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Abstract

Amyloid associated diseases, such as Alzheimer’s disease and type 2 diabetes are markedly

characterized by the abnormal aggregation of amyloid peptides into fibrillar aggregates.

A large body of evidence supports the view that amyloid oligomers are more toxic than

mature fibrils. Therefore, many studies focus on the linkage of these oligomers and the

disease, but most of them are performed in the test tube without taking into account the

in vivo environment. However, amyloid aggregation is a complex process that is sensitive

to external conditions. Thus, it is of great relevance to extend these investigations to

mimic the real environment conditions, where the amyloid formation is affected by other

biomolecular interactions. The aim of this thesis work is to investigate the behavior of

the amyloid-beta (Aβ) peptide and human islet amyloid polypeptide (hIAPP), that are

linked to the development of Alzheimer’s disease and type 2 diabetes, respectively, in an

environment that mimic some aspects of the brain or the pancreatic β-cell conditions. To

this end, I employed all-atom molecular dynamics (MD) simulations to perform multiple

studies that focused on (i) the interplay between Aβ42 dimers and the neuronal mem-

brane, (ii) the effect of free lipids in the aqueous phase as a possible interaction partner

of Aβ42 on the peptide structure and its interaction with a lipid membrane, (iii) the

effect of oxidized glycine residues, Gly25, Gly29, and Gly33, of Aβ42 on its conformation

and interaction with a lipid membrane, (iv) the effect of macromolecular crowding on

Aβ16−22 aggregation, (v) the effect of mutating histidine at position 18 in hIAPP to

arginine, lysine, glutamic acid, and alanine on its conformation and interaction with a

model membrane. All these studies were realized at atomic resolution to appropriately

address the conformational transitions of Aβ and hIAPP. All-atom MD simulation have

emerged as a powerful tool to address biological questions from different disciplines, and

are widely known as “computational microscope” that provides atomistic detail into the

studied systems.

The results from these simulation studies lead to the following conclusions; (i) The

dimerization in solution is characterized by a random coil to β-sheet transition that seems

on pathway to amyloid aggregation, while the interactions with the neuronal membrane

attenuate the peptide’s propensity to form a β-sheet structure. (ii) The Aβ42 peptide

underwent a disorder-to-order transition in 1:3 complex, but remains largely disordered

in 1:1 complexes, yet despite complex formation with lipids the peptide did not insert

into the membrane. (iii) The Aβ42 peptide oxidized at Gly25 is potentially as toxic as

the wild-type peptide assuming that β-sheet formation in Aβ is connected to its toxicity.

(iv) Macromolecular crowing enhances the dimer and hexamer formation with β-sheets

of Aβ16−22. (v) For all IAPP variants but H18E-IAPP, the membrane-bound IAPP

adopted an amphipathic-helical structure, which turned on to be on the way to IAPP

ii



amyloid aggregation apart for IAPP with glutamic acid at position 18 that remained in

a stable helical conformation.

In summary, the simulation studies in this thesis were useful toward uncovering the

combined effect of several in vivo conditions on Aβ and hIAPP, which is expected to be

of relevance for other amyloid proteins too.
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Chapter 1

Introduction

Biomolecules or biological molecules are the molecules produced by cells and living or-

ganisms, and are important for their functioning. They are all organic matter of differ-

ent sizes and structures, mainly classified into four major types including carbohydrates,

lipids, nucleic acids and proteins (Fig. 1.1). Typical cells contain 10,000 to 100,000 kinds

of biomolecules, which can exist in simple (e.g. monomeric) or complex (e.g. polymeric,

oligomeric) forms.

Among the existing biomolecules, proteins are the predominant biomolecules, which are

found in each cell and constitute 50% of its dry weight. Proteins form the structural

and physiological basis of all life processes. According to the central dogma of molec-

ular biology, the deoxyribonucleic acid (DNA) encodes the genetic information that is

transcribed into messenger ribonucleic acid (RNA) and then translated into an amino

acid sequence (polypeptide chain) that folds into a protein. Following its synthesis, the

polypeptide chain usually folds into its three-dimensional native (globular) structure in

order to properly perform its biological function [1]. Protein folding within the cell is

a complex process in which the protein should withstand different environmental con-

ditions including temperature, pressure, molecular crowding etc. The cell has its own

preventative or corrective mechanisms to rescue proteins and avoid their misfolding.

