsorb
peptides more promptly than each of the fibril’s tip. Interestingly, the non-polar
edge of the pre-formed fibril located on the opposite side of the nucleus is mostly
depleted of free-peptides at the end of the simulation—see panel e. This accumulation
of peptides on just one of the non-polar faces of fibrils was also observed in Discrete
Molecular Dynamics (DMD) simulations [171].

Recent cryo-EM studies have shown that Ac-(FKFE),-NH, peptides form
nanotubes made with four or six amyloid fibrils with main axis pointing in the
same direction, and which are are concentrically distributed around the surface of
a cylinder. The formation of these supramolecular structures can start with the
independent nucleation of different fibrils in solution, which would subsequently come
together to form nanotubes. Whereas this scenario for nanotube formation is possible,
primary nucleation takes place at a much slower rate than secondary nucleation
for most amyloid peptides. Thus, a more plausible scenario is that one fibril is
formed via primary nucleation and the other fibrils accounting for the nanotube are
catalyzed at its surface. Our simulations are showing that these catalyzed fibrils
emerge perpendicularly (not parallel) to the parent fibril. Accordingly, parent and
daughter fibrils have to rotate in order to become aligned with each other, which
could be driven by hydrophobic interactions between non-polar edges of emergent

and parent fibrils. Thus, nanotube formation may emerge from nucleation events

103



Figure 4.10 Growth of a new nucleus (blue) on the surface of a preformed fibril
(white and orange) through the consecutive addition of six peptides to the
simulation box. Peptides are colored in pink, green, red, orange/yellow, and cyan
according to the order in which they are added to the simulation box. After each
addition of six peptides, a 0.5 us or a 1 us simulation (as indicated in the figure) is
performed to allow peptides to bind to the fibril. Final configurations are shown
with the backbone of the preformed fibril illustrate in orange using a cartoon
representation. A van der Waals representation is used for non-polar residues.

at the surface of parent and daughter fibrils followed by rotation. Although, this
proposed mechanism of nanotube formation is speculative its initial steps including
the orientations of daughter fibrils with respect to parent fibril is supported by our

simulations.

4.3 Conclusions
In summary, the unbiased nature of our simulations allowed us to provide new insights
into the pathways accounting for nucleation and growth of amyloid fibrils from a short
amphipathic peptide. In particular, we identified a new intermediate state (i.e., the
perpendicular cross- pattern), which may be used as a target for small molecules
to inhibit primary nucleation-see Figure 4.11. If this intermediate state is found

to be a general metastable state for a broad class of peptides, this result could have
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Figure 4.11 Schematic representation of the intermediate states and pathways
accounting for fibril formation of Ac-(FKFE)2-NH, peptides in our simulations.
BLUE: primary nucleation proceeds via the formation of perpendicular cross-g3
structures. Rotation of -sheets in the latter leads to the emergence of the amyloid
spine. RED (Upper): docking proceeds with peptides diffusing in solution or on the
fibril edge to land on the tip. RED (Bottom): step-wise-locking proceeds with the
alignment of side chains at different extremities of the peptide with the fibril.
Positively charged residues (K) and negatively charged residues (E) are shown in
blue and red, respectively. GREEN: peptides (light blue) aggregate at the non-polar
edge of the fibril where new fibrils are nucleated.

important implications for reducing amyloid toxicity in amyloid diseases. In addition,
we observed a new docking mechanism by which peptides reach the fibril tip by
diffusing along its surface—see Figure 4.11. Our simulations suggest that this pathway
contributes significantly to populate the fibril tip with peptides. Our simulations are
also contributing to the debate of how peptides lock onto the fibril tip. In particular,
we found that peptides are not able to align themselves with the template provided

by the fibril tip by randomly sampling over different conformations. This alignment

