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ABSTRACT

INTERACTIONS OF AMYLOID PEPTIDES WITH LIPID
MEMBRANES

by
Yanxing Yang

The aggregation of amyloid proteins into fibrils is a hallmark of several diseases
including Alzheimer’s (AD), Parkinson’s, and Type II diabetes. This aggregation
process involves the formation of small size oligomers preceding the formation of
insoluble fibrils. Recent studies have shown that these oligomers are more likely to
be responsible for cell toxicity than fibrils. A possible mechanism of toxicity involves
the interaction of oligomers with the cell membrane compromising its integrity. In
particular, oligomers may form pore-like structures in the cell membrane affecting
its permeability or they may induce lipid loss via a detergent-like effect. This
dissertation aims to provide insights into these mechanisms of toxicity, which are
poorly understood at the atomic level.

This dissertation kicks off with a molecular dynamics study of the interaction of
individual amyloid-like peptides with lipid bilayers. It is found that both electrostatic
and hydrophobic interactions contribute to peptide-membrane binding. In particular,
the attraction of peptide to lipid bilayer is dominated by electrostatic interactions
and hydrophobicity drives the burial of non-polar side chains into the interior of
the bilayer. By changing the peptide sequence, positive net charges are shown to
significantly strengthen peptide-membrane binding, whereas negative charges reduce
their affinity drastically. Moreover, peptide-membrane binding can also be regulated
by the position of positive residues in the peptide sequence which alters the exposure of
positive side chains to the solvent. These results provide insights into the mechanism
accounting for cell toxicity of amyloid proteins and the designing of antimicrobial

peptides.



In this study, the first all-atom simulations are performed in which membrane-
bound amphipathic peptides self-assemble into S-sheets that subsequently either form
stable pores inside the bilayer or drag lipids out of the membrane surface. An analysis
of these simulations shows that the acyl tails of lipids interact strongly with non-
polar side chains of peptides deposited on the membrane. These strong interactions
enable lipids to be dragged out of the bilayer by oligomeric structures accounting for
detergent-like damage. Moreover, they disturb the orientation of lipid tails that are
close to peptides. These distortions in lipid orientation are reduced close to pores
contributing to stabilize these structures. These simulations also show that naturally
twisted [-sheets are intermediate structures on pathway to poration. They enable
water to partially penetrate the membrane triggering [S-sheets to tilt and penetrate
the membrane. The latter reduces interactions of solvent molecules with non-polar
moieties of lipids. In addition, our simulations show that fibril-like structures produce
little damage to lipid membranes as non-polar side chains in these structures are

unavailable to interact with the acyl tail of lipids.
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CHAPTER 1

INTRODUCTION

Amyloid diseases, which include Alzheimer’s (AD), Parkinson’s and Type II diabetes
are characterized by the aggregation of peptides into soluble oligomers and fibrils.
Interactions of these aggregates with the cell membrane account for an important
mechanism of cell toxicity wherein annular shaped oligomers can form pores in
lipid bilayers and amyloid fibrils can induce lipid loss through a detergent-like
mechanism [4-9] — see Figure 1.1. These types of damages increase the vulnerability
of neurons and they can lead to cell death [10,11]. Several factors have been shown to
affect toxicity by amyloid peptides including lipid composition of the membrane and
the presence of ions in the solution [12-25]. Currently, the molecular mechanisms
accounting for amyloid-membrane interactions remain poorly understood as well
as how these mechanisms are affected by lipid composition, ions, and pH. This
fundamental knowledge is critical to better understand cell toxicity and it may enable
rational designs of new therapeutics to treat amyloid diseases.

The aim of this dissertation is to provide insights into amyloid-membrane
interactions using all-atom molecular dynamics simulation. This will allow us to
address important open questions including: 1.What is the molecular forces driving
the attraction of amyloid peptides to the cell membrane? 2. How is this attraction
affected by the lipid composition and the presence of ions in the solution? 3. How is
the attraction of individual peptides to the membrane affected by the amino acid
sequence? 4. How is the lipid membrane disrupted during amyloid aggregation
accounting for cell toxicity?

To address the different questions listed above, we have studied variations

of three different systems. First, we simulated the interaction of the amphipathic
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Figure 1.1 Schematic representation of the membrane damage as well as the
aggregation of amyloid proteins in membranous environment.
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peptide Ac-(FKFE)o-NHy with lipid bilayers. We used membranes with different
lipid compositions in the presence and absence of ions. Details and results from these
simulations are provided in Chapter 3. Second, we performed a number of simulations
using different peptide sequences. The latter are variants of the Ac-(FKFE)y-NH,
peptide to which we added net charges or altered the amino acid order. Details and
results from these simulations are provided in Chapter 4. Third, we simulated the
interaction of different amyloid aggregates, e.g., monomers, oligomers and fibrils, with
lipid bilayers. Substantial damages by monomers and oligomers were observed in the
simulations, whereas fibrils are relatively less toxic. Details and analysis of these
simulations are provided in Chapter 5. In Chapter 2, we provide some background
information to understand this thesis including a discussion about proteins, their

aggregation into amyloid fibrils, and the molecular dynamics methodology.



CHAPTER 2

BACKGROUND

2.1 Protein

Proteins are biomolecules that use amino acids as their building blocks. They are
widely present in living systems accounting for 50-70% of the dry mass of cells.
Enzyme, actin, myosin and tubulin, are all examples of proteins. Most of the
function in cells are performed by these biomolecules including signal transduction,
catalysis, and cell adhesion. In the same vein, antibodies, which are responsible
for conferring immunity to humans, are made of proteins. Another case in point
is the cytoskeleton of the cell that is constituted primarily of proteins accounting
for their mechanical properties and shape. Protein function is determined by its
three-dimensional structure, so that obtaining the structure of a protein is crucial
to understand its biological function. In this chapter, I provide a brief introduction
about proteins for physicists and how they are modeled using all-atom molecular
dynamics. This is the main tool used my thesis to address important fundamental
questions regarding peptide-membrane interactions.

Amino acids. Amino acids are the building blocks of proteins. They are
comprised of three chemical groups, i.e., amino (-NHs), carboxyl (-COOH) and side
chain (R) connected by a central carbon atom (C,)— see Figure 2.1a. Twenty
standard amino acids identified from proteins can be classified into three categories
according to the charge in their side chains: non-polar, polar and charged. Physically,
non-polar side chains known as hydrophobes are seemingly repelled from water
molecules. Hence, they are prone to attract each other to form an hydrophobic core.
In this core, the solvent accessible area of hydrophobic molecules is reduced. We will

discuss this hydrophobic effect subsequently due to its importance in the folding of



proteins into their functional conformations. Besides, all the amino acids except for
glycine can exist in L-form (Figure 2.1b) and D-form (Figure 2.1¢) corresponding to
left-handed and right-handed symmetries, respectively. Interestingly, some unknown
type of "symmetry breaking” took place in early biological systems such that today

only L-form amino acids are being used in living systems.
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Figure 2.1 (a) Chemical structure of amino acid. Schematics of (b) L-form amino
acid and (c¢) D-form amino acid.

Primary structure. In cells, proteins are synthesized by ribosomes through
dehydration reaction between the amino group of one amino acid and the carboxyl
group of another— see Figure 2.2. In this reaction a water is eliminated from carboxyl
and amino groups with carbon and nitrogen atoms forming a peptide bond. When this
chemical reaction occurs consecutively among many amino acids, a linear sequence
comprised of amino acid residues (defined as in the red dotted box in Figure 2.2)
is formed. This sequence of residues is known as the primary structure of the
protein. The amino and carboxyl groups at the two ends of the sequence referred
to as N-terminus and C-terminus, respectively, remain unneutralized. These termini
can usually attract ligand with opposite charges leading to the ligand binding.

Hydrogen bond. Before the discussion of secondary structure for proteins, it is
worth casting a glance at hydrogen bond that acts as a glue to stabilize the secondary
structure. Hydrogen bond is formed between a hydrogen atom that is covalently
bound to a strongly electronegative atom or group referred to as the hydrogen bond
donor, and another electronegative atom referred to as the hydrogen bond acceptor
through electrostatic force. Nitrogen and oxygen atoms are the most common donor or

acceptor of hydrogen bond, e.g., O—H:::O, N—H:::O and N—H:::N, whereas carbon



C OH H C

Figure 2.2 Dehydration reaction between two amino acids. Black dotted box
highlight the chemical groups involved in the reaction. Red dotted box includes
an amino acid residue and blue dotted box represents the peptide unit.

atom can not act as the donor due to its weak electronegativity. Hydrogen bond is
ubiquitous in aqueous environment. For example, water exhibits anomalously high
melting and boiling temperatures compared with other molecules which even have a
bigger mass. This anomaly can be explained by the hydrogen bond that provides a
strong intermolecular attraction between water molecules. Likewise, the C'O group
and NH group in the backbone of protein are potent hydrogen bond acceptor and
donor, respectively.

Secondary structure. For the convenience of discussing three dimensional
structure of proteins, we adopt another repeating unit, i.e., peptide unit instead of
amino acid residue— see the blue dotted box in Figure 2.2. In this unit, each C,
atom belongs to both adjacent two peptide units and C,, carbonylic carbon (C’),
N, O and H atoms in the same peptide unit are coplanar, because the mutually
perpendicular p, and sp? hybrid orbitals of C' and N atoms lock down the rotation
of C'-N bond. Figure 2.3 illustrates this coplannarity. Based on the frame above,
there are only two degrees of freedom between two adjacent peptide unit planes, i.e.,

¥ and ¢— see Figure 2.3. Sequentially, a polypeptide with N amino acid residues



has 2 x (N — 1) degrees of freedom. Since the steric collision between side chains and
main chain, ¢ and 1 can not adopt any arbitrary values. Ramachandran plot shows
the allowed combinations of the angles ¢ and ¢ [26]-see Figure 2.4. Within these
allowed regions, linear sequences comprised of amino acid residues fold to form their

secondary structures.

o
a

Figure 2.3 Schematic of two adjacent peptide units. Blue transparent boxes
represent the peptide unit planes wherein the spatial conformation varies through
the change of two angles (¢ and ¢).
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Figure 2.4 Ramachandran plot for the general case. Data from Lovell 2003.
Source: [1]



The typical elements of secondary structure could be a helix and [ sheet that
are widely adopted by proteins. An example of protein structured by « helix and
[ sheet is shown in Figure 2.5a [2]. Specifically, in « helix, all the ¢ and 1 angle
pairs involving the consecutive residues are approximately -60° and -50°, wherein
hydrogen bonds formed between C'O of residue n and NH of residue n + 4 resulting
in a helix of 3.6 residues per turn— see Figure 2.5b. In addition, right-handed o«
helix is more favorable energetically compared with left-handed one. Besides the
most common « helix, proteins can also adopt 7 helix and 3¢ helix with hydrogen

bonds to residue n + 5 and n + 3, respectively. On the contrary, the other major
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Figure 2.5 (a) Crystal structure of GB1 (PDB: 4WH4). g sheet and « helix are
highlighted in yellow and purple, respectively. Loop regions are presented by white,
cyan and blue. Schematics of (b) « helix and (c¢) Anti-parallel 5 sheet.

Source: [2]

secondary structure element [ sheet shows a more straight forward picture. It is built
up by several g strands aligned adjacent to each other such that hydrogen bonds can
form between C'O groups of one 3 strand and NH groups of an adjacent § strand—
see Figure 2.5c. A [ sheet with all the § strands aligned in a same direction, i.e.,
N-terminus to C-terminus, is referred to as parallel, whereas anti-parallel is defined
as the adjacent [ strands aligned in opposite directions. The secondary structures

of proteins are usually the combinations of « helices and S sheets connected by



loop regions— see Figure 2.5a, in which charged groups, i.e., C'O and NH, without
neutralizing by hydrogen bonds usually constitute the surface of proteins, such that
water molecules can form hydrogen bonds with these groups. As described above,
the most striking feature of the secondary structure is the periodicity of backbone
conformation, although their side chains’ conformation varies from each other.

Protein folding. A single polypeptide chain with one or more secondary
structures will folds to form a tertiary structure, a number of which may fold into a
quaternary structure. Protein folds to form certain three-dimensional (3D) structure
during or closely following its biological synthesis in vivo. Nevertheless, it is worth
mentioning that this process doesn’t have to be with biological synthesis. Anfinsen
discovered that an unfolded protein is able to refold spontaneously in vitro [27],
indicating that the amino acid sequence determines 3D structure of protein under
proper temperature and pH, which is referred to as self-organization. Meanwhile, 3D
structure also determines the function of protein.

Protein folding reaction can be completed within a few microseconds [28],
implying that polypeptide would not undergo all the possible conformations to reach
the most stable one, considering the enormous possible conformations even for a
short sequence. A possible explanation is that the folding reaction proceeds along
one or a limited number of paths. Hence, it is possible that amino acid sequence
also determines the folding path and dynamics as well as the native conformation of
protein.

Native conformation is likely to be the most stable one for the vast majority of
proteins, although there is no big difference in energy between folded and unfolded
states. Hydrogen bond plays an important role in the protein folding due to its critical
contribution to the system. The loss of only several hydrogen bonds can damage the

whole protein structure. Meanwhile, hydrophobic interaction is also indispensable



in the protein folding, wherein hydrophobic (non-polar) groups are inclined to be
embedded inside to form a hydrophobic core.

Hydrophobic interaction. Since the importance of hydrophobic interaction
in protein folding as well as many biological processes, it is worth introducing more on
that. All the non-polar molecules, e.g., noble gases, hydrogen and pure hydrocarbons
are hydrophobic. Many amino acid residues in protein have hydrocarbon side chains
inducing the forming of hydrophobic core to reduce the exposure of hydrophobic side

chains to water.
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Figure 2.6 (a) Schematics of water molecules with hydrogen bonds around a non-
polar molecule and (b) a pair of the identical molecules.

Experimentally, the study of vapor-liquid equilibrium of non-polar molecules
with water indicate that the concentration of non-polar molecules in vapor are much
higher than that in water. Noticing that vapor can be seen as vacuum, non-polar
molecules evidently prefer to stay in a non-polar environment rather than water.
Specifically, the equilibrium concentrations of methane in vapor and water at 283.89
K and 5 MPa are 1.34 x 10® mol/L and 0.298 x 10* mol/L, respectively [29]. The
free energy change due to the transportation of molecules from vapor to water
can be estimated as AG = —RTIn(Twater/ Tvapor)s Where Tyater is the equilibrium
concentration in water and .- in vapor. Hence, moving methane from vapor to
water will result in an increase in free energy of AG = + 0.846 kcal/mol. It is known

that free energy is determined by energy and entropy (AG = AH — TAS), whereas



AH is believed to decrease due to the entering of non-polar molecules into water.
Hence, the hydrophobic effect is believed to be related to the change of entropy. As a
kind of polar molecule, water molecules are bound together through hydrogen bonds
to lower the energy. A polar molecule can also form hydrogen bonds with water,
nevertheless the intruding of a non-polar molecule will sequester water molecules
breaking hydrogen bonds between them. In order to compensate the increase of energy
caused by the loss of hydrogen bonds, water molecules surrounding the non-polar
molecule must freeze to adopt certain orientations to form hydrogen bonds with each
other— see Figure 2.6a, leading to the decrease of entropy. Apparently, the proximity
of non-polar molecules can decrease the area of hydrophobic surface lowering the
decrease of entropy— see Figure 2.6b. Consequently, non-polar molecules tend to bind
together to form hydrophobic bonds. On the other hand, noticing the second term
pertaining to entropy in free energy —TAS, hydrophobic effect strongly depends on
temperature. Intuitively, hydrophobic effect seems to get stronger with temperature
due to the entropy related term —TAS being proportional to 7. However, that is
only the case at low temperature. Hydrogen bonds can be broken by thermal motion

resulting in a weakening of hydrophobic effect at high temperature.

2.2 Amyloid and Alzheimer’s Disease

Most proteins must fold properly to implement their function. In contrast,
amyloid proteins are intrinsically disordered and prone to aggregating into insoluble
extracellular fibrils. The deposition of amyloid fibrils are related to approximately
50 human diseases [30], e.g., Alzheimer’s by amyloid-3, Parkinson’s by a-synuclein,
Huntington’s by Huntingtin and type II diabetes by amylin.

In particular, Alzheimer’s (AD) is a neurodegenerative disease that causes
over 60% of cases of dementia, symptomized by short-term memory impairment,

disorientation, language problems, etc. Tens of millions of people suffered from AD
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worldwide resulting in a large financial burden to society. Nevertheless, there is
not any therapeutics to either stop or reverse the progress of AD. Amyloid plaques
are extracellular deposits of amyloid-8 (AfS) fibrils detected mainly in the grey
matter of patients’ brain [31], which is a hallmark of AD. The relation between A
and Alzheimer’s has been determined by genetic studies. In particular, individuals
carrying three copies of the gene encoding for AfS (e.g., Down syndrome) almost
prevalently show the early stage symptoms of AD by 40 years of age [32].

Amyloid fibril exhibit a cross-f diffraction pattern (Figure 2.7), which was first
discovered by Astbury [33] through exposing a poached egg white under X-rays. In
fibril, g-strands stack along the fibril axis forming [ sheets that are parallel to each
other— see Figure 2.7. The diffraction peaks along the equator correspond to the
stacking of /3 sheets with a space of ~10 A and meridian peaks reflect the stacking of

/3 strands along the fibril axis spaced 4.8 A apart— see Figure 2.7.