Nonetheless, protein misfolding can still occur and lead to the formation of reversible or

irreversible aggregates [2–5].

1



INTRODUCTION 2

Lipids Proteins Nucleotides

Figure 1.1: Biomolecules of life. Lipids form cell membranes, proteins do the work of
the cell, and nucleotides are the protein blueprints and fabrication.

1.1 Amyloid aggregation and disease

Protein self-aggregation (self-assembly) is a wide-ranging phenomenon and is of great

importance for a wide area of sciences including protein biochemistry, biotechnology, and

medicine [6]. Such phenomenon occurs naturally in vivo for several globular proteins

such as tubulin and actin, in which the protein form reversible fibrils [7, 8]. However,

some other proteins form irreversible (locked) amyloid fibrils [7, 8] that are implicated

in the pathogenesis of several degenerative human diseases, including Alzheimer’s dis-

ease (AD), Parkinson’s or type 2 diabetes mellitus (T2DM) [9–12]. These proteins are

commonly known as amyloid forming proteins, they are often intrinsically disordered

proteins (IDPs) or are proteins that contain one or more intrinsically disordered re-

gions [13, 14].

The currently accepted meaning of disorder embraces protein regions or proteins that

are biologically active, but are dynamically flexible either at the secondary and/or ter-

tiary structure level [15]. This disordered nature renders IDPs not only with functional

versatility, but also with a tendency to trigger protein misfolding. The former allows

IDPs to perform different biological activities, including transcription and translation

regulation, cellular signal transduction, the storage of small molecules, protein phospho-

rylation, and self-assembly regulation [16, 17](Fig. 1.2). However, the latter may result

in the formation of protein aggregates such as amyloid fibrils that is associated with the

development of various amyloid diseases [18, 19].

Amyloid associated diseases share a common pathology in which the misfolded or disor-

dered proteins tend to aggregate, intra- or extra-cellularly, into proteinaceous deposits

or plaques in various tissues and organs [20–22]. It is believed that the accumulation of

plaques plays a crucial role in the progression of the resultant diseases, either via ‘the



INTRODUCTION 3

Figure 1.2: Overview of different functions of intrinsically disordered proteins.

gain of toxicity’, i.e. destroying the surrounding cells, tissues and organs, or via the

‘loss of normal function mechanism’, i.e. the failure of cellular process as a result of

sequestering important proteins in the plaques and hence disease formation [22, 23].

The major constituent of amyloid plaques is the amyloid fibrils, the end product of pro-

tein aggregation. Amyloid fibrils are usually polymorphic, but their structures are all

composed of arrays of cross β-sheets formed by β-strands of individual peptide or pro-

tein units [24, 25]. The assembly of the soluble protein into such fibrillar structures can

occur via nucleated or non-nucleated pathways [26, 27]. The widely accepted model for

fibril assembly (supported by several in vitro experimental observation) is the nucleated-

polymerisation model, which proposed the nucleus formation as the rate-limiting step

in the assembly pathway (Fig. 1.3). According to the nucleated-polymerisation model,

the evolution from soluble monomers to mature fibril is a stepwise process in which the

nucleation phase and elongation phase precede the fibril formation. Monomers associate

to form the thermodynamically unfavourable nucleus (oligomer) in the so-called nucle-

ation phase, then the preformed nucleus can polymerize quickly upon the addition of
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further monomers in the so-called elongation phase to form the mature fibrils.

Figure 1.3: Representative illustration of the nucleated-polymerization model, with
its three phases labeled, i.e. nucleation, elongation, and equilibrium.

To date, a wealth of research studies has been published about amyloid fibrils; it is

particularly difficult to capture and characterize the early formed oligomers due to their

transient nature resulting from their high aggregation rate. Thus, most studies target the

amyloid fibrils to gain more insight into the aggregation mechanism and its early stages.