was, however, reproduced with atomic fidelity when the conformational change of the
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Figure 4.12 Amino acid sequence, [-sheet, and amyloid fibril from an amphipathic
peptide. (a) Non-polar phenylalanine (F), positively charged lysine (K), and
negatively charged glutamic acid (E) are the three amino acids used to account for
the amphipathic Ac-(FKFE)o-NH, peptide. (b) Non-polar and charged residues are
segregated to different faces of anti-parallel S-sheet. (c¢) packing of non-polar faces
of two [-sheets against each other accounts for the cross-g structure of amyloid
fibrils. Non-polar edges and tips are highlighted in the figure.
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docked peptide was driven by side chain interactions between charged residues—see
Figure 4.11. Thus, we anticipate that screen electrostatic interactions by adding salt
to the solution may have a strong effect on the lock process of our amphipathic
peptide. Our simulations also provided insights into aggregation of peptides on
the fibril surface (see Figure 4.11), which may be associated with the formation of
supramolecular structures from many fibrils.

The novel insights brought up by this study required tracking a large number of
atoms (more than 200,000 atoms to account for peptide concentrations of ~10 mM)

for a long time (> 2 us) [197, 198, 161]. The high computational cost associated with
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these calculations were previously not easily accessible to the scientific community.
Accordingly, previous unbiased all-atom simulations in explicit solvent were mostly
performed in boxes containing a small number (< 10) of short peptides and for a
timescale that is too short to allow for the formation of cross-f structures or to
track docking via surface diffusion. Therefore, these studies only provided limited
insights into the existence of intermediate states and mostly ignore the surface-docking
pathway. In the same vein, the timescale associated with locking onto the fibril tip is
beyond reach of all-atom simulations for full-length amyloid peptides. Thus, previous
computational studies have focused on the dissociation of peptide from the tip and
insights into the locking-phase were obtained using coarse grain models.

It is important to highlight that simulations in this chapter were performed
at high temperature, i.e., 325 K or 350 K. Previously[162], the latter temperatures
were shown to speed up the aggregation process allowing us in this current study to
investigate fibril formation in a reasonable time-frame. The anticipated increase in the
number-crunching power of supercomputers will make it possible to test the validity of
the mechanisms put forward by our simulations at ambient and body temperature. It
will also be relevant to test the scope of our results for other peptide sequences. Are
perpendicular cross-f structures intermediate states for a broad class of peptides?
Which peptide sequences populate the fibril tip via a combination of bulk- and
surface-docking pathways? If full-length amyloid peptides fall within the same class
of peptides as (FKFE)y, we anticipate that the microscopic mechanisms proposed

here will have important implications for reducing amyloid toxicity in diseases.

4.4 Methods
Peptide Chemistry. In this chapter, we study the self-assembly mechanisms of an
amphipathic peptide made from eight-residues that alternate between non-polar and

charged amino acids. Phenylalanine, represented by the one amino acid letter code F,
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is used as the non-polar amino acid. Positive lysine (K) and negative glutamic acid
(E) are used for charged amino acids. The peptide is capped with acetyl (Ac) and
amide (NHj) groups at N- and C-terminal, respectively, accounting for the neutral Ac-
(FKFE),-NH; sequence —see Figure 4.12a.This peptide was shown to promptly self-
assemble into amyloid-like fibrils both experimentally and in computer simulations
[197, 199, 200, 201, 202]. Furthermore, recent cryo-em images revealed that the
supramolecular assembly of these fibrils emerge from the concentric juxtaposition of
four- and six-fibrils accounting for thin and thick nanotubes [203].

Force Field and System Equilibration. Molecular dynamics simulations
were performed with the Amber99SB-ILDN force field [61] and the TIP3P water
model using cubic boxes and periodic boundary conditions in the isothermal-isobaric
(NPT) ensemble. The Parrinello-Rahman barostat (7, = 2.0 ps) was used to maintain
the pressure of the system at 1 bar [80]. Temperature was controlled by coupling
protein and solvent separately to a velocity-rescale thermostat (7, = 0.1 ps). The
equations of motion were integrated using the leapfrog algorithm with a 2 fs time-step
[55]. The cut-off for short range van der Waals and electrostatic interactions was 1.0
nm and the smooth Particle Mesh Ewald algorithm was used to compute long range
electrostatic interactions [81]. Systems studied here were equilibrated in the NVT and
NPT ensembles for 100 ps. All simulations were performed using the 2020 version of
GROMACS [204]. A description of the different setups used to study primary and
secondary nucleation as well as fibril elongation is provided in the result section.