Cross-f3 structure | Fibril axis Cross-f diffraction

4. 8 A
Amyloid fibril

48 A i
Interstrand
spacing

10A
Intersheet
spacing

Figure 2.7 A characteristic cross-g diffraction pattern. The diffraction peaks along
the equator (gray) show that the peptides are organized into [ sheets spaced ~10 A
apart. The meridian peaks (black) reflect a space of 4.8 A between 3 strands along
fibril axis. The left image is the structure of A5(1-42) fibril (PDB: 2BEG) as an
example that peptides stack into fibril wherein fibril axis, interstrand and intersheet
spaces are highlighted.

Source: [3]
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Figure 2.8 Aggregation of amyloid peptides into fibrils, wherein three phases are
identified: lag phase, elongation phase and plateau phase. Conformation of protein
corresponding to each phase is highlighted in blue cartoon. The fibril on the right is
a fibril assembled in silico from modeled peptides by our group.

The aggregation of proteins can follow several different paths, wherein ”off-
pathway” aggregation results in amorphous deposits [34]. A typical ”on-pathway”
aggregation initiates from monomers undergoing lag phase and fast elongation
phase— see Figure 2.8. Specifically, in the lag phase, monomers undergoes a
conformational change to misfold into a structure with aggregation propensity,
followed by oligomerization forming nuclei, which is the slowest process in the whole
aggregation. The aggregation will come into a fast-growth procedure after the
formation of nuclei in the lag phase, wherein small fibrils elongate fast until saturation
[35]. It should be noticed that different aggregation paths may generate different
intermediates leading to different morphologies of fibril for the same sequence [36].
Extensive studies show that amyloid fibrils may not be the primary toxic species
causing amyloid disease. It is found that the concentration of AfS fibrils does not
have a correlation with different stages of AD [37]. There are a large number of
evidences that the soluble intermediates of A aggregation, i.e., oligomers, are more

accountable for the toxicity to neurons [38,39].
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2.3 Cell Membrane
Cell membrane (known as plasma membrane) is a double layered structure (known
as bilayer) that separates the interior of cells from external environment to maintain
the intracelluar homeostasis. This structure is also referred to as lipid bilayer which
comprises various types of lipids. Besides, membrane proteins and sugars also play

important roles in the membrane functioning.
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Figure 2.9 Schematic representation of a (a) phospholipid, (b) glycolipid and (c)
sterol. (d) A snapshot of lipid bilayer in water box.

Three types of lipids, i.e., phospholipid, glycolipid and sterol can be found
in all kinds of cells. Phospholipid has two fatty acid chains linked to glycerol and
phosphate group through covalent bonds. These phospholipids containing glycerol are
also referred to as glycerolphospholipid. A widely found glycerolphospholipid in cell
membrane is phosphatidylcholine (PC), which has a choline bond to the phosphate
group—see Figure 2.9a. Glycerolphospholipids containing serine and ethanolamine
instead of choline are called phosphotidylserine (PS) and phosphotidylethanolamine
(PE), respectively. Phospolipids containing sphingosine instead of glycerol in this
position are sphingophospholipids which are usually found in membranous myelin

sheath around neuron axons. Glycolipids always have a sugar such as glucose
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replacing the phosphate group in phospholipids—see Figure 2.9b. In glycolipids,
glycerol can also be sphingosine. Sterol is an important component of animal and
plant membranes, but absent from bacteria. Typical sterol found in animal membrane
is cholesterol. Cholesterol comprises a hydroxyl group, four steroid rings and a
hydrocarbon side chain—see Figure 2.9c.

All lipids contain both hydrophobic and hydrophilic regions. This amphipathic
nature makes them form stable bilayers in aqueous environment, wherein the
hydrophilic head groups point outward towards the solution-bilayer interface and the
hydrophobic tails are embedded forming a dry core—see Figure 2.9d. The dynamic
and fluid nature of cell membrane are important for its functioning. In particular,
lipids can diffuse laterally through the leaflets as well as diffuse more quickly in the
leaflet. Lipids can also spin around their head-to-tail axis. The lipid tails are very
flexible in liquid phase. Lipid bilayer can undergo phase transition upon cooling
down, wherein the fluidity of lipids is dramatically reduced and lipid tails become
highly ordered, i.e., gel phase. Deuterium order parameter has been widely used to
characterize the order of lipid tails [40]. This quantity can be measured by ?H NMR
experiments and computed from simulation trajectories. Researchers usually assess
their simulation model by comparing this parameter with experimentally measured
one. We will also capitalize on this parameter in our study. More details about the

order parameter will be discussed later on.

2.4 Methodology
In order to get insights into amyloid-membrane interaction at atomic level, we are
going to use molecular dynamics (MD) simulation that allows us to obtain trajectories

containing molecular information in silico.
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2.4.1 Molecular dynamics simulation
Molecular dynamic simulation is a widely used method to acquire the evolution of
conformation through numerically solving Newton’s equations of motion for a system
of interacting particles. Practically, MD simulation adopt an algorithm of finite
difference with a finite step time At to replace the infinitesimal dt, followed by the
numerical integration. The definition of At depends on the motion of atom nuclei,
whose oscillation time scale is ~ 107! s, and accordingly the At in MD simulations
for normal compounds is always adopted to be the scale of ~ 1071° s (fs).

Verlet algorithm is a numerical method that was firstly carried out by Loup
Verlet in 1967 [41] and frequently used to integrate Newton’s equations of motion in
MD simulations. Verlet algorithm starts with the Taylor series expansions of particle

coordinate r(t):
dr 1 d*r

p— — — — 2 TR
r(+0t) =r+ dt5t+ 51 252 at* + (2.1)
dr 1 d* _,

Adding Equation (2.1) and (2.2) results in:

2
r(t+dt) =2r(t) —r(t — ot) + %(51&2 (2.3)

The displacement of molecule can be calculated without involving its velocity from
Equation (2.3), whereas velocity is required to calculate the kinetic energy of system

by simply subtracting Equation (2.1) and (2.2):

_dr 1

v(t) = 5 = S [e(r 4 6t) —x(t = 60) (2.4)

Verlet algorithm is one of the most popular method used in MD simulations due
to its easy implementation in computer program. Moreover, Verlet algorithm

provides advantages that are crucial for physical systems such as time reversibility
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and preservation of the symplectic structure of phase space. A downside of Verlet
algorithm is the lack of coordinate information for ¢ — 0t when simulation launches,
such that it has to estimate r(t — dt) for ¢ = 0. Nevertheless, the evolution of
system will be independent on the initial condition as the simulation proceeds long
enough such that the system goes into equilibrium. Another shortcoming of Verlet
algorithm is the mismatch in synchronicity when calculates the velocity. Specifically,
v(t) (Equation (2.4)) and r(t + 6t) (Equation (2.3)) are calculated simultaneously
such that the velocity saved in each step is actually the one when particle at the
coordinate in the last step. The memory needs to save coordinates and accelerations
of the current step and coordinates of the last step. Subsequently, a series of methods
emerged to improve Verlet algorithm.

Leapfrog Verlet algorithm is an improved method to Verlet algorithm raised

by Hockney in 1970 [42], wherein it handles the velocity by a half step $dt:

Pt + 6t) = x(t) + v(t + %&)& (2.5)
15t =v(t 15t t)ot 2.6
Vi + 20t) = vl = Lo + a0 26)

such that v(t) can be calculated by

v(t) = %[v(t + %&) vt — %515)]. (2.7)

Consequently, only v(t — %51&) and r(t) occupy the memory saving a lot of computa-
tional resources. Leapfrog Verlet method is frequently used in MD simulations for its
simplicity, accuracy and stability. Leapfrog Verlet method calculates the coordinates

and velocities with smaller errors than the original Verlet method, nevertheless the

synchronicity problem still exist.
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Speed Verlet algorithm was proposed by Swope in 1982 [43] to improve the

calculation of speed:

Pt +6t) = 1+ v(£)5t + %a(t)étz (2.8)

t 1& =v(t L t)ot 2.9
v(t+ 50t) = V() + Falt) (2.9)
v(t+0t) = v(t + %575) - %a(t + dt)ot, (2.10)

wherein coordinates at ¢+ 4t and velocities at ¢+ 16t are calculated by Equation (2.8)
and (2.9). Then accelerations at t+ 0t can be derived from r(t+dt), such that v(t+dt)
can be calculated by Equation (2.10). Speed Verlet algorithm gives a higher accuracy
than original Verlet as well as a higher efficiency in managing memory without the
need to save any quantity at ¢t + dt. Speed Verlet method solve the synchronicity
problem calculating speeds and coordinates at £+t in the same step. However, Speed
Verlet algorithm is more complicated than Verlet and Leapfrog computationally.
Beeman algorithm might be the most accurate one in calculating velocities

among all the Verlet series algorithms [44]:

r(t +6t) = r(t) + v(t)dt + é[éla(t) —a(t — ot))ot? (2.11)
v(t+dt) =v(t) + é[Za(t + dt) + ba(t) — a(t — dt)]dt, (2.12)

wherein Equation (2.12) undoubtably keep the synchrony of coordinates and velocities
in the calculations. Beeman Verlet algorithm can adopt a larger step time, whereas the
calculation of velocity is not reversible as well as the consumption of computational
resource is high for its complication.

In MD simulation, the algorithms based on Newton’s equations of motion
naturally satisfy the conservation of energy. However, the vast majority of

MD simulations for biological system are performed on an ensemble with fixed
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temperature and pressure (NPT), such that a thermostat and a barostat are
required. Thermostats in MD simulation including velocity scaling [45], Berendsen
[46], Andersen [47], Nosé [48] and Nosé-Hoover [49] will be introduced here.
Velocity scaling method is the simplest one to keep a constant temperature
for the system, wherein it rescales the velocities of particle periodically. The kinetic

energy of each particle is calculated as
(K) = - > (2.13)
= o~ mivi-Vi |, .
2N \ <

where the angle brackets represent time average. On the other hand, we can write

the kinetic energy in another form from equipartition theorem:

(K) = ng (2.14)

By combining Equation (2.13) and Equation (2.14) we have
A > (2.15)
= oNE : miVi - Vi ), :

from which we can monitor the temperature of system in real time. Temperature is

controlled by rescaling velocities as

new __ TD
Vi 1T TA
new TD
vy = vy 72 (2.16)

new __ .. Tp
V;, = Uiz )
A

where T4 is the real temperature of system and T the setting temperature.
Berendsen method is another one to control the temperature, by which
system is placed in a reservoir with the setting temperature. The function of the

reservoir is to complement/remove energy from system when temperature becomes
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lower/higher than the setting one. The real temperature T4 shifts as

AT Tp—Ta

2.17
dt T ’ ( )

where 7 is relaxation time with dimension of time, describing the coupling between
the system and reservoir. Computationally, a discrete form of Equation (2.17) is
applied:

At

AT = =(Tp ~ Ta) (2.18)

Accordingly, relations of velocity for Berendsen method are

AT (T,
vt = vl-a:\/l +— <—D — 1)
T TA

AT (T,
UZ’Jew = viy\/l + T <T_D - 1) (2'19)
A

which degenerate to Equation (2.16) in Velocity scaling method when 7 = AT.
Anderesn method is another thermostat introduced to replace the velocity
scaling method, which combines MD and stochastic process. System is soaked in
a big reservoir with the setting temperature 7', wherein temperature coupling is
introduced by a stochastic collision between randomly selected particles. The collision
is parameterized by a collision frequency v, such that a particle’s collision probability
within time At is vAt. Assuming that each collision is an independent event,
time-dependent collision probability exhibits the Poisson distribution P(¢,v) = ve™"".
During the simulation, MD and stochastic collision are executed alternately, wherein
particles follow the Newton’s equations of motion during the interval between adjacent
stochastic processes, such that the system evolves on an isoenergetic surface. A

stochastic process shifts the system from one isoenergetic surface to another with the

same temperature, signifying the ergodicity of the system evolving on an isothermal
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surface. Andersen thermostat results in a canonical distribution, which reproduces
properties of a canonical ensemble in equilibrium. However, Andersen thermostat
involves artificial interactions that interrupt the authentic evolution of system and
reduce time/spatial correlations, resulting in a low reliability in the simulation of
diffusion coefficient. In general, Andersen method is appropriate to simulations on
static properties rather than dynamics.

Nosé method introduce an extra degree of freedom s for heat bath to the
Hamiltonian, by which it use the MD algorithm to maintain a constant temperature
for system. The reservoir is considered to be a part of the system embodied by the

extra degree of freedom in Hamiltonian:

N 2
D

2Q

2
D;
- 2m,;s2

H,, = +V(q) + + gkTplns, (2.20)

1=

where the first and second terms are the kinetic and potential energies of system,
and the third and last terms are the counterparts of reservoir. The magnitude of @)
determines the coupling strength between the reservoir and the real system such that
influences the temperature fluctuations. s plays the role of a time-scaling parameter

that stretch the time scale in the extended system. Therefore, the equations of motion

are
. p
= — 2.21
4= (2.21)
b= Flg) (2.22)
. D
0 (2.23)
2
. D; gkTp
= — 2.24
D e . (2.24)
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Nosé thermostat is also referred to as Nosé dynamics for the introducing of a
Hamiltonian for the extended system. Nosé method maintains good ergodicity, time
reversibility and consistent distribution for system studied, whereas the stretched
virtual time scale results in a heterogeneous sampling under real time scale, bringing
up inconvenience to the subsequent analysis, e.g., calculating time correlation function
and non-equilibrium processes.

Nosé-Hoover method improves the Nosé method by Hoover in 1985,

eliminating the parameter s which is difficult to calculate:

g P
a= (2.25)
p=F—¢p (2.26)
2
> —— gkTp
: i My
£ = G : (2.27)

where ¢ is a time-dependent friction coefficient calculated by iterating with the
equations above. Equation (2.25) ~ (2.27) produce a distribution that satisfies
the homogeneous sampling under real time scale, leading to an advantage in the
simulations for non-equilibrium process. Since we usually use a NPT ensemble that
has a constant temperature and pressure in the simulations for biological systems,
we introduce a typical barostat referred to as Nos$-Hoover barostat, wherein an
extended dimension to Nosé-Hoover thermostat is applied to pressure. Based on

rescaled coordinate = = ¢/ V14 Hoover defined

&= m_‘fl/d (2.28)
p=F—(c+&p (2.29)
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§ = S M (2.30)
- 5 .
V
g 2.31
é=— (2.31)
. Pa—Pp
= (2.32)

where P4, and Pp are the real and setting pressure, 7 the relaxation time.
Equation (2.28) ~ (2.32) involves an extra friction coefficient € such that ¢ can be

calculated by Equation (2.32) resembling the calculation of €.

2.4.2 Force fields

The interactions between particles drives the evolution of the system. An accurate
expression of the force field plays an important role in MD simulation. To define a
force field, not only the forms of the functions but also a large numbers of parameters
need to be determined. Here we focus on introducing the function forms used for
different interactions in MD simulation. It is worth mentioning that different force
fields may use a same function forms but different parameters.

Force fields in MD simulation are transferable and empirical. Namely, a
force field can apply to a series of relevant molecules without modification to
the parameters. On the other hand, the only approach that guarantees the
absolute accuracy is the ab initio calculation involving quantum mechanics which is
unaffordable computationally, such that force fields currently used in MD simulation
are comprised of several terms including bonded interactions, e.g., bond stretching,

angle bending and dihedral torsion— see Figure 2.10, and non-bonded interactions.
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Figure 2.10 Schematics of (a) bond stretching, (b) angle bending and (c) dihedral
torsion.

Bond stretching potential between two covalently bonded atoms can be

described by Morse potential [50]:

up(l) = De{1 = exp [—a(l = )]}?, (2.33)

where D, and « are the depth of the well in kcal /mol and the steepness in nm ™!

, and [y
is the reference bond length. As shown in Figure 2.11, Morse potential can precisely
describe the energy change with the bond length, whereas the high computational
resource cost due to its exponential form as well as the requirement to define three

parameters limit the application of Morse potential. A more popular form to describe

the bond stretching is harmonic potential:

wy(l) = %Kb(l )2 (2.34)

which is the first-order approximation of Morse potential using Taylor expansion.
Harmonic potential merely applicable to a tiny amplitude vibration, where the bond
length changes no more than 0.1 A. To construct a more accurate force field, cubic
and quartic terms in Taylor expansion of Morse potential are needed.

Angle bending potential can also be described by Hooke’s law referred to as
angle harmonic potential:

() = %Kg(e 02, (2.35)
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Figure 2.11 The Morse potential well with bond length 0.14 nm.

where 6y is the equilibrium bond angle in radian. Besides the cosine harmonic

potential is usually used in MD simulations:

1
ug(f) = §K9(0080 — costh)?, (2.36)

where 6 is the equilibrium bond angle in degree. As can been seen in Figure 2.12,
cosine harmonic potential allows bond angle 6 reaching 180° such that the calculation
of torsion angle and potential is unstable in coarse-grained MD simulations. The
restricted bending potential [51] systematically prevents the angle 6 from reaching

180° through dividing Equation (2.36) by a sin?6 factor:

1 (cosl — cosby)?