Nonetheless, the oligomers remain elusive. Moreover, most of the available studies on

the amyloid aggregation have been performed in the test tube, i.e. under conditions far

from physiological conditions. However, it is important to extend these investigations

to in vivo conditions, in which the aggregation process is affected by the environmental

conditions in the cell including oxidative stress, cell membrane and molecular crowd-

ing. Advancing our understanding of the effect of physiological conditions on amyloid

proteins is a step forward toward better understanding of the aggregation mechanisms

that underlies several of the devastating amyloid diseases, especially with the existing

demand for a therapy to cure or prevent the occurrence of such diseases.

The focus of this thesis work will be on two amyloid peptides; the amyloid-β peptide

and the human islet amyloid polypeptide (hIAPP) which are related to Alzheimer’s

disease and diabetes disease respectively. In my research on these amyloid proteins, I
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have used molecular dynamics simulations to model various in vivo conditions found in

their real environment, in particular the presence of lipids and lipid membranes as well

as molecular crowding.

1.1.1 Amyloid-β peptide

The amyloid-β peptide (Aβ) is a soluble disordered peptide generated normally in

the brain by the proteolytic cleavage of a transmembrane protein called amyloid pre-

cursor protein (APP), catalyzed by the enzymatic activities of β- and γ-secretases

(Fig. 1.4) [28]. Following its production, the peptide level in the brain is maintained

via a clearance mechanism, however faulty in the clearance mechanism leads to abnor-

mally elevated levels of Aβ and results in its accumulation and the formation of the

extracellular plaques deposits in the brain; a hallmark of Alzheimer’s disease (AD).

Figure 1.4: The sequential cleavage of the amyloid precursor protein (APP) by β-
and γ-secretases to produce Aβ.

AD is a neurodegenerative disease affecting people with an age of 65 years and older,

and known to be the most common form of dementia among the elderly [29, 30]. It is

characterized clinically by a progressive decline in cognitive function and pathologically

by neuronal dysfunction and neuronal loss, in addition to the accumulation of amyloid
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plaques as the main hallmark [31–33]. The disease is named after Dr. Alois Alzheimer,

who noticed changes in the brain of a woman that died out of unusual mental illness in

1906 [34]. After her death, the doctor examined the brain and found many abnormal

clumps, the nowadays called amyloid plaques, and tangled bundles of fibers, nowadays

known as neurofibrillary, or tau, tangles. Since then, several hypotheses emerged to

explain the pathogenesis of AD [35], with the amyloid-cascade hypothesis being the most

widely accepted one [36]. It dates back to 1992 when Hardy and Higgins postulated for

the first time the accumulation of Aβ peptides in the brain as the central event in the

pathogenesis of Alzheimer’s disease. According to this hypothesis, Aβ is strongly linked

to the disease progression and severity.

In the brain, the APP cleavage yields Aβ peptides of different length, with Aβ40 and

Aβ42 being the most common alloforms, that contain 40 or 42 amino acids, respec-

tively [37–39]. While Aβ40 is the most prevalent alloform, Aβ42 is reported to be pre-

dominant in senile plaques and is known to be more toxic than Aβ40 [40–42]. In term

of their amino acid constituents, the only difference between Aβ42 and Aβ40 are the

additional hydrophobic residues at the C-terminus of Aβ42 (see Fig. 1.5), an isoleucine

and an alanine residue. These two residues were reported to affect the peptide flexibility

via forming a β-hairpin at residues 31-34 and 38-41. This in turn might explain the

greater tendency of Aβ42 to aggregate. According to these observations the necessity

to study the involvement of Aβ42 in AD in detail emerges [43].

Over the last years a huge body of evidence has accumulated and shed light on the

smaller soluble Aβ oligomers, formed in the earlier stages of the aggregation process, as

the main cytotoxic species (rather than the mature fibrils) [44–48]. Therefore, a detailed

characterization of Aβ42 oligomerization and its implication in AD at the molecular level

is an essential step toward developing a better understanding of the aggregation process.