Analysis. Various quantities were used to analyze the different trajectories
using GROMACS toolkit. This includes the minimal distance between backbone
atoms of all pairs of peptides, and the peptide secondary structure content computed
using DSSP. An in-house code was used to compute the largest aggregate (or cluster)

made from peptides with a minimal distance of less than 0.5 nm from each other. The
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number of peptides within this cluster is used to determine the formation of stable
nuclei during primary nucleation.

The geometry of hydrogen (H), donor (D), and acceptor (A) atoms is used to
define the formation of hydrogen bonds. In particular, a hydrogen bond is formed if
the donor-acceptor distance is less or equal to 0.35 nm, and the H-D-A angle is found
to be less than 30°. Using this default definition, peptides are considered to be part
of a f-sheet if they formed at least four backbone hydrogen bonds with each other.
This was used to determine the number of peptides forming each of the two [-sheets

in the cross-f structure in primary nucleation.
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CHAPTER 5

SUMMARY AND FUTURE WORK

5.1 Major Results of this Dissertation

Amyloid peptides are associated with various neuro-degenerative diseases including
Alzheimer’s and Parkinson’s [205, 206]. These peptides self-assemble into highly
ordered [-sheet assemblies known as amyloid fibrils. In this dissertation, we addressed
the three microscopic mechanisms that account for the formation of these fibrils
using all-atom molecular dynamics simulations in explicit solvent [207, 208]. These
mechanisms are primary nucleation, fibril elongation, and secondary nucleation, which
are studied in Chapters 2, 3 and 4 of this dissertation.

In Chapter 2, we studied the spontaneous aggregation of amphipathic peptides
into fibril-like structures using large boxes containing many atoms and long-time
simulations. Simulations were performed for various peptide sequences in solutions
with and without NaCl and at different temperatures [209, 210]. The results show that
increasing temperature increases the aggregation rate for amphipathic peptides made
with highly hydrophobic amino acids. Since the strength of hydrophobic interactions
is well known to increase with increasing temperature [91, 92, 93, 94, 95], this result
suggests that hydrophobic interactions drive peptide aggregation. Moreover, effects of
NaCl on aggregation was investigated for peptides made with non-polar residues that
are weakly hydrophobic. In the absence of NaCl, these peptides interact mainly via
electrostatic interactions. The addition of salt screens these electrostatic interactions
increasing the peptide’s propensity to aggregate. This result provides insights on
how to promote fibril formation by adding salt to the solution, which is consistent
with experimental studies [79]. Finally, we performed simulations with peptides made

from the same amino acids located at different positions in the sequence. Our analysis
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shows that sequences with a low propensity to form S-structures and inter-hydrogen
bonds in our simulations did not form fibrils experimentally [70, 72]. This positive
correlation between experiments and in silico studies provides proof of concept that
MD simulation can be used to predict fibril formation and provide atomic level insights
into this phenomena [197].

After confirming that our MD simulations provide consistent results with
experiments, we investigated the mechanisms involved in fibril formation. In Chapter
3, we performed all-atom simulations in explicit solvent at 298 K, 325 K, and 350
K to provide insights into the mechanisms accounting for fibril elongation. These
simulations are performed in large boxes (10.1 x 10.1 x 10.1 nm?®) containing a
preformed fibril and a solvated peptide. When simulations are performed for a
very long time, the peptide spontaneously becomes incorporated into the fibril tip
via a dock-and-lock mechanism [211, 212, 185, 189]. Analysis of the trajectories
obtained from these simulations reveals two elongation pathways, and they allowed
us to provide insights into how the peptide locks itself onto the fibril, reproducing the
structure dictated by the tip with atomic fidelity. In the first pathway, the peptide
binds to the tip directly from the bulk and elongates the fibril, i.e., bulk-docking.
In the second pathway, the peptide binds to the surface of the fibril and reaches the
tip by diffusing along it, i.e., surface-docking. To the best of our knowledge, the
latter mechanism has not been discussed in the literature. Moreover, our unbiased
simulations show that peptides spontaneously lock onto the fibril tip via the formation
of hydrogen bonds. At 325 K, the peptide aligns itself with the fibril tip reproducing
its structure with high fidelity. We show that this process is driven by side chain
interactions. While at 350 K, the peptide moves more randomly on the fibril until
forming enough hydrogen bonds with the tip to become locked. At the latter