2 sin20

(2.37)

Since it is difficult to change the bond length and angle of a molecule, the
previously discussed potentials are usually regarded as "hard degrees of freedom”. On
the contrary, dihedral and non-bonded interactions are more accountable for driving

the conformational change of molecules. Dihedral torsional potential reflects the
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Figure 2.12 Bending angle potentials: angle harmonic (blue), cosine harmonic (red)
and restricted bending (orange) with the same bending constant Ky = 320 kcal /mol
and equilibrium angle 8 = 130°

energy change due to the rotation with respect to covalent bond— see Figure 2.10c.

Dihedral torsional potential always expressed by trigonometric function series:

Uy (w) = %Z Vol + (=1)""cosnw], (2.38)

where V,, describes the depth of the well and n represents the number of times that the
minimum emerges upon rotating 360° with respect to the bond. The value of n can
be different with force fields, e.g., n = 5 or 6 in CHARMM force fields. Sometimes,

a equilibrium dihedral wy is introduced into Equation (2.38):

Uy (w) = % Z Vo[l + (=1)""cos(nw — wo)], (2.39)

which is equivalent to Equation (2.38) when wy = 0 or w. There are some highly
symmetric conformations corresponding to the extrema of dihedral potential referred
to as cis, gauche, and trans— see Figure 2.13, wherein the cis relates to the maxima
and the gauche and trans relate to the minima. Considering replacing the CHjg

group by H, the molecule holds a 3-fold rotational symmetry, where the gauche and
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trans conformations are degenerate, resulting in the same value of three minima in
dihedral potential. In this case, a term 1V3[1 + cos3w] (3-fold) is proper to describe
the potential—see the orange dashed lines in Figure 2.14. In most of hydrocarbon
molecules, the values of minima are not equal. For example, the trans conformation
has a lower energy than the gauche one in butane molecule, such that a summation of
three terms, i.e., 1-fold, 2-fold and 3-fold, can express this feature—see the black solid
line in Figure 2.14a. However, some molecules such as 2 — methylbutane exhibits a
lower energy in gauche transformation, in which dihedral potential can be expressed

by a summation of 2-fold and 3-fold— see the black solid line in Figure 2.14b.

CHs CHs CHs
CHs
CHs H
60° H 120° H
 —— ——
— —
Rotation Rotation
H H
H
H

H H CHS
cis gauche trans

Figure 2.13 A schematic presentation of cis (left), gauche (middle) and trans
(right) conformations of butane based on different diherals.

Besides, cross terms are needed to describe the coupling of degrees of freedom
in molecule, e.g., the bond stretching can induce the change in bond angle and
dihedral. Typical cross terms are listed as

a. bond stretching - bond stretching

1

u(ly, lp) = §Kll,l2(11 —l1.0)(l2 — l20) (2.40)

b. bond stretching - angle bending

1
u(ll, 12, 9) = EKll’ZQ’eKll - 11,0> + (lg — lQ’O)}(G - 90) (241)
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Figure 2.14 Dihedral torsion potential as a function of dihedral angle. (a) The case
that the energy of trans conformation is lower than that of the gauche one, wherein
VA1 + cos(w)], $Va[1 4 cos(2w)] and $V5[1 4 cos(3w)] are referred to as 1-fold (blue
dashed), 2-fold (red dashed), and 3-fold (orange dashed), of which the summation is
represented in black solid line. (b) The case that the energy of trans conformation
is higher than that of the gauche one, wherein the black solid line represents the
summation of 2-fold and 3-fold. The angles of special conformations, i.e., trans, cis
and gauche are highlighted in the corresponding color.

c. bond stretching - dihedral torsion

u(l,w) = %Kl,w(l —1o)(1 + cos3w) (2.42)

d. angle bending - dihedral torsion

u(f,w) = %ng((‘) —00)(1 + cos3w) (2.43)

e. angle bending - angle bending
1
u(01,0) = 5 Koy 0, (01 — 01,0)(62 — O20) (2.44)

Non-bonded interactions contain a dispersion term, a repulsion term and a
Coulomb term, among which the dispersion and repulsion terms are combined to

form either the Lennard-Jones potential or the Buckingham potential. In particular,
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the dispersion term describes the long-ranged interaction but the repulsion one relates

to the short-ranged interaction. Lennard-Jones potential is also referred to as 12-6

u(r) = 4 [(g)u - (%)6} , (2.45)

where o is the collision diameter representing the distance where the potential equals

potential:

0 and ¢ the depth of the well. Buckingham has a more flexible and realistic repulsion

term but is more expensive computationally:

C

u(r) = Aexp (—Br) — 5

(2.46)

where A, B and C' are empirical constants.
In practicality, force field is always a package including certain function form

and parameters for each interaction. Force fields usually used in MD simulations

include OPLS [52], AMBER [53], CHARMM [54] and GROMOS [55].
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CHAPTER 3

PEPTIDE-MEMBRANE INTERACTION: IONS AND LIPID
COMPOSITION

Amyloid diseases, which include Alzheimer’s and Parkinson’s, are characterized by the
aggregation of peptides into soluble oligomers and fibrils [9,30,56-59]. Interactions
of these aggregates with the cell membrane accounts for an important mechanism
of cell toxicity wherein annular shaped oligomers can form pores in lipid bilayers
and amyloid fibrils can induce lipid loss through a detergent-like mechanism [4-7,
9,60]. These types of damage increase the vulnerability of neurons, and they can
lead to cell death [10, 11]. Several factors have been shown to affect toxicity by
amyloid peptides including lipid composition and the presence of ions in the solution
[12-16, 18, 19, 21-24, 61, 62]. Currently, the molecular mechanisms accounting for
amyloid-membrane interactions remain poorly understood and further studies are
needed to rationalize how these mechanisms are affected by lipid composition, ions
and pH. This fundamental knowledge is critical to better understand cell toxicity, and
it may enable rational design of new therapeutics to treat amyloid disease.

Insights into amyloid toxicity are often obtained experimentally by studying
peptide aggregation in the presence of vesicles, monolayers, supported or suspended
lipid membranes [20,21,63-65]. Specifically, vesicles can contribute to either increase
or decrease the rate of aggregation [13,63,66-69]. Decreased rates of aggregation
have been related to the sequestration of peptides into the interior of the bilayer
where, surrounded by lipids, it is more difficult for peptides to attract each other [70].
In some cases, increased rates of aggregation have been related to the ability of
some lipids to attract and align peptides at the membrane surface facilitating the

formation of amyloid fibrils [12,13]. Accordingly, anionic vesicles have been shown

29



to induce peptide ordering at the bilayer surface and to increase the rate of amyloid
fibril formation [13,71]. These results have been reproduces for different types of
anionic lipids as well as peptide sequences highlighting the importance of electrostatic
interactions in amyloid-bilayer binding. At first sight it might appear counterintuitive
that the rate of aggregation of negatively charged peptides, e.g., the amyloid-g (Af)
protein, increases in the presence of anionic membranes. However, A has several
positive residues distributed along its amino acid sequence, which can be attracted
to the bilayer while keeping negative residues at a certain distance from it [64, 72].
This counterintuitive behavior of A5 was highlighted by Moore et al [65], wherein
this peptide was shown to bind positively, negatively, as well as non-polar surfaces
because of its complex distribution of charged and non-polar residues. In the same
vein, binding of a-synuclein to membrane was shown to be driven by electrostatic
interactions between positive lysine residues and lipid head groups [73]. Additionally,
as mentioned before that soluble oligomers formed in the early stage of the aggregation
of amyloid have been proposed to be more accountable to the cell toxicity, the study
on the initial aggregates under membranous environment is crucial to unveil the
mechanism accounting for the cell toxicity. These initial aggregates are hard to study
by experiments due to their transient nature.

The importance of electrostatic interactions is further highlighted by the role
played by calcium ions in amyloid aggregation at the surface of lipid membranes.
Experimental studies consistently report that, the addition of Ca?* ions to solutions
containing anionic bilayers promotes the aggregation of amyloid peptides indepen-
dently of their net charge [7,17,61]. This has been related to a reduction in
the peptide-membrane binding affinity and/or calcium’s ability to promote the
stability of lipid membranes, which may inhibit the sequestration of peptides into
the bilayer [7,17,61,74]. Calcium’s role in regulating the formation of lipid domains

and recruitment of ionic lipids to the membrane surface has also been proposed as
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mechanisms to explain its effect in aggregation [75-77]. In contrast to these results,
an increase in the peptide-membrane binding affinity has also been reported for the
Af peptide via the formation of “Ca®" bridges” between negative glutamic acid (E)
residues and negative phosphate moieties of lipid head groups [18,78,79]. The effect
of calcium in promoting aggregation close to anionic membrane has, however, been
observed even for peptides that do not have negative residues, e.g., amylin. This
suggests mechanisms of action that do not depend on the presence of negative residues
in the peptide sequence.

Computational studies have been providing important insights into the mechani-
sm of amyloid-membrane binding [19,80-84]. Recent studies have shown that the non-
polar segments of amyloid peptides, e.g., the C-terminal and the central-hydrophobic-
core of Af3, are the first to be inserted into the bilayer interior [85]. This highlights the
importance of hydrophobic interactions. In these simulations, amyloid peptides cause
the thickness of the bilayer and the area per lipid to reduce significantly wherein the
fatty acid tail of lipids become strongly disordered [80,85,86]. Despite these important
insights, most simulations have not been designed to study the attraction of amyloid
to lipid membranes as they are performed with peptides already deposited on the
bilayer surface. For the latter study, a large fraction of the simulation box needs
to be dedicated to the solvent, which is computationally expensive but necessary to
understand how peptides in solution approach the membrane.

Here, we use molecular dynamics simulations to provide atomic insights into
the interactions accounting for the attraction and binding of individual amyloid-like
peptides, i.e., monomers, to lipid bilayers and the effect of calcium ions in this
process. As shown in Figure 3.1, a large fraction of the simulation box dedicated
to the solvent in our simulations. We show that the attraction of peptides to
membranes is dominated by electrostatic interactions between positive residues and

negative phosphate groups of lipids. Moreover, when the peptide is at close proximity
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Figure 3.1 Atomic representation of (a) peptide and (b) lipids studied in the work.
Cyan, white, blue, red, and orange represent carbon, hydrogen, nitrogen, oxygen,
and phosphate atoms, respectively. (c¢) Schematic representation of the simulation
box and the minimum distance between peptide and lipid bilayer.

from the membrane, hydrophobicity drives the burial of non-polar residues into the
bilayer, which produces strong binding in our simulations. These modes of interaction
were observed for both zwitterionic and anionic bilayers wherein the attraction of
positive residues is more pronounced in the latter membrane. We also show that
Ca?* ions bind strongly to phosphate groups of the lipid bilayer [87,88] shielding
electrostatic interactions between positive residues and the membrane. This accounts
for a significantly weaker attraction of peptides to membranes in our simulations.
Strong binding of peptides to lipid membranes occur less frequently in the presence
of calcium ions and they involve the formation of “Ca** bridges” between negative E

residues and negative phosphate moieties of lipids.

3.1 Model and Simulation Protocols
Two peptide sequences with alternating non-polar and charged residues are studied,

ie., Ac-(FKFE)>-NHy and Ac-(VKVE)y-NHo—see Figure 3.1a [89, 90].  These

32



amphipathic peptides differ in the nature of their non-polar residues with the sequence
containing phenylalanine (F') being more hydrophobic than the one with valine (V).
These sequences are neutral as the number of positively charged lysine (K) and
negatively charged glutamic acid residues are the same. Experimental studies have
shown that these peptides self-assembly forming cross- structures that resemble
amyloid fibrils [89,90]. CHARMM-GUI is used to build four different lipid bilayers
[91-93] wherein our reference bilayer is made of 64 zwitterionic phosphatidylcholine
(i.e., POPC) lipids in each leaflet. Three negatively charged membranes are studied
by replacing POPC with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(i.e., POPG) to account for bilayers with 10%, 30%, and 100% anionic lipids. These
bilayers will be referred to as PC, PGyg, PG3g and PG. Atomic structures and charges
of POPC and POPG are shown in Figure 3.1b. To neutralize the charge of anionic
bilayer, sodium ions are added to the solution as this ion does not bind strongly
to lipids or peptide atoms [87,88]. To study the effect of Ca?* on peptide-bilayer
binding, simulations were performed in the presence and absence of CaCl; in the
solution at an approximate concentration of 350 mM. Notice that the concentration
of calcium in the extracellular space is of the order of 1-2 mM, which accounts for the
presence of less than one calcium ion in a typical simulation box of size 7x7x7 nm?.
Thus, following common practice in molecular dynamics simulations, we are using a
much higher concentration of calcium [87,88]. A summary of the different simulations
performed in this work is provided in Table 3.1. Notice that multiple simulations were
performed for each lipid composition and solvent condition with peptide initiates from
different positions in the simulation box to gather enough statistics. All the quantities
reported in this work were computed from all the repeated simulations.

Simulations are performed using GROMACS-2018 [94] with the CHARMM36m
force field and the TIP3P water model [95]. To model CaCl,, we use the standard
CHARMM36m force field as well as the NBFIX correction. The leap-frog algorithm
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Table 3.1 Summary of Simulations Performed in Chapter 3

Peptide | Lipid composition | Num. Na | Num. Ca | Num. of traj. | Sim. time
- - ) 3 us
POPC
- 61 ) 3 us
14 - ) 0.77 ps
9:1 POPC:POPG
14 61 ) 1.1 us
F
38 - 5) 0.86 us
7:3 POPC:POPG
38 61 ) 1.03 us
128 - ) 1 ps
POPG
128 61 ) 0.9 us
\Y POPC - - 5 3 us

is used to integrate the equations of motion with a 2 fs time step. Simulations
are conducted in the NPT ensemble using the Nosé-Hoover thermostat (310 K and
7r=1 ps) [49,96] and the semi-isotropic Parrinello-Rahman barostat (1 bar and 7p=5
ps) [97]. A Verlet-list is used to account for first-neighbors and the cut-off for van der
Walls interactions is set at 1.2 nm. Electrostatic interactions are treated using the
Smooth Particle Mesh Ewald scheme with a grid spacing of 0.12 nm and a 1.2 nm

real-space cutoff [98].

3.2 Results and Discussion
3.2.1 Zwitterionic bilayer
A schematic representation of the simulation box and the shortest distance £ between
lipid and peptide atoms is shown in Figure 3.1c. The time dependence of £ is depicted
in Figs.3.2a,b for two trajectories simulated using the F-sequence and the PC bilayer
in the absence of CaCly. In panel a, the peptide undergoes several binding-unbinding

events and in panel b it binds strongly to the membrane after an induction time of 200
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ns. A characteristic configuration of the peptide in this strong binding state is shown
in the inset of panel b wherein non-polar phenylalanine side chains are buried within
the dry core of the bilayer and charged side chains are facing the solvent interface.
In three out of the five 600 ns simulations performed for this system, the peptide
binds strongly to the bilayer after 200, 250, and 500 ns. For the less hydrophobic
V-sequence, the peptide binds stongly to the bilayer after 200 ns in only one of the
five simulations. In the presence of Ca?' ions, the F-peptide did not bind strongly
to the bilayer in any of the five simulations. This is an indication that anchorage of
peptides to the bilayer can be reduced by decreasing the hydrophobic character of
the sequence and by adding ions to the solution.