1.1.2 Human islet amyloid polypeptide

Human islet amyloid polypeptide hIAPP (also known as amylin), is a 37 residue peptide

hormone synthesized and co-secreted with insulin from pancreatic β-cells (Fig. 1.6) [49–

51]. hIAPP plays many biological roles in islet functions, including carbohydrate metabolism,

insulin secretion, bone resorption, gastric clearance, and blood glucose regulation. How-

ever, under some unphysiological conditions, the peptide can misfold and assemble into
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Figure 1.5: (A) The sequence of Aβ42 with its amino acids colored such that acidic
residues are shown in red, basic residues in blue, hydrophobic residues in black, and
polar residues in green. The residues ASP1-LYS16 form the metal-binding region,
residues LEU17-ALA21 form the central hydrophobic core, residues GLU22-GLY29
represent the central polar region, and the C-terminal hydrophobic region extends from
ALA30-ALA42 residues. (B) van der Waals representation of the full-length Aβ42
peptide with its amino acids being colored as explained in (A).

aggregates of different sizes and structures. It is thought that these aggregates, especially

the small oligomers contribute to the death of β-cells responsible for the pathology of

type 2 diabetes (T2DM) [52, 53]. The mechanism by which hIAPP induces β-cell death is

a complex process that involves different pathways, including the formation of reactive

oxygen species, the increase in endoplasmic reticulum stress, the initiation of inflam-

matory response, and membrane disruption. It has been found by several studies that

membrane disruption plays an important role in cell toxicity [54, 55]. It has been demon-

strated that hIAPP oligomers can interact directly with the cell membrane disrupting its

integrity, function and permeability leading to ionic homeostasis perturbation, changes

in signalling pathways, oxidative injury and consequently cell death [55–57]. Therefore,
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understanding the interactions of hIAPP monomers and oligomers with the cell mem-

brane is of great importance toward a better understanding of hIAPP aggregation and

toxicity.

Figure 1.6: (A) The sequence of the hIAPP peptide with its amino acids colored such
that basic residues are shown in blue, hydrophobic residues in black, and polar residues
in green. The disulfide bridge (S-S) between cysteine residues 1 and 7 is shown. (B)
Surface representation of hIAPP with its amino acids shown as spheres and colored as
explained in (A).

1.2 Impact of the physiological conditions

Given the importance of amyloid forming proteins and their connection to devastating

human diseases, it is important to characterize these proteins behavior in a more re-

alistic environment, the so called in vivo environment. Amyloid aggregation in the in

vivo environment is a more complex process than under controlled in vitro conditions.

First of all, the in vivo concentration is much lower compared to in vitro. Second and

importantly, is the effect of different physiological conditions in the in vivo environment

such as biological membranes, molecular crowding, interaction partners and oxidative

stress that may enhance or retard oligomer/fibril formation (see Fig. 1.7). Elucidating

the effects of these conditions on the behavior of the amyloid proteins Aβ and hIAPP at

the atomistic level using molecular dynamics (MD) simulations to this end, is the topic

of this thesis work. MD simulations provide the scientific community with a powerful
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platform that enable probing high resolution in space (single atom), time (femtosecond),

and energy. Hence, there is hope that the computational approach will be able to cap-

ture the subtle and complex effects of different in vivo conditions on amyloid proteins,

accordingly enhance our understanding on the nature of the cellular environments and

our ability to make inferences based on that. The knowledge gained will bring us to-

ward a quantitative understanding of the influences of the in vivo conditions on amyloid

aggregation.

Figure 1.7: The figure shows the different in vivo conditions affecting amyloid aggre-
gation that were studied in this thesis work. Lipid membranes, crowding effect, free
lipids and reactive oxygen species (ROS) are all shown and labeled.