temperature, peptides rarely reproduced the structure of the tip with atomic fidelity.
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In Chapter 4, we explored mechanisms accounting for the nucleation and growth
of amyloid-like fibrils using long unbiased MD simulations. First, we studied the
spontaneous nucleation of cross-f structures in solution, i.e., primary nucleation.
The analysis of the simulations shows that small aggregates undergo a structural
transition to form two laminated [-sheets that are oriented perpendicularly to each
other. Growth of this aggregate emerges after these $-sheets rotate to become oriented
parallel to each other. Second, we explored the secondary nucleation mechanism
in which cross-f structures form on the fibril surface. Our results show that after
peptides are attracted to the fibril surface, they can diffuse toward each other and
aggregate on the hydrophobic patches of the surface, which leads to the formation
of [B-sheets. As the number of peptides on the surface increases, the likelihood of
formation of the cross-3 structures increases. In our simulations, the nucleus forms

and grows on the surface with its main axis perpendicular to the fibril.

5.2 Limitations of this Dissertation
The findings in this dissertation can contribute significantly to the detailed under-
standing of the mechanisms involved in fibril formation. While several limitations
need to be acknowledged. First, the simulations were performed in simplified
conditions, either in pure water or in the presence of NaCl. However, the physiological
environment exhibits greater complexity that are unknown for us. This limitation may
be resolved by modeling the systems closer to the actual physiological condition in the
presence of NaCl, CaCly, lipids, and other charged ions in the future [213]. Second,
we employed short peptides to study the aggregation of the fibril and the mechanisms
accounting for the fibril growth. More details can be obtained from longer protein
sequences by accessing powerful computational resources. Third, the force field used
in the simulations played an important role in the accuracy of the modeling [198].

We chose Amber99SB-ILDN, which shows a positive correlation with experimental
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results. Despite the limitations, our results lay the groundwork for future studies

with a broader range of solution conditions.

5.3 Foreseeable Future Work
Previous studies have provided valuable insights into the aggregation of disordered
structures using all-atom simulations on short-time scales (< 1 pus). However, these
studies were not able to simulate the formation of long ordered cross-3 structures,
which requires tracking a large number of atoms (> 200,000 atoms to account for
peptide concentrations of 10 mM) for many time-steps (> 2 us) [160, 214, 215, 216,
164, 77].

In this dissertation, we showed that, with the performance of today’s computers,
MD simulations can be used to study the formation of ordered fibril-like structures
for short peptide sequences. We used these simulations to provide new insights into
the mechanisms of fibril formation. Specifically, these insights may contribute to
develop new strategies to treat diseases, e.g., to rationally design the drugs that can
target intermediate states on the pathway to fibril formation. They may also enable
the development of novel sequence-structure predictive tools, which may be used to
design new biomaterials.

We anticipate that interesting new insights to understand amyloid diseases will
be obtained by expanding the work of this dissertation to different peptide sequences.
In particular, it will be interesting to explore secondary nucleation when the amino
acid sequence of the parent fibril and nucleus differ from each other, i.e., cross-seeding.
This type of co-assembly was shown to be relevant in Alzheimer’s diseases where
amyloid fibril catalyzes the formation of toxic oligomers [217, 218, 219, 220]. We also
anticipate that exploring the effects of different solvent conditions (e.g., the presence
of lipid bilayers and pH) on aggregation will provide insights into fibril growth under

more realistic conditions in the brain.
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