To quantify peptide-bilayer interactions, all the simulations are identified as
two regions referred to as induction time and strong binding. All the analysis in
this work is run on these two regions separately and takes all the replicas into
account. Figure 3.2c¢ depicts histograms of ¢ computed during the induction time
of our simulations. These histograms exhibit three main peaks with maxima at 0.17
nm, 0.21 nm, and 0.47 nm. The first two peaks are characterized by configurations in
which atoms of several residues are in direct contact with lipids in the bilayer whereas
the peptide remains mainly solvated in the third peak. Thus, the minimum between
second and third peaks, i.e., {cuor =0.325 nm, can used as a cut-off to discriminate
between membrane bound and unbound states of the peptide. Histograms of
simulations performed using F- and V- sequences in the absence of ions differ mainly
in the first two peaks which are less pronounced for the less hydrophobic V- peptide.
When CaCl, is added to the solution, the first two peaks of the F-sequence become
significantly less pronounced and the probability of finding the peptide at £ increases
with increasing £. This suggests that CaCl, renders the zwitterionic bilayer repulsive
to the peptide. The table in Figure 3.2d summarizes these results by showing the

percentage of peptide-bilayer bound states of our simulations. This percentage is

35



Induction

time 60 T .
: < ! ! e
a 40 L !
3 3 | : b |
= 0 !
1 Raof— | —FE 1
— 2 — 2 g [ | —K
£ IS | [ & ol . . 1 —F
= \ = | 5 S 60— . . r
wp ) wp ) I & 3] K |
E [0) LI
I Q “of! |
{ 1
0 L L L L L 0 . . : - - n 2 ;//k'
0 100 200 300 400 500 600 0 100 200 300 400 500 600 I f
H H 0 1 Il 1 Il 1 L
‘ Time [T‘S] ‘ Time [ns] 05 10 15 20 25 30
800} e c4 d hi [nm]
V+PC 8 w9 &
. - " o K "
cool F4+PC+Ca’ Peptide | Bilayer | CaCl, Binding Lo, 5 )
- (mMm) P Ly : s,
c E .ﬁi a WALV
=] F PC 0 |21.3%+7.7% '
8400 e Ve
v PC 0 | 16.6% +4.5% gy My K
200y F PC | 350 | 2.35%+0.9% Q’:é?(ﬁ'fw‘)f“’ Lot RN G
S P 3 L R T VR B iebie. - 18
AN iy o AN
0.0 05 1.0 15 % SRm T e o 0

& [nm] : AR
Figure 3.2 Peptide binding to zwitterionic (PC) bilayers. Time dependence
of peptide-bilayer distance for simulations performed using F-peptide showing (a)
without and (b) with strong binding. Inset of panel b shows a configuration in which
the peptide is bound strongly to the bilayer with F side chains buried within the lipid
tail. (c¢) Distance distribution computed during the induction time of simulations
performed using F- and V- peptides in the absence and presence of 350 mM of CalCls.
(d) Percentage of time F- and V- peptides are bound to the bilayer in the absence
and presence of 350 mM of CaCl,. Percentage of bound states at a distance £ for
which E, K, or F residues are closer to the membrane in the (e) absence and (f)
presence of CaCly. Characteristic configurations showing (g) a lysine side chain being
attracted to phosphate atoms (in beige) in the absence of CaCly, and (h) calcium
ions (in purple) being attracted to phosphate atom and repelling lysine side chains.

computed from the histogram in Figure 3.2¢ using &..0g. Reducing the hydrophobic
character of the peptide decreases the percentage of bound states in the simulation
from 21 % for phenylalanine to 16 % for valine. Adding CaCl, to the solution has an
even stronger effect as it reduces the population of binding events to 2 %.

Figure 3.2e-f provides insights into the chemical groups that are attracted to the
bilayer by tracking the type of residues that are closest to the membrane at a distance
€. For large peptide-bilayer distances (i.e., £ > 2 nm), 40% of all configurations in our
trajectories have non-polar residues (i.e., F') closer to the membrane. Configurations

in which positive (K) and negative (E) residues are closer to the bilayer account for
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25% and 25%, respectively, of all frames. The remaining 10% of frames corresponds
to configurations in which the N-terminal (acetyl group) is the closest chemical group
to the bilayer. These numbers are mostly consistent with the percentage of F (i.e.,
44%), E (22%), and K (22%) amino acids in the peptide sequence and they reflect a
situation in which the peptide is not interacting with the bilayer.

In the absence of CaCly (see Figure 3.2e) and as £ decreases, the percentage
of K-configurations, i.e., configuration in which K is the closest residue to the
membrane, increases significantly from 25% to 35%-see red line. Concurrently,
E-configurations (black line) become proportionally less populated whereas the
percentage of F-configurations (blue line) is mostly unaffected by the minimal peptide-
bilayer distance. This highlights the importance of electrostatics in peptide-bilayer
interactions wherein positive and negative amino acids are attracted to and repelled
from the bilayer, respectively. A characteristic configuration illustrating this type of
peptide-bilayer interaction is shown in Figure 3.2g wherein a positive K residue is
attracted to negative phosphate atoms of POPC (large beige spheres), which repel
negative E residues.

In the presence of CaCly (Figure 3.2f) and as & decreases, the percentage of
K-configurations decreases from 22% to 9% whereas the number of E-configurations
remain mostly insensitive to the peptide-bilayer distance. Concurrently, the percentage
of F-configurations increase from 40% to 55%. A characteristic configuration wherein
F residues are close to the bilayer is shown in Figure 3.2h. This figure also depicts
Ca?* ions (purple spheres), which are attracted to negative phosphate atoms (beige)
of POPC lipids. We find that on average every four POPC lipids becomes bounded to
one Ca?" ion consistent with other studies [87,88]. This renders the bilayer positively
charged leading it to repel K residues and accounting for fewer K-configurations in
the trajectory. Now, to explain the increased percentage of F-configuration with

decreasing £ in panel f requires noticing that non-polar and charged residues face
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opposite sides of our amphipathic peptides—see Figure 3.1a. Thus, repulsion of K
residues leaves the non-polar side of the peptide facing the bilayer, which accounts
for the increased percentage of F-configurations with decreasing €.

Recent studies have suggested that the binding strength of Ca?* to lipid bilayers
may be overestimated in most force fields [88]. Accordingly, corrections to the Ca?*
force field have been proposed including the electronic continuum correction with
rescaling (ECCR) [99] and the pair-specific non-bound fixed optimized Lennard-Jones
parameters (NBFIX) [100]. Since binding of calcium to the bilayer is critical to explain
effects of this ion on peptide-membrane interactions, we also performed simulations
with the NBFIX force field. It shows that the percentage of peptide-bilayer bound
states in the presence of Ca?* ions modeled with the NBFIX force field is 11%+1.7%.
Thus, the effect of CaCl, in discouraging binding of peptides to the bilayer is robust
in simulations although its magnitude may depend on force field.

Figure 3.3a shows that the effect of the positive amino moiety of POPC lipids
play a lesser role in attracting peptides to the bilayer as it is exposed to the solvent
and, thus, screened by it. In this figure, the average cosine of the angle between the
dipole moment of water and the z-axis is plotted as a function of the z-coordinate
of water. At distances larger than 1 nm, which corresponds to approximately three
layers of water molecules, the average cosine is zero as water molecules do not have a
preferential direction. Close to the bilayer, the net orientation of water molecules is
consistent with their role in screening positive charges on the bilayer, i.e., the average
dipole moment points towards the membrane surface—as shown by red arrows in the
inset of Figure 3.3a. Thus, interactions close the bilayer interface are dominated
by electrostatic interactions between the negative phosphate moiety of POPC lipids
and charged species in the solution. This moiety attracts positive residues of the

peptide as well as cations. This latter renders the membrane positive and leads to

38



a T T T T M T T Z-
0.2} 1~ Lipid:+7"e ad
1= tail |7 £ ]
0.1t 44— . H .
) -
-~ H— — |+
@ 0.0 - -
(&) H -+
'0.1_ Z+_ |+
— " -+
02} 398 4- I
— +_ -
_03 I IJ' T_ I _I 1
6 4 =2 0 2 4 6

Figure 3.3 Screening of positive amino groups by water molecules and burial of non-
polar residues into the bilayer surface. (a) Average cosine of the angle 6 between dipole
moment p of water and z-axis as a function of the z-coordinate of water molecules.
The space occupied by lipid tails as well as positive (blue) and negative (green)
moieties of head groups are shown schematically. The orientation of y with respect
to the bilayer surface is shown in red. (b-e) Burial of non-polar residues (in blue)
into the membrane. Red and yellow colors are used to represent lysine and glutamic
amino acids. These figures correspond to simulations performed for the F-peptide in
the absence of CaCls.

the repulsion of positive residues. In the absence of cations, the negative phosphate
group of POPC attracts positive residues.

Our simulations also show that, when at close proximity to the lipid surface, non-
polar residues can bury themselves into the dry core of bilayer—see inset of Figure 3.1b.
This accounts for strong peptide-bilayer binding which leaves the peptide anchored
onto the membrane surface. A sequence of events leading to hydrophobic burial is
shown in Figure 3.3b-e. Initially, the peptide is attracted to membrane surface via
one of its lysine residue (panel b) followed by the insertion of a non-polar residue

into the lipid bilayer-panel b. The latter residue acts like an anchor keeping the

peptide close to the surface for an extended period of time—panel d. This allows other
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non-polar residues to embed themselves into the bilayer—panel e. Since residues that
are more hydrophobic can penetrate the bilayer more easily, sequences with a higher
hydrophobic character are more prone to bind strongly to the bilayer as shown in

Figure 3.2d.

3.2.2 Anionic bilayer
To further highlight the role of electrostatic interactions in peptide-bilayer binding,
we study effects of anionic lipids in Figure 3.4. In panel a, percentages of binding
events are shown for PC, PGy, and PGg bilayers in the absence (black symbols) and
presence (red symbols) of CaCl,. These quantities were computed from the induction
time of the five simulations performed using the F-peptide. Replacing 10% of POPC
lipids with anionic POPG does not account for a large change in the population
of bound states. However, an increase of almost 10% in the population of bound
states is observed when 30% of POPC lipids are replaced with POPG. Moreover,
in four out of five trajectories, peptides bind strongly to PGy bilayers before 100
ns. For zwitterionic PC bilayer (i.e., Figure 3.2), strong binding was observed in
only three out of five trajectories after 250 ns. This highlights significantly stronger
attraction and binding of peptides to anionic bilayers. To rationalize this effect of
anionic lipids, Figs.3.4b,c show the percentage of frames in which positive (K) and
negative (E) residues are closer to the membrane than any other residues. For PGsy
bilayers (dashed black lines), K and E residues are significantly closer to and far from
the membrane, respectively, when compared to PC bilayers (full black lines). This is
consistent with positive residues being more strongly attracted to negative moieties
of anionic than zwitterionic lipids.

The addition of CaCly to the solution accounts for a strong reduction (by almost
20%) in the percentage of bound states for both zwitterionic and anionic membranes—

see Figure 3.4a. Panel b of this figure shows that the percentage of frames in which
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Figure 3.4 Binding of peptides to anionic bilayers. (a) Percentage of time that the
F-peptide peptide binds to PC, PGy and PGy bilayers. Arrows highlight effects of
anionic lipid (in black) and Ca?* ions (in red). Percentage of frames in our simulations
for which (b) lysine and (c) glutamic acid are closest to the membrane than other
residues at a distance . Changes with respect to our reference simulation (PC bilayer)
is shown by arrows. (d) Characteristic configuration showing Ca?* ions bound to

glutamic acid.

positive K residues are closest to the membrane decreases as & decreases for both
zwitterionic PC (red lines) and anionic PGgp (green lines) bilayers. This implies that,
in the presence of Ca*? ions, K residues are repelled from the membrane. This is due
to the deposition of Ca®" ions to the bilayer (see Figure 3.2h), which accounts for a
membrane surface that has a net positive charge. In our simulations, net charges of PC
and PGsg bilayers due to the deposition of calcium ions are 29e and 13e, respectively.
Surprisingly, panel ¢ shows that, in the presence of Ca?" ions, the percentage of frames
in which negative E residues are closer to the membrane than other residues is not
strongly affected by the distance ¢ for both zwitterionic PC (red line) and anionic
PGjo (green line) membranes. This can be explained by the binding of Ca*" ions
to negative E residues in the solution-see Figure 3.4d. This screens the electrostatic

interaction between E residues and the positive membrane.
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3.2.3 Strong peptide-membrane binding

In the absence of Ca?* ions, the peptide binds the membrane strongly in three and
four of the five simulations performed using zwitterionic (i.e., PC) and anionic (i.e.,
PGjp) bilayers, respectively. Strong binding for these systems is characterized by
the burial of non-polar side chains of the peptide within the hydrophobic tails of
lipids while charged residues remain partially exposed to the solvent. To characterize
this scenario, Figure 3.5a depicts density distributions of non-polar F (in black) and
negative E (in red) side chains computed for configurations where the peptide is
bound strongly to the membrane. Using the maximum in the density distribution of
phosphate atoms as our reference (blue dashed line), this figure shows that F and E
residues are located within the lipid tail and exposed to the solvent, respectively.

A representative configuration depicting strong binding is shown in the inset of

Figure 3.5a.
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Figure 3.5 Density distributions of phenylalanine (black) and glutamic acid (red)
in the (a) absence of CaCly, and (b) presence of CaCl, for configuration in which the
peptide is bound strongly to the bilayer. Characteristic configurations are shown in
the inset with calcium ions being represented in green.

In the presence of Ca?" ions, the peptide did not bind strongly to any of the
simulations performed using PC or PGy, bilayers. However, strong binding was

observed in one of the five simulations performed using PGsq bilayers. We also
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performed simulations in bilayers made from 100% POPG lipids in the presence of
Ca?" ions and strong binding was observed in all five simulations. This type of strong
binding in the presence of calcium is characterized by the formation of two “Ca2"
bridges” between E residues and phosphate moieties of lipid head groups. Density
distributions of F' (in black) and E (in red) side chains are shown in Figure 3.5b. In this
figure, we also show positions of maximum densities of calcium ions (in dashed green)
and phosphate atoms (in dashed blue). These positions coincide indicating strong
binding between these species. Moreover, the distribution of E residues overlaps
partially with distributions of both calcium ions and phosphate atoms suggesting
“Ca®" bridges”. The inset of Figure 3.5b provides an example of strong binding
configuration in the presence of ions.

“Ca?t bridge” between negative E residues and phosphate atoms was also
reported in simulations performed using the AfS protein [79]. In our simulations,
calcium decreased significantly the peptide-membrane binding affinity (see Figure 3.4a),
which is consistent with studies suggesting that Ca?" ions prevent the insertion of
peptides into the bilayer [74]. Importantly, in configurations where the peptide is
bound strongly to the membrane via a “Ca?* bridge, F side chains are exposed to
the solvent—see Figure 3.5b. We speculate that these exposed patches of non-polar

residues could behave as hot spots for attracting peptides and catalysing aggregation.

3.3 Conclusions
In summary, we performed extensive all-atom molecular dynamics simulations to
study the interaction of amphipathic peptides with phospholipid bilayers. We
show that both electrostatic and hydrophobic interactions contribute to binding.
Specifically, positive residues are attracted to negatively charged phosphate moieties
of lipid head groups. Moreover, when at close proximity from the membrane,

hydrophobicity drives the burial of non-polar residues into the bilayer. This
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produces strong binding of peptides to the bilayer. These mechanisms take place
for both zwitterionic and anionic bilayers. For the latter membrane, the electrostatic
attraction of positive residues is more pronounced than for the zwitterionic membrane.
Accordingly, we observe stronger peptide-bilayer binding for anionic membranes
compared to zwitterionic ones. We also show that Ca?t ions are attracted to
phosphate moieties of lipid head groups leaving the membrane with a net positive
charge. This inhibits attraction of positive residues to the bilayer. Accordingly,
the population of peptide-bilayer bound states is significantly less pronounced in
our simulations containing CaCly than in pure water. Strong binding of peptides
to bilayers are also observed in simulations containing calcium but they occur less
frequently than in simulations without calcium. They are driven by a “Ca?" bridge”
between negatively charge residues and phosphate moieties of lipids.

Mechanisms of interaction of antimicrobial peptides with lipid bilayers resemble
those of amyloid peptides [101]. A vast majority of these peptides are cationic and
some of them form a-helices when their positive residues bind phosphate moieties
of lipid head groups. This leaves the non-polar side of the a-helix exposed to the
solvent. Insertion of peptides into the membrane requires flipping the helix to enable
hydrophobic residues to face the bilayer [102]. This membrane binding mechanism for
antimicrobial peptides is very similar to the one outlined in this work for amyloid-like
peptides. In particular, both mechanisms involve electrostatic attraction of peptides
to the membrane surface followed by the insertion of non-polar residues into the
bilayer. This suggests that general principles govern the interaction of peptides to
lipid bilayers independently of amino acid sequence.

Effects of cations are critical to understand interactions of peptides with lipid
bilayers in amyloid diseases. In particular, it has been reported that concentrations
of Ca*" are dysregulated in cells overexpressing amyloids [103], which is expected

to affect the type and magnitude of membrane damage [17]. Our simulations show
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that Ca?" ions reduce significantly the attraction of peptides to the bilayer. This
is consistent with experimental studies which have reported that calcium induces
a shallower insertion of amyloid peptides into the bilayer causing less disruption
of the membrane’s hydrophobic core [7,17,61]. The main explanation of this
phenomena in our simulations is the deposition of calcium into zwitterionic and
anionic bilayers [87,88], which shields the attraction of positive residues to negative
phosphate moieties of lipids. This general electrostatic principle is, therefore, likely
to affect the interaction of other peptide-membrane systems. Accordingly, membrane
permeabilization by some antimicrobial peptides, including alamethicin [104] and
gramicidin [105], is inhibited by calcium. Similarly, a recent study has shown that
the attraction of actin filaments (which are negatively charged) to positive but not
negative membranes is reversed when divalent ions (i.e., Mg?") are added to the
solutions [106]. Furthermore, experimental studies consistently show that calcium
favors Af aggregation in the presence of vesicles [17,61]. Whereas our study does
not address aggregation, we speculate that this effect of calcium can be explained
by the reduced penetration of peptides into the bilayer where, surrounded by other
lipids, they cannot interact with other peptides easily. However, further simulations
are needed to confirm this proposed role of Ca?" in aggregation. Notice that, in
addition to calcium, free-lipids in solution may an also affect aggregation and the

type of membrane damage caused by amyloids [107].
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CHAPTER 4

PEPTIDE-MEMBRANE INTERACTION: AMINO ACID SEQUENCE

The interaction of amphipathic peptides with lipid membranes is related to the
toxicity of amyloid proteins [9,11,108], the antimicrobial properties of certain peptides
[109-111], and the ability of cell penetrating peptides (CPP) to be used in several
biomedical applications including drug delivery systems [112,113]. These peptides
are made of polar residues that interact electrostatically with lipid head groups
and non-polar side chains that become buried inside the dry membrane core via
hydrophobic effects [102,114]. Currently, it remains unknown how the position of
charged and non-polar residues in the sequence affects the interaction of a peptide
with the membrane. This type of knowledge is critical to optimize the design of
peptides as well as to rationalize the broad scope of sequences known to interact with
lipid membranes.