1.2.1 Biological membranes

Biological membranes are lipid bilayers that define the boundary of a living cell or

intracellular compartments and range from 5 to 10 nm in thickness. They consist of

lipids and proteins that give the membrane a fluid character [58]. Membrane lipids

include three main classes; phospholipids, glycolipids, and sterols which are composed

of fatty acid chains that determine whether a membrane is formed in a long sheet

or round vesicle [59]. In 1925, Evert Gorter and François Grendel were the first to

demonstrate that biological membranes are bilayers of lipid solely, and further deduced
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that the plasma membrane must be composed of two layers of lipids [60]. This simple

model served as the basic assumption for further refinements that evolved somewhat

over time [61]. Later, in 1972 the fluid mosaic model, proposed by S. Jonathan Singer

and Garth Nicolson, shed light on the complex mosaic nature of membranes in which

proteins form globular entities and are embedded in the lipid bilayer [62]. The model

has further evolved over time, but it remains the best one to account for the structure

and functions of biological membranes.
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Figure 1.8: The chemical structures of different lipid types are shown. The cor-
responding lipid name is given, the choline group of POPC, serine of POPS, and
ethanolamine of POPE lipids are marked in orange, the phosphate group is marked in
green, and the sugar moiety of ganglioside (GM1) is marked in yellow. In the bottom
row of the figure, snapshots of the lipid molecules in which the atoms are represented
as spheres and colored according to the code as indicated in the legend are shown.

Each lipid class from the membrane lipids is composed of numerous variants [63, 64].

Phospholipids are the most abundant lipids in biological membranes and can be glycerol-

based known as glycerophospholipids or sphingosine-based known as sphingophospho-

lipids (see Fig. 1.8). The former consists of two fatty acid chains linked to glycerol

and a phosphate group that can be linked to various alcohol headgroups which leads

to their classification accordingly. The choline head group involves phosphatidylcholine
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(PC), whereas serine or ethanolamine define the phosphatidylserine (PS) and phos-

phatidylethanolamine (PE) lipids, respectively. The sphingophospholipids such as sph-

ingomyelin consist of a phosphocholine head group linked to one fatty acid and a sph-

ingosine. Glycolipids are characterized by having a monosaccharide (simple sugar) or

oligosaccharide that extend on the cell membrane surface and are bound to a lipid moiety

containing glycerol or sphingosine. Cholesterol has a quite different structure; it consists

of a hydroxyl group (which is the hydrophilic ‘head’ region) linked to a four-ring steroid

structure and a short hydrocarbon side chain. All membrane lipids are amphipathic

in nature, i.e. are composed of a hydrophilic head group and hydrophobic tails [65]

(Fig. 1.9). Indeed, this is the basis for forming bilayers in which the hydrophilic head

Figure 1.9: Schematic representation of a lipid membrane, with its hydrophilic head
groups and hydrophobic tails being labeled.

points toward the aqueous environment and the hydrophobic tails point inward facing

each others. Thereby, a lipid bilayer cell membrane is formed that separates the fluid

within the cell from fluid outside the cell.

In addition to their role in enclosing cells and defining their outer limits, biological mem-

branes carry out a multitude array of cellular functions that are important for life [66, 67],

including (i) giving shape to the cell and providing structural support, (ii) storing and

transmitting energy, (iii) controlling cell homeostasis via selective permeability of small

molecules and ions, (iv) acting as a barrier to the extracellular environment and hence

providing cell with protection, (v) permitting cell-cell interactions, adhesion and recog-

nition via membrane proteins. Due to their importance, biological membranes gained

much attention and became an active area of research in biomolecular simulations [68].

Lots of computational studies shed light on the interactions of membranes with mem-

brane proteins, lipids, and drugs [69]. But the simulations always use simplified models

for several reasons, including computational feasibility. More recently, computational
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studies started to incorporate the complexity of real biological membranes in terms of

their in vivo environment and lipid heterogeneity [70, 71].

In the case of Alzheimer’s disease and diabetes, mounting evidence suggests that the

peptide-mediated toxicity is related to its abnormal interactions with the cell membrane,

with amyloid formation being linked to membrane disruption [72–74]. Unfortunately,

the detailed molecular mechanism of the peptide-membrane interaction is still not fully

resolved. Therefore, further studies to understand these interactions and the resulting

membrane-damaging mechanisms are warranted and needed.

1.2.2 Interaction partners

It is generally accepted that critical conformational changes in the intrinsically disor-

dered proteins may trigger a cascade of misfolding events that leads to the formation of

cell-toxic protein aggregates implicated in the development of a multitude of diseases [18].