The interaction of peptides with lipid membranes is often study in experiments
where peptides damage vesicles in solutions [20, 21, 63-65, 115]. These studies are
performed by comparing leakage of vesicles varying in their lipid composition as well
as by using different peptides in the presence and absence of cations in solution.
Membranes with a higher content of anionic lipids are found to promote both
amyloid aggregation into fibrils and membrane damage [13,71,82]. This highlights
the importance of electrostatic interactions in attracting peptides to the vicinity
of negatively charged lipids promoting the formation of amyloid fibrils [116-119].
Accordingly, most CPP and antimicrobial peptides are made of positive sequences
with net charge greater than +2. Moreover, increasing the net charge of these
sequences using point mutations increases the antimicrobial activity of these peptides

[116,117]. Consistent with these studies, divalent cations (e.g., calcium) are attracted
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and adsorbed onto lipid membranes [82,87,88,114] . This causes positive moieties of
peptides to be repelled from the positive lipid-calcium complex [114], which accounts
for a significant reduction in pore formation on the membrane surface by amyloid
peptides [7,17,61]. Also, the ability of antimicrobial peptides to damage red blood
cells (i.e., hemolysis) was shown to depend on the position of positively charged
residues in the sequence [118], implying that the sequence pattern can be as important
as the net charge in accounting for peptide-membrane interactions. In addition to
electrostatic interactions, a certain degree of hydrophobicity is also required to enable
the adsorption of peptides onto the membrane surface [78,118,120-125]. However,
increasing and decreasing the hydrophobicity of antimicrobial peptides beyond a given
window was shown to reduce the ability of these peptides to damage lipid membranes.

Despite the important insights obtained from studies of membrane damage, it
is important to highlight that the latter is affected not only by how peptides interact
with lipid bilayers but also by how they interact with each other in the vicinity
of membranes causing damages. Decoupling these effects is important to design
sequences with specific function, e.g., as probes for organelles (e.g., mitochondria)
that need to interact with lipid membrane without causing damages [126]. Computer
simulations can used to study peptide-membrane interactions independently of how
peptides damage the membrane.

Here, we perform a systematic study of the interaction of peptides with
zwitterionic lipid membranes using all-atom molecular dynamics simulations. In
particular, we investigate effects of the net charge, hydrophobicity, and sequence
pattern of the peptide. We find that adding positive and negative residues to
the amphipathic Ac-(FKFE)-NHy peptide increases and decreases, respectively, its
affinity to the membrane. Moreover, the frequency with which a peptide encounters
the membrane is also affected by the position of its positive residues in the peptide

sequence. The latter affects the extend by which positive side chains are exposed
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to the solvent and, thus, can be attracted to the membrane. We find that positive
residues located close to both extremities of a peptide (i.e., C- and N-terminals)
are more exposed to the solvent and, thus, encounter the membrane with a higher
frequency. Peptide adsorption involves burying non-polar residues into the dry core of
lipid bilayer. Accordingly, we find that amphipathic peptides made using non-polar
residues that are highly hydrophobic (i.e., phenylalanine) are adsorbed in all our
simulations as opposed to peptides made using alanine and valine. In the same vein,
we observe that the position of non-polar residues in the peptide sequence affects
its tendency to be adsorbed into the membrane. Sequences with phenylalanine at
the extremity of the peptide sequence have a higher tendency to be adsorbed in our

simulations.

4.1 Model and Simulation Protocols
To study peptide-membrane binding, we use variation of an amphipathic peptide

wherein non-polar (i.e., phenylalanine F) and charged (i.e., positive lysine K

(b)

Figure 4.1 Atomic representation of (a) the reference peptide and (b) a POPC
lipid. (c) Schematic representation of the simulation box and the minimum distance
¢ between peptide and lipid bilayer.
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and negative glutamic acid E) residues alternate along the sequence, i.e., Ac-
(FKFE),-NHy—see Figure 4.1a. This reference peptide was shown to self-assembly
into amyloid-like fibril structures both in computer simulations and experiments
[89, 90, 127]. Moreover, in all-atom simulations, it was shown to bind to lipid
membranes in less than 1 us making it suitable for computational studies [114]. We
study membrane binding of fifteen peptides made by adding positive (K) or negative
(E) amino acids to the N-terminus of the reference sequence or by scrambling the
position of its residues. A comparative study of membrane binding by these peptides
allowed us to provide insights into effects of net charge and position of charged
residues on the peptide sequence. Membrane binding was also study for peptides
where phenylalanine residues of the reference peptide were replaced with valine or
alanine to provide insights into effects of non-polar side chains.

A zwitterionic bilayer made with 64 phosphatidylcholine (POPC) lipids in each
leaflet is used to study membrane binding-see Figure 4.1b. This membrane was
created using CHARMM-GUIT [92,93,128] in a box of initial size 6.6 x 6.6 x 12 nm?.
For each of the 15 peptides studied here, five to eight simulations were performed
by adding the peptide randomly to the simulation box at a distance larger than 2
nm from the membrane. The system was solvated with TIP3P water molecules and
sodium /chloride ions were added to the solution to neutralize charged peptides. These
monovalent ions do not interact strongly with lipids and peptide [87,88], and thus,
their presence does not affect significantly peptide-membrane binding when compared
to divalent ions [114], e.g., Ca®". Figure 4.1c shows a typical simulation box without
water molecules and the minimal distance £ between atoms of the peptide and the
membrane, which is one of the main quantities computed in this study.

Simulations were performed using GROMACS-2020 [129] with the CHARMM36m
force field [95]. Equations of motion were integrated using the leapfrog algorithm

with a 2 fs time step. The Nése-Hoover thermostat (310 K and 7 = 1 ps) [49, 96]
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and the Parrinello-Rahman barostat (1 bar and 7, = 5 ps) [97] were used to perform
simulations in the NPT ensemble. A Verlet-list was used to account for first-neighbors,
wherein the cutoff for van der Waals interactions was set to be 1.2 nm. The Smooth
Particle Mesh Ewald scheme with a grid spacing of 0.12 nm and a real space cutoff

of 1.2 nm was used to treat electrostatic interactions [98].

4.2 Results and Discussion
4.2.1 Peptide-membrane simulation
Figure 4.2a shows the distance £ between atoms of peptide and bilayer in the seven
simulations performed using the reference peptide. In these trajectories, the peptide

experiences several binding and unbinding events as £ increases and decreases. In
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Figure 4.2 (a) The minimum distance £ between atoms of peptides and bilayer in
the seven simulations using the reference peptide. (b) A schematic representation of
adsorbed peptide on membrane with non-polar residues (F) in yellow, positive ones
(K) in blue and negative (E) in red. (c) The distribution of ¢ computed from all
the reversible trajectories of the reference peptide. &.uon is highlighted by a gray
vertical dashed line. (d) The dependence of the binding ratio on 7.¢. Characteristic

conformations of binding frames with peptide in (e) direct contact and (f) remaining
solvated.
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four simulations (labeled 1,2,3, and 6), the peptide becomes adsorbed onto membrane
surface after several hundreds of nanoseconds. In the adsorbed state, non-polar side
chains are buried into the dry core of the bilayer and charged residues are exposed to
the solvent—see panel b. In the time-frame of our simulations, the reference peptide
does not get desorbed.

One of the goals of this study is to provide insights into the attraction of peptides
to the membrane. Thus, a main focus is on the reversible binding-unbinding events
that take place before the peptide get adsorbed. Since life-times of adsorbed and
“reversible” bound states are very different, we distinguish between these states by
tracking the binding-time of ever encounter of the peptide to the membrane. If
this time is longer than a cut-off time 7.4, we consider the peptide to be adsorbed.
Portions of the trajectory in which the peptide is adsorbed are not taken into account
in the analysis. Figure 4.2c shows the distribution of ¢ computed from all the
reversible trajectories of the reference peptide using 7.¢ = 45 ns. This distribution
is characterized by three peaks at positions 0.17, 0.21 and 0.47 nm. In the first
two peaks, the peptide is in direct contact with the bilayer (see panel e) whereas
it remains solvated in the third broad peak—see panel f. Accordingly, we use the
minimum between second and third peaks, i.e., {eutor = 0.325 nm, as a cut-off to
define bound states of the peptide.

A main quantity computed in this study is the fraction of all reversible frames
in which the peptide is found bound to the membrane. This quantity is referred
to as the “binding ratio” of the peptide. The dependence of the latter on 7,4 is
shown in Figure 4.2d. Initially, the binding ratio increases abruptly and it saturates
at 7o ~ 20 ns. For larger values of 7.4, the binding ratio increases in small steps
highlighting the existence of only a small number of binding events that survive for a
long time, i.e., adsorbed states. The comparison of the binding ratio for the different

peptides studied in this work does not depend on the actual choice of 7.¢ except
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Figure 4.3 The dependence of the binding ratio on 7. for (a) charged peptides
and (b) neutral peptides. The reference peptide is shown in both panels.

for two sequences—see Figure 4.3. The latter cases involve a single event where the
peptide remains bound to the membrane for more than 60 ns before detaching from it.
Since our simulations are not long enough to sample these rare long binding events,
binding ratios are computed using 7, = 45 ns. For all the simulated peptides in this
study, the dependence of the “binding ratio” on 7.4 is shown in Figure 4.3. Error bars
correspond to statistical uncertainties estimated by computing the standard deviation
of the binding ratio for (N-1) trajectories where one of the N different simulations

was removed each time during the calculation.

4.2.2 Net peptide charge

In order to study how the net charge of a peptide affects its binding to the membrane,
two or four glutamic acid (E) or lysine (K) amino acids are added to the N-terminal of
the neutral Ac-(FKFE)o-NHs peptide to account for net charges of -4, -2, +2, and +4,
respectively— see Figure 4.4a. These peptides are referred to as E4, Es, Ky, and Ky,
respectively. To compute binding ratios, five 1-us trajectories were generated for Fy,

E,, and Ky peptides. These peptides are mostly disordered in our simulations with
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all residues adopting coil structures consistently. In one of the simulations performed
with the Ky peptide, it formed a transient S-hairpin structure that survived for 0.2
ps. This suggests that the K, peptide can adopt more complex conformations and,
therefore, requires more thorough sampling. We generated eight 1-us simulations for
this peptide such that its average binding ratio changed by only 0.3% when segments
of the trajectories where it adopts S-hairpin conformations are removed from the
analysis. Thus, for all peptides studied in this work, secondary structure formation is
not a factor affecting peptide-membrane binding. Note that because of the finite size
of the simulation box, the shortest peptide (i.e., our reference peptide) can sample
larger distances £ from the membrane compared to E4 and K, peptides. Binding ratios

of the shortest peptides are, therefore, biased towards the unbound state compared
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Figure 4.4 (a) The sequences of peptides Ky, Ky, reference, E; and E4. (b) Binding
ratios of the peptides with respect to their net charge. (c) The percentage ( of
reversible-bound frames wherein the i*" lysine is bound to a lipid. (d) The dependence
of ¢ on the SASAk for each lysine. Characteristic conformations of reversible-bound
(e) K4 and (f) E4, wherein lysines are represented in blue, glutamic acids in red and
phosphate groups in orange.
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to E4 and K. To correct for this finite size effect, only frames for which ¢ < 2.5 nm
(where 2.5 nm is a distance sampled by all peptides) are taken into account when
computing for binding ratios.

Figure 4.4b shows the binding ratios of peptides with net charge varying from
-4 to +4. This quantity increases monotonically with the net peptide charge up
to +2. The binding ratio of K, is slightly lower than for Ky but still higher than
for the neutral reference peptide. This shows that positively charged peptides are
more favorably attracted to lipid bilayers than neutral or negatively charged chains
highlighting the importance of electrostatic interactions in this process. This trend
is independent of our definition of binding ratio given by 7.g—see Figure 4.3. These
results are consistent with previous studies on the reference peptide where negatively
and positively charged side chains were shown to be repelled from and attracted to
lipid membranes, respectively [114].

Figure 4.4c characterizes contributions of each positive residue to membrane
binding by computing the percentage ¢ of reversible-bound frames in the trajectory
wherein the i lysine in the sequence is bound to a lipid. We consider that a lysine
residue is bound to a lipid if the minimal atomic distance between these groups is
less than 0.325 nm-see Figure 4.2c. The index 7 starts with the first lysine residue at
the N-terminal. Figure 4.4c shows that for K, and K, the two lysines close to the
N-terminal bind more frequently to lipids than the other positive residues defined by
indices 3 to 6. For reference and anionic (i.e., Es and E,) peptides, the first lysine in
the sequence binds more and less frequently, respectively, than the second lysine.

To provide insight into the different contributions of lysine residues to membrane-
binding, Figure 4.4d shows the dependence of ¢ on the solvent accessible surface area
SASAk for each individual lysine. There is a clear positive correlation between these
quantities, which shows that lysine residues that are more exposed to the solvent

are also more likely to be attracted to the membrane. Since lysine residues that are
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located closer to one of the extremities of a peptide are expected to have a larger
SASAk, they are also expected to be more attracted to the membrane. This explains
the larger ( for the first lysine residues of Ky, Ks, and the reference peptide. The
lower ¢ of the first lysine residue in anionic peptides (green and purple symbols in
Figure 4.4c can be explained by its closer proximity to negative E side chains. These
oppositely charged residues attract each other to form salt-bridges, which reduces
SASAk. Panels e and f show characteristic configurations of reversible-bound states
for K4 and E4 peptides. In the former, lysine residues that are located closer to the
N-terminal of the K4 peptide are binding to negative phosphate atoms of the bilayer.
In panel f, the lysine residue located closer to the N-terminal of the E4 peptide is
forming salt-bridges with negative glutamic acids and it is the second lysine that is

binding to the membrane.

4.2.3 Peptide sequence

In summary, Figure 4.4 shows that membrane binding is affected by both the net
charge of a peptide and the position of its positive residues in the amino acid sequence.
The latter affects the extend by which positive residues are exposed to the solvent
and, therefore, can interact with negative moieties of lipids. To better understand the
relationship between exposure of positively charged residues and membrane binding,
eight neutral sequences were designed by reordering the amino acids of the reference
peptide. The two lysine residues are separated from each other by at least one residue
for sequences A—E and placed consecutively in the amino acid sequence for peptides F—
H, see Figure 4.5a. In these two sets of peptides, lysine residues are placed at different
distances from the extremity of the peptide. The exposure of positive residues is
quantified by computing the average solvent accessible surface area SASAk of both
lysine residues over all reversible frames in which the peptide is not bound to the

bilayer. This quantity varies from 2.99 nm? to 3.73 nm? and it correlates with the
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position of lysine residues in the peptide sequence. In particular, sequences A, B
and F that have lysine residues located at the extremities of the peptide exhibit the
largest SASAk in our simulations. Conversely, peptides that have lysine residues
located in the middle of the sequence, e.g., peptides E and H, exhibit the lowest
SASAk values—see Figure 4.5b.

The dependence of the binding ratio on SASAk is outlined in Figure 4.5b
using red and blue dashed lines for peptides A-E and F-H, respectively. For these
neutral sequences, the binding ratio increases with SASAk wherein peptides with the
lowest and highest SASAk are found bound to the bilayer 15% and 25% of the time,
respectively. Interestingly, these binding ratio levels are comparable to the ones for
anionic (i.e., peptides Eo and E4) and cationic (Ky and Ky) peptides in Figure 4.5b,
respectively. Thus, adding positive residues to the N-terminal of a given peptide
can have the same effect on membrane binding as increasing its SASAk by moving
existing lysine residues to its extremities. Similarly, adding negative residues to the
N-terminal can have the same effect as reducing its SASAk by placing lysine residues
in the middle of the peptide sequence.

In Figure 4.5b, peptides with the same SASAk have a higher binding ratio
if their lysine residues are found consecutively in the peptide sequence (red dashed
line in Figure 4.5b) as opposed to separated by other residues (blue line). This
can be rationalized by noticing that both lysine residues are more likely to bind
simultaneously to negative phosphate atoms of lipids if they are located close to
each as opposed to separated by several residues. This accounts for bound states
that have a longer life-time and, thus, a higher binding ratio. Evidence of increased
lysine-phosphate binding for sequence F-H is provided by computing the number Np
of phosphate atoms bound to lysine residues. This quantity is shown as numbers
in Figure 4.4b, which are computed by averaging over all frames in the reversible

portions of the trajectories where the peptide is found bound to the membrane, i.e.,
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Figure 4.5 (a) The sequences of peptides A-H. (b) The dependence of binding ratio
on SASAk for peptides A-H. Np for each peptide is shown as a number in (b). (c)
The dependence of ¢ on the SASAk for each lysine. (d) Characteristic conformations
of adsorbed peptides F, G and H.
& < Eeutof- Peptide F binds to twice as many phosphate atoms as peptides D and C
that have similar SASAgk. Similarly, peptide G has a higher Np than peptide E.

Figure 4.5¢ depicts the percentage ( of reversible-bound frames in which first
and second lysine residues are bound to the membrane. In particular, ¢ is shown as
a function of SASAk computed for each lysine residue for peptides A-H. This figure
shows that lysine residues contribute more to the bound state if they have a large
SASAk. For example, lysine residues of peptides A, B, C, and F have a larger SASAk
and ¢ than peptides D, E, G, and H. However, this correlation is not as well defined as
for charged peptides in Figure 4.4d suggesting that other factors, e.g., other residues
of the peptide, also play a role in accounting for bound states.

Out of the five 1-us trajectories performed for each sequence, between 1 and
4 of them ended up with the peptide adsorbed onto the bilayer. Adsorbed states
are stabilized by the burial of their non-polar residue in the dry bilayer core. This

may involve the burial of four, three, or two phenylalanine residues as in the case of
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Table 4.1 Percentage of Trajectories in Which the Peptide Becomes Adsorbed onto
the Membrane

AB C D E F G H

Adso.
(%)

40 40 60 60 80 60 60 20

peptides F, G, and H in Figure 4.5d. A trend can be highlighted from an analysis of the
trajectories in which peptide A-H are adsorbed. In particular, sequences D, E, and G,
which have a phenylalanine residue at one extremity (i.e., the N-terminal), are found
to be adsorbed in at least 60% of the trajectories—see Table 4.1. In contrast, sequences
A, B, C, F, and H with lysine or glutamic acid at their extremities are absorbed in
60% or less of the trajectories—see Table 4.1. This suggests that sequences that have
phenylalaline residues at their extremities are more likely to be adsorbed onto the
membrane. To test this ideas, five additional 1-us simulations were performed with

peptide Ac-FFKKFFEE-NH; which has two phenylalanine residues at the N-terminal.

Ac-lF_FKKFFEIE-NHz | (a)1
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Figure 4.6 Minimal distance ¢ between atoms of Ac-FFKKFFEE-NH, peptides and
the bilayer in five independent trajectories. Characteristic conformations of adsorbed
peptide at (b) 200 ns and (c¢) 700 ns for trajectory number one.
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Figure 4.6a shows the minimal distance of this peptide in the different trajectories.
The peptide becomes adsorbed to the membrane in less than 200 ns after only a few
reversible binding events. The sequences of events leading to adsorption is shown
in panels b-¢ for trajectory number one. At 200 ns (panel b), only the first two
phenylalanine residues are embedded into the membrane. At 700 ns (panel c), all
the four phenylalanine become anchored into the membrane. This corroborates the
trend observed for peptides A-G but it needs to be validated with more trajectories

and more peptide sequences.

4.2.4 Non-polar residues.

The role played by non-polar residues in peptide-membrane binding is investigated
by replacing phenylalanine residues of the reference peptide (i.e., F) with less
hydrophobic valine (i.e., V) and alanine (i.e., A) amino acids. We will refer to
these sequences as F-, V- and A-peptides in this section. The binding ratio of these
peptides computed from five 1-us trajectories (as in previous sections) does not change
significantly. It is 19% for both F- and V-peptides, and 20% for the A-peptide.
This corroborates the idea that the attraction of peptides to the lipid membranes,
which accounts for reversible bound states, is determined by charged residues and not
non-polar amino acids. In contrast, the adsorbed state always involves the insertion
of non-polar side chains into the hydrophobic interior of lipid bilayer. Accordingly,
in four out of the seven trajectories for the F-peptide (see Figure 4.2a), the peptide
becomes adsorbed into the membrane. For the less hydrophobic peptides, adsorption
only takes place in one of the five 1-us trajectories of the V-peptide and in none of the
trajectories for the A-peptide. Thus, more hydrophobic peptides become anchored

into the membrane with a lesser probability to unbind from it.
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4.3 Conclusion

In this chapter, we explored effects of net charge, sequence pattern, and hydropho-
bicity on peptide-membrane binding using extensive all-atom molecular dynamics
simulations. In a typical trajectory, the peptide that is initially located in the solvent
undergoes several binding and unbinding events to the membrane before becoming
adsorbed onto it. We show that the net charge of a peptide and the position
of its charged residues in the sequence play an important role in accounting for
the frequency of binding-unbinding events whereas non-polar residues affect peptide
adsorption.

Our simulations are consistent with a previous study in which the presence of
anionic lipids in the membrane increased the frequency of binding events showing
that charged moieties of the peptide are attracted to negative phosphate atoms of
lipid membranes. Accordingly, we find that adding positive and negative residues to a
peptide increases and decreases, respectively, its affinity to the membrane. Moreover,
the frequency with which a peptide encounters the membrane is affected by the
position of its positive residues in the peptide sequence. The latter affects the extend
by which positive side chains are exposed to the solvent and, thus, can interact with
the membrane. We find that positive residues at a peptide’s extremity (i.e., N- and
C-terminal) are more exposed to the solvent and, thus, encounter the membrane with
a higher frequency. In contrast, positive residues located in the middle of the peptide
sequence tend to be less exposed to the solvent and to bind the lipid bilayer with
lesser frequency.

The adsorption of a peptide to the membrane involves burying its non-polar
residues into the dry core of the lipid bilayer. Accordingly, we find that amphipathic
peptides made using non-polar residues that are less hydrophobic [130] (e.g, alanine
and valine) are adsorbed into the membrane in a smaller number of trajectories than

peptides made with more hydrophobic residues (e.g., phenylalanine). In the same
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vein, we observe that the position of non-polar residues in the peptide sequence affects
its tendency to be adsorbed into the membrane. Sequences with phenylalanine at the
extremity of the peptide sequence have a higher tendency to be adsorbed in our
simulations. The generality of this statement needs, however, to be further validated
for other peptide sequences.

In summary, this current study provides insights into the mechanisms accounting
for peptide-membrane binding and the role played by electrostatic and hydrophobic
interactions in it. We anticipate that these insights will contribute to guide the design
of new cell-penetrating-peptides and more efficient antimicrobial peptides. Moreover,
our results are consistent with previous studies in which electrostatic interactions
between peptide and membrane was altered by either adding divalent cations to
the solution [61,114] or by tuning the lipid composition rendering the membrane
charged [17,19,114]. The latter is intimately liked to the selectivity of certain peptides
for cell membranes with specific lipid composition, which is important in designing

efficient antimicrobial peptides with low toxicity to host cells.
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CHAPTER 5

AMYLOID-INDUCED MEMBRANE DAMAGE

Several amphipathic peptides are toxic and can cause cell death. They comprise
amyloid peptides related to neurodegenerative diseases [9, 11, 108], antimicrobial
peptides that enable organisms to defend themselves against biological threats
[109-111], and artificially designed peptides [112,113]. Extensive studies have been
dedicated to provide insights into the mechanisms accounting for their toxicity, which
include non-specific interactions with the cell membrane. These interactions enable
lipids to be extracted from the bilayer (i.e., detergent-like mechanism of membrane
damage) and ions to permeate the membrane via the formation of pore-like structures
in its surface [68,131-140]. An understanding of the pathways and interactions
required to account for these types of membrane damage is critical to enable the
development of therapeutics for amyloid diseases and to guide the design of novel
antimicrobial peptides [141,142].

Computer simulations have the potential to provide important new atomic
insights into our understanding of membrane damage by amphipathic peptides
[102,139,143]. However, all-atom simulations of peptide aggregation on the membrane
surface and their penetration into the lipid bilayer are computationally demanding.
Accordingly, the spontaneous formation of pores has only been simulated for a-helical
peptides, which retain their secondary structure in the non-polar environment of
the bilayer where inter-peptide hydrogen bonds are more stable than in solution
[143]. These unbiased simulations have been performed at high temperatures wherein
peptides penetrate the bilayer in a time-scale accessible to supercomputers (> 5 us).
The early stages of melittin aggregation has been captured by these simulations

showing that this peptide forms transient pores in the bilayer [144-146]. Attempts to
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simulate the spontaneous formation of pore-like structures by g-sheet peptides have
not been successful so far. For example, low molecular weight oligomers from amyloid
peptides [147-150] as well as S-sheets made from up to eight antimicrobial protegrin-1
peptides [151] did not penetrate the membrane in long all-atom simulations.

Evidence that membrane damage by amyloids and [-hairpin peptides can
involve the formation of pores is provided by atomic force microscopy wherein the
radius of pores is reported to be 1-2 nm [152-154]. Computationally, pore-like
damages are often studied starting with peptides already inserted in the interior of
the membrane to reduce the time-cost to simulate their aggregation and penetration
in the bilayer [18,155-164]. Accordingly, idealized pores from amyloid and S-hairpin
antimicrobial peptides have been shown to be stable in all-atom simulations although
they perturb lipids inside the bilayer [83,151,165-168]. In addition to pore formation,
experimental studies have shown that amyloids and S-hairpin antimicrobial peptides
can also cause damage by removing lipids from the membrane surface [132-135]. This
phenomena has been related to the amphipathic nature of these peptides that can
bind simultaneously non-polar and polar moieties of lipids as well as solvent molecules
[7,17,61,107]. Despite these insights, the sequence of events and the interactions
accounting for both the removal of lipids from the bilayer and poration [169,170] by
amyloids and [S-hairpin peptides remain mostly unknown.

In this chapter, we study membrane damage by a short amphipathic peptide
with sequence alternating between non-polar and charged residues: Ac-(FKFE)y-NHs,.
This peptide self-assembles promptly into amyloid-like fibrils in solution making
it suitable for computational studies [89, 90, 127]. Moreover, it was shown to
bind strongly to lipid bilayers [114]. Here, all-atom simulations are used to
study the sequence of events accounting for the self-assembly of membrane-bound
Ac-(FKFE)o-NH; peptides into 5-sheets that spontaneously penetrate the membrane

to form pore-like structures enabling solvent molecules to permeate the lipid bilayer.
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The spontaneous removal of lipids from model membranes by Ac-(FKFE),-NH,
peptides are also simulated providing one of the first atomic insights into this type of
membrane damage. An analysis of these simulations shows that interactions of lipid
tails with non-polar side chains play an important role in accounting for membrane
damage. They enable lipids to be dragged from the bilayer and contribute to stabilize
pore-like structures.

In our simulations, lipid removal takes place during the interaction of two
membrane bound p-sheets as they emerge out of the membrane to bury their
non-polar residues against each other. In this process, lipids that are strongly bound
to non-polar residues are dragged out of the membrane. During the simulations,
membrane bound pS-sheets become twisted with one of their extremities partially
penetrating the core of the bilayer. This partial penetration allowed peptides
on opposite leaflets to interact and form a long transmembrane (-sheet initiating
poration. The twist in [-sheets also allows water molecules to partially penetrate
the membrane. In simulations where peptides are deposited on a single membrane
leaflet, two S-sheets penetrate the membrane by tilting their polar faces towards these
water molecules from opposite sides. This takes place while their non-polar residues
remain bound to the acyl tail of lipids leading to the formation of pores with diameters
ranging from 1.2 nm to 1.8 nm. Charged and non-polar residues of these -sheets face
the interior and exterior of pores, respectively. We also show that fibril-like structures

do not perturb the membrane significantly in our simulations.

5.1 Model and Simulation Protocols
Molecular Dynamics Simulation. Amphipathic peptides with sequence that
alternates strictly between non-polar (i.e., phenylalanine F) and charged amino
acids (i.e., positive lysine K, and negative glutamic acid E), i.e., Ac-(FKFE),-NHo,

is used to study membrane damage. FExperimental studies have shown that
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this peptide self-assembles into amyloid fibrils forming supramolecular nanotubes
(89,90, 171]. In all-atom simulations, this peptide was also shown to self-assemble
into amyloid-like fibrils and to interact with lipid membranes in a computa-
tionally accessible time-frame [114, 127]. Here, membrane damage is studied
using three anionic membranes made by combining zwitterionic, i.e., 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), with anionic
lipids, i.e., 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1,2-dipalmitoyl-
sn-glycero-3-phosphoglycerol (DPPG), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol
(DMPG). The lipid composition of the three membranes studied here are 7:3
POPC:POPG, 7:3 DPPC:DPPG, and 7:3 DMPC:DMPG. These bilayers differ in the
number of carbon atoms and the number of saturated bonds in their lipid tails, which
is 18:0-16:1 for POPC:POPG, 16:0 for DPPC:DPPG, and 14:0 for DMPC:DMPG.
This accounts for a gel-liquid transition temperature of ~ 268 K, 297.3 K, and 315.6
K, respectively [172-174]. The CHARMM-GUI suite was used to build these anionic
bilayers wherein sodium ions were added to the solution to account for systems with
neutral charge [92,93,128].

Simulations starting with peptides deposited on the membrane surface were
prepared in a step by step approach. In particular, up to three peptides were added
to the solution and a short simulation was carried out until they became deposited
on the membrane surface [114]. These process was repeated until the desired number
of peptides on each membrane surface was attained. During preparation of the
simulation and whenever needed, peptides were deleted from the membrane surface,
e.g., to ensure an equal number of peptides on both membrane leaflet or to ensure
that peptides are only deposited on one membrane leaflet. Simulation were also
performed with a preformed fibrils or tetramers in solution. Table 5.1 provides a

list of all simulations performed in this study. In Table 5.1, asterisk represents that
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Table 5.1 Summary of Simulations Performed in Chapter 5

No. | Protein/quantity | Int. state Bilayer Temp. | Time | Remark
1 Monomer /18 Bound | POPC:POPG | 350 K | 5 us -
2 Monomer/18 Bound | POPC:POPG | 350 K | 5 us | Poration
3 Monomer/18 Bound POPC:POPG | 350 K | 5 pus | Poration
4 Oligomer® /4 Bound POPC:POPG | 320 K | 4 us | Poration
5 Oligomer®/2 Bound* | POPC:POPG | 350 K | 9 us | Lipid loss
6 Oligomer®/3 Bound* | DPPC:DPPG | 350 K | 5 us | Poration
7 Oligomer?/2 Bound* | DMPC:DMPG | 350 K | 1.5 pus | Poration
8 Oligomer? /2 Bound* | DMPC:DMPG | 320 K | 3 us | Poration

9-12 Oligomer©/3 Unbound | POPC:POPG | 350 K | 1 us | Lipid loss
13 Fibril/ /2 Unbound | POPC:POPG | 350 K | 1 us —

14-17 Fibril?/1 Unbound | POPC:POPG | 350 K | 1 us -

proteins are bound to the same leaflet of the bilayer. (a) A trimer, tetramer and
monomer on one leaflet and a hexamer and a tetramer on the other. (b) A dimer and
pentamer. (c¢) Two trimers and a tetramer. (d) A dimer and heptamer. (e) Three
tetramers. (f) Two cross-f structured fibrils consisting 14 peptides and 11 peptides
respectively. (g) A cross-g structured fibril with 10 peptides.

Some of the simulations were performed on our local cluster using GROMACS-
2020 [129] with the CHARMM36m force field and the TIP3P water model [95]. The
leapfrog algorithm was used to integrate the equations of motion with a time step
of 2 fs. Simulations were conducted in the NPT ensemble using the Noése-Hoover
thermostat [48,49] with 77 = 1 ps and the semi-isotropic Parrinello-Rahman [97]
barostat with 7p = 5 ps. The cutoff for van der Waals interactions was set to be 1.2

nm. Electrostatic interactions were treated using the Smooth Particle Mesh Ewald
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scheme with a grid spacing of 0.12 nm and a 1.2 nm real-space cutoff [98]. As shown in
Table 5.1, some of the simulations were executed on the Anton 2 supercomputer [175].

Analysis. The secondary structure of peptides is determined using the STRIDE
algorithm within VMD [176]. In the different trajectories, peptides are found
either in a disordered state (most residues are in the coil state) or as a [-strand
when interacting with other peptides. Fibrils emerge when non-polar residues of
two neighboring (-sheets pack against each other minimizing their exposure to the
solvent—see Figure 5.10. Oligomers are loosely defined in this chapter as the structures
emerging when three $-sheets in solution pack against each other. Non-polar residues
are still largely exposed to the solvent in the latter—see Figure 5.8.

To estimate the pore diameter, we calculated the average number of water
molecules inside a 1 nm height probe inside the pore. Then, assuming the probe to be
a cylinder, its diameter was calculated using a radius of 0.14 nm for water molecules.
Angles © and x were computed using in-house Python codes using MDTraj package.

The deuterium order parameters were computed using the GROMACS suite.

5.2 Results and Discussion

5.2.1 Pore-like membrane damage

Peptides deposited on both membrane leaflets. Three 5 us-simulations were
performed with eighteen (18) peptides randomly deposited on both leaflets of a 7:3
POPC:POPG bilayer made with 128 lipids. A temperature of 350 K was used to
accelerate diffusion enabling the formation of small size -sheets within a time-frame
of ~3 pus. In two of the three simulations performed here, 3-sheets interacted with each
other leading to the formation of a pore in the lipid membrane. This phenomena is
characterized in Figure 5.1 for one of the simulations. In this figure, panel a shows the
number N, of water molecules in the space between the two leaflets. This quantity is

mostly zero in the beginning of the simulation and it increases abruptly close to 3.4 us
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when poration takes place. The inset of this panel shows water molecules permeating
the membrane at the end of the simulation. Panel b quantifies peptide aggregation by
showing the number of backbone hydrogen bonds as a function of time. This quantity
increases as peptides encounter each other on the membrane surface forming small
size (-sheets [127,177,178]. Panels e-g illustrate this aggregation process through
snapshots of peptides on upper (top panels) and lower (bottom panels) leaflets at
different instances of time. Panel e depicts isolated peptides and dimers at the
beginning of the simulation. At 1.7 us (panel f), aggregation leads to the formation
of trimers and tetramers on both membrane leaflets. At ~ 2.9 pus, the number of
hydrogen bonds saturates (see panel b) and the larger aggregates that have formed are
hexamer and tetramer on one leaflet, and tetramer and dimer on the other—see panel
g. The formation of tetramers or larger [-sheets preceded poration in all simulations
where this phenomena took place.

Panel ¢ shows the position of the center-of-mass (COM) of the different 3-sheets
along the direction normal to the membrane surface, i.e., z-axis. In this panel, the
position of maximum density of POPC phosphate atoms is also shown as a reference.
Peptides remain on the surface of the bilayer until very close to poration when
hexamer (in orange) and tetramer (in blue) on bottom and top leaflets, respectively,
penetrate the membrane. Penetration takes places within the short time-window (i.e.,
~ 0.2 us) highlighted by the shaded area in Figure 5.1. subsequently, tetramer (in
red) and monomers (in green) penetrate the bilayer from bottom and upper leaflets,
respectively. Poration starts when some of the atoms of $-sheets that are on opposite
leaflets (i.e., hexamer and tetramer) hover on top of each other—see panel h. These
atoms are the first to penetrate the membrane causing [-sheets to twist—see panel
h-i. This enables peptides on opposite leaflets to interact with each other half way
along the bilayer cross-section to create a long transmembrane [-sheet made of ten

peptides—see panel j. The latter accounts for half of the surface of a cylindrical pore
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Figure 5.1 Spontaneous formation of pores starting with peptides on both
membrane leaflets. (a) Number Ny, of water molecules in the dry core of the bilayer
(red dots) and its 100 point moving average (black line). The inset highlights water
permeation at 3.78 ws. (b) Number Npp of inter-backbone hydrogen bonds.(c)
z-position of the COM of the different [-sheets and POPC phosphate atoms. (d)
Order parameter |Scy| computed for the methylene group of the sixth carbon atoms
of POPC/POPG acyl chains. The red dashed line corresponds to the reference
|Scr| computed for a bilayer simulated without peptides. (e-j) Visual representation
of peptides (in blue) on the bilayer at different time. For panels e-g, upper and
lower snapshots correspond to views of top and bottom leaflets of the bilayer. For
panels h-j, upper and lower snapshots correspond to views of the cross-section and
top leaflet of the bilayer. For the latter panels, a-carbon atoms of phenylalanine
residues are represented by orange beads. (k) Definition of the angle © used to define
IScr|. (1) Dependence of © on the minimal distance & of lipids to peptides. Visual
representations of lipid when [-sheets are (m) deposited on the membrane and (n)
forming pores.
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inside the membrane. The other half of the cylindrical pore is formed by the tetramer
from the bottom leaflet. Peptides forming the cylinder have non-polar and charged
side chains facing its exterior and interior, respectively [141]. Moreover, the diameter
of the cross-section of the pore that is available to the solvent is approximately 1.77
nm.

Notice that the spontaneous formation of a stable pore implies that the assembly
of B-sheets in a cylindrical structure inside the bilayer is more favorable energetically
than having individual -sheets dispersed on the membrane surface. We hypothesize
that a reduction in the distortions of acyl tail of lipids contribute to favor these
pore-like assemblies of $-sheets. This is investigated in panel d where the magnitude
of the deuterium order parameter is shown as a function of time. This quantity
is defined as |Scy| = <|3C"52%|>, where © is the angle between carbon-hydrogen
bonds of methylene groups and the bilayer normal [179,180]-see panel k. For clarity,

panel d shows |Scpy| computed for the methylene group of the sixth POPC carbon

atom averaged over all lipids in the simulation box and all conformations within a
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Figure 5.2 Results of the simulation No.3. (a) Number of water molecules (100
point moving average) penetrating the dry core of the bilayer. (b) Deuterium order
parameter |Scp| of the sixth acyl carbon atom. The yellow rectangle highlights
the timeframe during which peptides penetrate the bilayer to form pores. Visual
representation of S-sheets (in blue) on the bilayer at (c) 0 us and (d) 4.2 us. Top and
bottom views of the bilayer are shown in left and right panels, respectively.
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time-frame of 0.1 us. Errors were estimated using block average, wherein the 0.1 us
trajectory were divided into blocks spanning 0.02 us in time. As reference, [Scy]
computed for a 7:3 POPC:POPG bilayer simulated without peptides is shown as a
red dotted line in panel d. Before pore formation, |Scg| deviates significantly from
the reference bilayer suggesting strong distortions in lipid tails. The formation of a
pore leads to a reduction in these distortions as |S¢ | approaches the reference value.
Order parameters for other methylene groups of POPC (not shown here) exhibit a
similar abrupt change in |[Scy| when a pore is formed.

Panel [ provides insights into lipid tail conformations by depicting the average
angle © of lipids as a function of their minimal distance & from peptides. This
distance is computed between phosphate atoms of lipid head groups and C, atoms of
peptides. Red and blue lines correspond to © computed just before (2.9-3.0 us) and
just after (3.1-3.2 us) pore formation, respectively. This panel shows that close to
peptides (highlighted by the gray area in the figure) lipid tails are more parallel
to the membrane surface (i.e., © is smaller) before compared to after poration.
This can be explained by favorable interactions between atoms of lipid tails and
non-polar side chains. These interactions, which hold peptides anchored on the
membrane surface [114,181], also induce distortions in the lipid tail as depicted in
panel m. The latter panel highlights selected lipids that are close to [-sheets before
poration. Notice that acyl tails of those lipids are almost parallel to the membrane
surface filling the void in the bilayer beneath [-sheets [182] and maximizing their
interactions with phenylalanine side chains. Panel n highlights lipids that are close to
the cylindrical pore. Hydrophobic tails of those lipids are oriented perpendicularly to
the membrane surface maximizing their interactions with phenylalanine side chains
of pore structures.

In addition to Figure 5.1, results from an independent 5 us simulation performed

at 350 K and starting with 18 peptides deposited on both membrane leaflets of a 7:3
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POPC:POPG bilayer are shown in Figure 5.2. Also, in an attempt to study poration
at a lower temperature, we reduced the temperature of the trajectory shown in
Figure 5.1 to 320 K when it reached 2.5 us, i.e., ~1 us before poration. At this instant,
monomers had already aggregated into small §-sheets without penetrating into the
bilayer. This system was simulated for 4 ps as shown in Figure 5.3. Both of these
additional simulations are characterized by large distortions in the orientation of lipid
tails due to the presence of 5-sheets on the membrane surface. These distortions are
significantly reduced during pore formation. Moreover, in these simulations, poration
started with peptides on opposite leaflets penetrating the bilayer to interact with
each other, which is consistent with results from Figure 5.1. Notice that there is
increasing evidence that the AS peptide related to Alzheimer’s disease can be found
both in the intra-cellular as well as in the extra-cellular space [183-185]. This may
give rise to a scenario where poration emerges from the interaction of peptides on
opposite leaflets of the bilayer as shown in Figure 5.1. However, in vitro studies have
also reported pore formation from peptides on just one leaflet of the bilayer. This

situation is studied below.
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Figure 5.3 Pore formation at 320 K. (a) Number of water molecules (100 point
moving average) penetrating the dry core of the bilayer. (b) Order parameter of the
sixth acyl carbon atom. The yellow rectangle highlights the timeframe during which
peptides penetrate the bilayer to form pores. Visual representation of S-sheets (in
blue) on the bilayer at (c) 0 us and (d) 3.0 ps. Left and right panels correspond to
top and bottom views of the bilayer, respectively.
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[b-sheets deposited on just one membrane leaflet. Poration was observed
in a simulation where two trimers and one tetramer were deposited on the same leaflet
of a 7:3 DPPC:DPPG bilayer at 350 K. In this simulation, the tetramer and one of the
trimers interacted to form a heptamer at 1 us. This was followed by poration at 4.2
s when interactions between heptamer and the remaining trimer on the membrane
led to the formation of a cylinder inside the bilayer. These events are characterized in
Figure 5.4 where panel a shows the z-coordinate of the COM of the different -sheets,
and panels b-d depicts the angle y formed between the surface of -sheets and the
membrane surface—see schematic representation in Figure 5.4f. In panels b-d, the
angle © characterizing the orientation of lipid tails (see definition in Figure 5.1k) in
the vicinity of these sheets is also shown. We considered a lipid to be in the vicinity
of a f-sheet if the minimum atomic distance of their tails to phenylalanine residues
is smaller than 0.5 nm.

Heptamer formation and poration account for large changes in y, O, and the
z-coordinate of the [-sheets involved in these phenomena as highlighted by green
and orange areas in Figure 5.4a-d, respectively. Heptamer formation starts with
the interaction between phenylalanine side chains at the edges of the tetramer
and one of the trimers as depicted in panel g. These (-sheets partially emerge
out of the membrane surface enabling their non-polar faces to pack against each
other to maximize favorable interactions between phenylalanine residues—see panel g.
Accordingly, the z-coordinate of the COM of these [-sheets within the highlighted
green area in panel a emerges out of the bilayer boundary given by phosphate atoms.
This is characterized by an increase in y in panels c¢,d. These S-sheet conformations
remain stable for more than 0.5 us (see green area) after which trimer and tetramer
approach each other in an orientation that allows their backbone atoms to hydrogen
bond—see panel h. This accounts for the formation of a stable [-sheet made from

seven peptides in panel i. Until poration takes place, this larger [-sheet remains
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Figure 5.4 Pore formation by [-sheets deposited on one of the membrane leaflets.
(a) z-coordinate of the COM of the different S-sheets and DPPC phosphate atoms
(in black). Time dependence of © (in red) and x (in blue) computed for (b) trimer
1, (c) trimer 2, and (d) tetramer. (e) Solvent accessible surface area of non-polar
moieties (i.e., SASAxp) of both peptides and lipids. Average values of SASAxp
computed before and after poration are shown using black dashed lines. (f) Schematic
representation of the angle y for two [-sheets represented in blue. (g-1) Visual
representations of [-sheets on the membrane surface at times. A view from the
top of the membrane is provided for all time-frames. A cross-section view of the
membrane is also shown in panels g and j-1. S-sheets are represented using the same
color code as in panel a. Atoms of phenylalanine side chains are represented using
a van der Waals representation. Only water molecules that penetrate deeply within
the bilayer are shown in panels j-1.

twisted with one of its extremities being mostly parallel to the membrane surface
(i.e., x ~ 15° in panel d) and the other extremity being tilted (i.e., x ~ 40° in panel
c¢). This correlates with the orientation of lipid tails which are more parallel to the

membrane surface (i.e., © ~ 40° in panel d) around the former [-sheet extremity
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Figure 5.5 Results of simulation 7 in Table 5.1. (a) Number of water molecules (100
point moving average) penetrating the dry core of the bilayer. (b) Order parameter of
the sixth acyl carbon atom. (c) Angle © computed for the two parts of the heptamer.
The yellow rectangle highlights the time frame during which peptides penetrate the
bilayer to form pores. Visual representation of S-sheets (in blue) on the bilayer at (d)
0 us and (e) 1.4 us. Upper and lower panels corresponds to the top and cross-section
views of the bilayer.
than around the latter extremity (i.e., © ~ 50° in panel ¢). As in Figure 5.1, this
correlation can be related to interactions between non-polar side chains and lipid tails.
Poration is preceded by the partial penetration of water molecules, which are
attracted to the charged face of [-sheets, inside the membrane. As illustrated in
panel j, this penetration is pronounced around the twisted extremity of the heptamer
(i.e., red f-sheet) when it interacts with the remaining trimer (blue S-sheet) on the
membrane. This causes polar faces of S-sheets to wrap themselves around these water

molecules to reduce the accessibility of non-polar groups of the bilayer to the solvent

as shown in panels k1. Accordingly, the solvent accessible surface area (SASAyp)
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of non-polar groups decreases during poration as shown in panel e. This minimizes
unfavorable interactions of water with non-polar lipid tails inside the membrane and
it contributes to stabilize the cylindrical pore structure.

In summary, small size oligomers on the membrane surface can interact with
each other via the formation of contacts between non-polar side chains. This can
trigger [-sheets to bury their non-polar side chains against each leading them to
partially emerge from the membrane surface—see panel g. Alternatively, backbone
atoms of [-sheets that are brought close to each other may form hydrogen bonds
accounting for a longer [-sheet—see panel h-i. The latter becomes twisted on the
membrane wherein one of its extremities remains parallel to the surface and the
other penetrates the membrane—see panel j. Together with the latter extremity, water
molecules, which are attracted to polar faces of -sheets, partially penetrate inside
the membrane surface—see panel j. This unfavorable presence of water inside the
bilayer is minimized by tilting the polar face of [-sheets towards the axis where
solvent molecules are located—panel k. This, combined with a reduction in lipid
tail distortions accounts for the formation and stabilization of pore-like structures
enabling water molecules to permeate membranes. The diameter of the cross-section
of the cylindrical pore available to the solvent in panel 1 is approximately 1.24 nm.

In addition to Figure 5.4, poration from just one membrane leaflet was also
simulated using a 7:3 DMPC:DMPG bilayer at 350 K and 320 K—see Figs. 5.5 and
5.6. This phenomena required only 3 us to take place in this thinner bilayer compared
to the DPPC:DPPG membrane shown in Figure 5.4. In both of these simulations,
poration accounted for a significant reduction in lipid tail distortions, and, before
poration, [-sheets were twisted. This is consistent with results from Figure 5.4.
Simulations starting with -sheets on just one membrane leaflet were also performed
using a 7:3 POPC:POPG bilayer at 350 K. This simulation did, however, not form a

pore even after 9 us and it is discussed in the next section.
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Figure 5.6 Results of simulation 8 in Table 5.1. (a) Number of water molecules (100
point moving average) penetrating the dry core of the bilayer. (b) Order parameter of
the sixth acyl carbon atom. (c) Angle © computed for the two parts of the heptamer.
The yellow rectangle highlights the timeframe during which peptides penetrate the
bilayer to form pores. Visual representation of S-sheets (in blue) on the bilayer at (d)
0 pus and (e) 2 ps. Upper and lower corresponds to the top and cross-section views of
the bilayer.

5.2.2 Detergent-like damage

Figure 5.7 characterizes the trajectory of a 9 us simulation wherein hexamer and
pentamer [-sheets are deposited on one leaflet of a 7:3 POPC:POPG bilayer at 350
K. In this simulation, hexamer and pentamer do not penetrate the bilayer nor do they
hydrogen bond with each other to form a larger S-sheet. Instead, these oligomers
partially emerge out of the lipid bilayer at three occasions similarly to the events
preceding heptamer formation in Figure 5.4. These attempts to leave the membrane

are highlighted by green shaded areas in Figure 5.7a where z-coordinates of the

COM of hexamer and pentamer are found outside the region delimited by phosphate
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atoms on both leaflets. Panel b depicts the minimum distance between hexamer
and pentamer. It shows that attempts of S-sheets to emerge out of the bilayer only
take place when they are interacting with each other, i.e., their distance is minimal.
As in the case of heptamer formation in Figure 5.4, the force driving these events
is the packing of phenylalanine side chains of different [-sheets against each other.
These interactions are maximized when non-polar faces of hexamer and pentamer
are buried against each other instead of facing the dry core of the bilayer. Packing
of phenylalanine side chains is quantified in panel ¢ where the solvent accessible
surface area of phenylalanine side chains (SASAF) is computed assuming that there

is no lipids in the solutions. As hexamer and pentamer emerge out of the lipid
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Figure 5.7 Detergent-like damage starting with [-sheets deposited on the
membrane surface. (a) z-coordinate of the COM of §-sheets and POPC phosphate
atoms. (b) Minimal distance between the hexamer and pentamer. The three shaded
areas in panels a-c highlight regions in which g-sheets emerge out of the membrane
surface. (c) Solvent accessible surface area (SASAp) of phenylalanine side chains
assuming that there is no lipids in the solutions. (d-f) Visual representation of
[-sheets (in blue) on the bilayer at (d) 1.96 us, (e) 2.37 us and (f) 3.26 us. Atoms of
phenylalanine side chains are highlighted using a van der Waals representation. Left
and right panels correspond to top and cross-section views of the bilayer. A selected
lipid emerging out of the membrane is highlighted in panel f.
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membrane, phenylalanine side chains become buried against each other and SASAg
decreases. Conversely, SASAp is maximum when these [3-sheets are deposited flat on
the membrane.

Selected conformations of S-sheets as they emerge out the membrane are shown
in panels d-f. These events take place when phenylalanine side chains at the edge of
hexamer and pentamer interact with each other. During the first attempt to emerge
out of the membrane, only a few side chains are interacting with each other—see panel
d. During the second attempt, edges of hexamer and pentamer are better aligned
enabling more phenylalanine side chains to interact-see panel e. These interactions
are optimized in the third attempt to emerge out of the membrane—see panel f.
Accordingly, the magnitude of SASAF in panel ¢ drops to its lowest value in third,
followed by second, and first attempts to leave the membrane. This accounts for
the greater stability of the third event that survives for almost 2 us whereas second
and first events last for slightly more and less than 1 us, respectively. In the third
attempt to emerge out of the membrane, a lipid trapped in between hexamer and
pentamer emerges out of the membrane—see panel f. In this configuration, lipid head
and tails are exposed to the solvent and buried in between non-polar faces of 3-sheets,
respectively. This illustrates how the amphipathic nature of S-sheets can behave as
a “detergent” removing lipids from the core of the bilayer.

The removal of lipids from the bilayer can also take place starting with -sheets
in the solution. This is illustrated in Figure 5.8 for a simulation performed with
three tetramers initially located randomly in the solution—see panel d. Hydrophobic
interactions between phenylalanine side chains drive tetramers towards each other
enabling the formation of the trilobal structure in panel e. This is followed closely
by the interaction of this aggregate with the 7:3 POPC:POPG membrane depicted

in panel f. Favorable interactions between lipid tails and phenylalanine side chains
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Figure 5.8 (a) Solvent accessible surface area of lipid tail atoms, i.e., SASA¢,
assuming peptides are not in the simulation box. (b) Angle © computed for lipids
that are in the vicinity of [-sheets. (c¢) Number of lipid tail carbon atoms with
z-coordinate outside the boundary given by the average position of nitrogen atoms of
lipid head groups of upper and lower leaflets. (d-h) Visual representations of S-sheets
on the lipid bilayer at different time intervals. A lipid emerging out of the bilayer is
highlighted in panels g-h. Panel i highlights this lipid by hiding the trilobal structure.
stabilize the trilobal structure onto the surface of the bilayer wherein lipid tail atoms
are attracted to the dry core of the trilobal structure.

To provide insights into the integrity of the membrane, Figure 5.8a shows
contributions of lipid tail atoms to the solvent accessible surface area (SASAta)
of the bilayer in the absence of peptides. This quantity is a minimum when the
bilayer is unperturbed with all lipid tails packed in the dry membrane core, and it
increases when lipid tails become exposed at the bilayer surface. As a reference, we
show results for a simulation performed without tetramers (see red line) wherein
SASA..; fluctuates around 35 nm? during the whole simulation. Before binding
of the trilobal structure to the membrane surface, SASA,; also fluctuates around

2

35 nm~. However, this quantity increases abruptly at ~ 0.4 us when the trilobal

structure anchors onto the membrane causing lipid tails to become exposed at the

80



membrane-protein interface. This exposure can be quantified by computing the angle
O (defined in Figure 5.1k), which characterizes the orientation of lipid tails that are
in the vicinity of the trilobal structure. As in Figure 5.4b-d, we consider a lipid to
be in the vicinity of a §-sheet if the minimum atomic distance of their lipid tails to
phenylalanine residues is smaller than the cut-off distance of 0.5 nm-see black line
in panel b. Since there are no lipids in the vicinity of (-sheets in the beginning of
the simulation (i.e., <0.4 us), © was estimated using the larger cut-off distance of
3.0 nm-see blue line in panel b. Using the latter definition, © fluctuates around 50°,
which is consistent with the orientation of lipid tails away from pore structures in
Figure 5.1j, where damage is minimal. As soon as the trilobal structure binds to the
membrane (see blue shaded area in Figure 5.4a-c), the value of © drops abruptly to
approximately 40°. This highlights the tendency of lipid tails to become more parallel
to the membrane surface close to the trilobal structure as illustrated in panel g.

Close to the end of the simulation (shaded green area in Figure 5.8a-c), some
lipids are almost completely removed from the membrane surface wherein their
interactions with phenylalanine side chains are maximized—see panels h-i. As in
Figure 5.7f, this highlights the potential of amphipathic S-sheets to dismantle the
membrane via a detergent-like mechanisms where lipids are dragged out of the bilayer.
This is quantified in Figure 5.8c by computing the number of lipid tails carbon atoms
N¢, with z-coordinate outside the boundary given by nitrogen atoms of lipid head
groups of upper and lower leaflets. Panel ¢ shows that a small number of lipid tail
atoms emerge out of the membrane soon after the trilobal structure starts interacting
with the bilayer. This number increases abruptly close to the end of the simulations
characterizing the removal of lipids as depicted in panels h-i.

Note that a trilobal structure was formed in the four trajectories we generated
with three tetramers in the solution. In all of these trajectories, the interactions of the

trilobal structure with the membrane accounted for lipid removal. This is illustrated

81



(c)
80t

a0} |
.HLLJLK 1 b :

0 02 04 06 08
Time [us]

Figure 5.9 The number of carbon atoms in lipid tails that are removed from the
bilayer interior computed for simulations (a) 9, (b) 10, and (c) 11 in Table 5.1. Visual
presentations of S-sheets (in blue) on the bilayer with removed lipids highlighted by
a van der Waals representation at times(d) 0.93 us, (e) 0.99 us, and (f) 0.45 ps. The
corresponding times of the visual presentations are marked by green vertical dashed
lines in panels a-c.

for another trajectory in Figure 5.9. It highlights the robustness of the detergent-like
mechanism of membrane damage by amyloid-like peptides, which has been reported

experimentally for different amyloid proteins. [17,61,132]

5.2.3 Fibrils are less toxic

Figure 5.10 characterizes the interaction of a small fibril with a 7:3 POPC:POPG
bilayer at 350 K. The fibril is assembled by packing non-polar faces of two anti-parallel
[-sheets made from five Ac—(FKFE),—NH; peptides each. Panel a shows the time
evolution of the minimum distance between fibril and bilayer. The fibril undergoes
several binding-unbinding events during the first 0.4 us after which it remains bound

to the bilayer surface until very close to the end of the simulation when it becomes
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detached. Panel b shows contributions of lipid tails to the solvent accessible surface
area of the bilayer in the absence of the fibril, i.e., SASA.;1. As a comparison,
SASA¢. is also shown for both a bilayer unperturbed by peptides (in red) and the
bilayer interacting with the trilobal structure in Figure 5.8 (in blue). This figure
shows that interactions of the fibril with the bilayer increases the exposure of lipid
tails when compared to simulations performed without peptides. This exposure is,
however, significantly lower than the one caused by the trilobal structure. Panel c
depicts the average angle © of lipids tail in the vicinity of the fibril (in black) and the
trilobal structure (in blue). As in Figure 5.8, a lipid is considered to be in the vicinity

of fibril if the minimum atomic distance of its acyl tails to phenylalanine residues is
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Figure 5.10 (a) Minimal distance { between atoms of the fibril and the bilayer. (b)
Contribution of lipid tail atoms to the solvent accessible surface area of the bilayer
(i.e., SASAy,;) assuming that peptides are not in the simulation box. Black, blue,
and red lines are for simulations performed with a fibril in the solution, the trilobal
structure of Figure 5.8, and no peptides. (c¢) Average angle © of lipids that are in the
vicinity of a fibril (in black) or of the trilobal structure of Figure 5.8 (in blue). (d)
The number of phenylalanine side chain atoms that are at a distance smaller than 0.5
nm from lipid tails. Black and blue lines are for simulations performed with a fibril
and trilobal structure, respectively. (e-h) Visual representations of fibril and bilayer
at different instants of time. A van der Waals representation is used for phenylalanine
side chain.

(=]
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smaller than the cut-off distance of 0.5 nm. A larger cut-off distance of 3.0 nm is used
in the beginning of the simulation when the fibril is not in contact with the bilayer.
This panel shows that interactions of the fibril or the trilobal structure with the bilayer
account for a reduction in © as the acyl tail of lipids become more distorted. The latter
distortions are, however, less pronounced around the fibril than around the trilobal
structure. These differences can be related to less pronounced interactions between
phenyalanine side chains and the lipid bilayer. Accordingly, panel g and Figure 5.8f
depict two and at least four phenylalanine side chains deeply buried inside the bilayer
for fibril and trilobal structure, respectively. This is quantified in panel d where the
number of phenylalanine side chain atoms that are at a distance smaller than 0.5 nm
from any lipid tail is shown. These numbers are higher for the trilobal structure than
for the fibril. Thus, although our simulations cannot assert that fibrils are non-toxic
due to the limited simulation time, it disrupts the membrane less significantly than
oligomers/trilobal structures. At the end of the simulation (i.e., panel h) the fibril

detaches itself from the membrane.

5.3 Conclusion
The atomic details of how amyloids and [-hairpin peptides interact with lipid
membranes causing damage remains unclear. This knowledge is critical to develop
new treatments for amyloid diseases as well as to rationally design antimicrobial
peptides. Here, we performed one of the first all-atom simulations in which
membrane-bound peptides self-assemble into (-sheets that subsequently either form
pores on the membrane surface or drag lipids out of the bilayer core. An analysis
of these simulations shows that these mechanisms of membrane damage are strongly
affected by interactions between non-polar side chains and the acyl tail of lipids,
which hold peptides anchored onto the membrane surface [114]. These strong

interactions enable lipids to be dragged out of the bilayer by oligomeric structures in
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a detergent-like manner. They also account for distortions in the orientation of lipid
tails that are minimized when pores are formed.

In our simulations, membrane damage took place as a result of the interaction
between two [-sheets. In detergent-like damages, two (3-sheets emerge out of the
membrane to bury their non-polar residues against each other. In this process,
lipid tails that are strongly bound to non-polar residues are also dragged out of
the membrane. In pore-like damages, two [3-sheets penetrate the membrane while
maintaining their non-polar residues buried against the dry core of the bilayer. Each
[-sheet accounts for half of the cylindrical surface of pores that have diameters ranging
from 1.2 nm to 1.8 nm in our simulations. Notice that non-polar residues are buried
in the dry core of fibrils and, thus, these structures did not perturb lipid membranes
in a significant manner in our simulations.

In simulations, membrane-bound S-sheets become twisted with one of their
extremities partially penetrating the lipid bilayer. This allows peptides on opposite
leaflets to interact and form long transmembrane [-sheets that initiate poration. The
twist of J-sheets also allows water molecules to partially penetrate the membrane.
In simulations where peptides are deposited on a single leaflet, S-sheets penetrate
the membrane by tilting their polar faces towards these partially penetrating water
molecules while keeping non-polar residues buried against acyl-tails of lipids.

The mechanistic insights brought up by this study were obtained from an
analysis of several simulations (a total of ~ 40 us) performed at two temperatures (320
K or 350 K), using three anionic membranes, and different numbers of peptides on
the membrane/solution. The results obtained from this study are, therefore, robust
but their scope needs to be tested for other peptide sequences. We also believe
that important new insights will be obtained by simulating membrane damage using
different lipid compositions, which has been shown to affect the onset of amyloid

diseases [9,13,15,19,60, 186].
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Conclusion

In this dissertation, we addressed three major problems related to the amyloid-
membrane interactions using molecular dynamics simulations. First, we studied
binding mechanisms of amyloid-like peptides to lipid membrane and effects of lipid
composition and divalent cations. Understanding the driving force of peptide-
membrane attraction and the factor that affect this interaction give important
insights into the pathogenesis of amyloid diseases including Alzheimer’s. Second,
we investigated a set of amphipathic peptides with varying net charge, amino acid
order and hydrophobicity. These peptides exhibits discrepant binding affinity to
lipid membrane, which is important to determine the toxic segment of amyloid
protein. This study also sheds light to the design of antimicrobial peptides that
enable organisms to defend themselves against biological threats. Third, we studied
membrane damage induced by amyloid peptides. This knowledge is critical to
understand the cell toxicity of amyloid proteins. To address these problems, we
performed all atom molecular dynamics simulations with explicit water model.

In Chapter 3 of this dissertation, we studied binding mechanisms of peptides
to lipid bilayers and effects of lipid composition and ions. We performed simulations
using individual peptides with alternating polar and non-polar residues. We employed
a water box with a large size in the z-direction allowing the peptide move freely in
the solution. The simulations show that the peptide can bind to the lipid bilayer with
two modes, in which it binds to the head groups of the bilayer for a short period of
time, i.e., reversible binding, and anchors to the bilayer with non-polar side chains

buried in the dry core of the bilayer for a long term, i.e., strong binding. The reversible
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binding frames allow us to represent their binding strength quantitatively. Our results
show that the presence of Ca?" can significantly resist peptide from binding to the
bilayer, whereas the addition of anionic lipids into the bilayer can enhance the binding
strength. These results imply that the peptide binds to the bilayer through the
attraction between positive side chains of peptide and negative moieties of lipid head
groups for the reason that the binding of Ca%* to the bilayer makes it positively
charged, whereas the addition of anionic lipids derives a negative bilayer. The latter
was validated by tracking the type of residues that are closest to the membrane at
different distance. This study indicates the importance of positive charge in the
peptide sequences regarding the peptide-membrane attraction.

In addition, we explored another important factor, i.e., amino acid sequence,
that can impact the binding of peptide to lipid membrane in Chapter 4. The
results of our simulations on a series of peptide sequences with varying net charge
show that their affinity to the lipid bilayer exhibit significant discrepancy, wherein
positive peptides are favored in contrast to negatively charged ones. This observation
highlights the importance of positive charges in the binding of peptides to lipid
membrane. As such, we studied a series of neutral peptides with the same number of
positive, negative, and non-polar residues, in which the position of positive residues
vary from the extremities to the middle of the peptide. The results show that the
latter affects the extend by which positive side chains are exposed to the solvent.
We find that peptides with positive residues located at their extremities are more
exposed to the solvent and, thus, encounter the membrane with higher frequency. On
the other hand, the adsorption of a peptide to the membrane involves burying its
non-polar side chains into the dry core of the lipid bilayer. Accordingly, we find that
amphipathic peptides made with non-polar residues that are less hydrophobic are
adsorbed into the membrane in a smaller number of trajectories than peptides made

with more hydrophobic residues. In the same vein, we observed that the position of
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non-polar residues in the peptide sequence affects its tendency to be adsorbed into
the membrane, i.e., sequences with phenylalanine at the extremity of the peptide
sequence have the higher tendency to be adsorbed in our simulations.

In Chapter 5, we performed the first all-atom simulations in which membrane-
bound peptides self-assemble into [-sheets that subsequently either form pores on
the membrane surface or drag lipids out of the bilayer core. The analysis of the
simulations shows that these mechanisms of membrane damage are strongly affected
by interactions between non-polar side chains and the acyl tail of lipids. These strong
interactions enable lipids to be dragged out of the bilayer by oligomeric structures in
a detergent-like damage. They also disturb the orientation of lipid tails in the vicinity
of peptides. These distortions are minimized around pore structures. We also show
that membrane-bound [-sheets become twisted with one of their extremities partially
penetrating the lipid bilayer. This allows peptides on opposite leaflets to interact and
form a long transmembrane [-sheet, which initiates poration. In simulations where
peptides are deposited on a single leaflet, the twist in $-sheet allows them to penetrate
the membrane and form pores. In addition, our simulations show that fibril-like
structures produce little damage to lipid membranes as non-polar side chains in these

structures are unavailable to interact with the acyl tail of lipids.

6.2 Proposed Future Work
We showed the importance of positive charge in the peptide-membrane interactions,
whereas the role of negative charge in peptides is worth exploring. In our simulations,
negative charge exhibits strong aversion to the lipid membranes, however, the
negatively charged N-terminal region of AS may play a critical role in the adsorption
of Af on membrane [187]. Moreover, cation mediated binding between negative
side chain and negative moiety of lipid (i.e., salt bridge) in the presence of strongly

anionic membrane can make negatively charged peptides become favorable to lipid
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membrane [114].  Thus, it could be interesting to perform simulations on the
interaction of negatively charged peptides with anionic lipid bilayers in the presence
of divalent cations, e.g., Ca?t. This study can also provide insights into the design
of antimicrobial peptides due the anionic property of bacterial membrane. Moreover,
the outer membrane of bacteria contains lipopolysaccharide, which could play an
important role in peptide-membrane binding. Thus, it is worth checking the affinity
of peptides to membranes containing lipopolysaccharide.

In this dissertation, we performed the first all-atom simulations in which
membrane-bound peptides self-assemble into -sheets that subsequently either form
pores on the membrane surface or drag lipids out of the bilayer core. In these
simulations, pre-deposited peptides showed the potential to aggregate on membrane
surface. This aggregation can also be found in the solvent [127]. However, it is obvious
that the membranous environment is different from the solvent. The aggregation
of different peptides in solvent-membrane interface can be a valuable direction to
proceed. For example, some peptide that were found to have low tendency to
aggregate in the solvent [127] might aggregate when they anchored to membrane
surface. Regarding the penetrating of the [-sheets forming pores in the membrane,
I anticipate that new insights will be obtained by studying either different peptide
sequences or membranes with different lipid compositions.

In the simulations where we observed detergent-like damages of the membrane,
lipids were dragged out of the bilayer core to occupy the dry cage formed by [-sheets.
A limitations of these simulations are that the lipid-protein complex has never been
observed to completely depart from the membrane and the removal of lipids from the
membrane is reversible. These behaviors deviate from the proposed detergent-like
effect of amyloid. We believe that alternate peptide sequences and longer time frame

simulations are needed to address these discrepancies.
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