Several, if not most, IDPs undergo a function-related disorder-to-order transition upon

binding to a specific interaction partner such as other proteins or small molecules, al-

lowing them to mediate multiple interactions with different partners in the cell [75–80].

The process in which biological macromolecules interact with each other or various small

molecules with a high specificity and affinity to form a specific complex, constitutes the

basis of all processes in living organisms. For example, proteins, as an important class of

biological macromolecules, realize their functions through binding to themselves or other

molecules, including peptides, nucleic acids, membrane, substrates, and small molecule

ligands such as oxygen, solvent, and metal. Thus, a detailed understanding of the various

protein interactions is central to understanding their biology at the molecular level.

In the case of IDPs, most of the theoretical, computational and experimental lines of

investigation that explored peptide-membrane interactions focus on studying the peptide

behavior in a water/membrane environment [81–83]. Thus, in a search for a scenario that

best explains the cause and the mechanism of membrane damage, researchers mainly

investigate the behavior of the peptide in a lipid-rich phase, i.e., in the presence of a

lipid membrane, paying little attention to the possibility that free lipids can also be

a binding partner of IDPs, such as Aβ. In this regard, recent studies demonstrated

the crucial role of free lipids, which exist at nM to μM concentration in equilibrium

with the membrane, in the formation of peptide-lipid complexes, which enabled an easy



INTRODUCTION 13

membrane insertion for amyloid proteins such as Aβ [84, 85]. Based on these results, La

Rosa and coworkers proposed a “lipid–chaperone” hypothesis as a unifying framework

for amyloid-membrane poration. Some experimental and MD studies reported on the

stability of peptide-lipid complexes in solution their role in assisting protein transport

into membranes [84, 86, 87]. In general, lipid-assisted protein transport and the effect

that lipid binding has on the peptide conformations are overlooked compared to the well

documented lipid-carriage by proteins [88–90].

1.2.3 Oxidative stress

Oxidative stress can be defined as the generation of excess reactive oxygen species (ROS)

or the dysfunction of the anti-oxidant system that subsequently leads to an increase in

the amount of ROS present in normal cells [91, 92]. The reactive oxygen species are

molecules derived from molecular oxygen enzymatically (for example to kill invaders in

macrophages) or as a side reaction (like respiratory chain) [93, 94]. ROS are commonly

known as free radicals (chemical species with unpaired or an odd number of electrons)

that are reactive oxidants and capable of causing damage to biomolecules. Nonetheless,

they are kept at low level but not totally eliminated due to their function [95, 96]. They

are necessary to maintain homeostasis in cells and play important roles in signaling.

Most of the reactive oxygen species are generated as a byproduct of the cellular oxygen

metabolism during mitochondrial electron transport, where 85% of O2 is metabolized

and partially reduced O2 intermediates are produced in low quantity [97–99]. As the

equation shows, the successive four steps of oxygen reduction via electron addition leads

to the formation of different radicals including: superoxide (·O) (equation (1.1a)); hy-

drogen peroxide (H2O2) (equation (1.1b)); hydroxyl radical (·HO) and hydroxyl ion

(HO−) (equation (1.1c)).

O2 + e− → ·
O−

2 (1.1a)

2H+ +
·
O−

2 +
·
O−

2 → H2O2 +O2 (1.1b)

H2O2 + e− → HO− + ·OH (1.1c)

In cells, a variety of defense mechanisms (enzymes or small antioxidant compounds) have

evolved to control the level of ROS and prevent their harmful effects [100–102]. However,
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in diseases an imbalance occur between ROS production and clearance, toward overpro-

duction of ROS. Hence, this leads to the accumulation of oxidatively modified molecules

such as lipids and proteins that cause dysfunction and eventually lead to cell death.

Considering the central role of oxygen in the human body, it is not surprising that ox-

idative stress is implicated in several diseases including neurodegenrative diseases [103].

In particular, the high oxygen consumption and high amount of polyunsaturated fatty

acids (which are sensitive to peroxidation) make the brain, compared to other organs,

more susceptible to oxidative stress [104]. The abnormal aggregates of Aβ in senile

plaques (clumps of Aβ fibrils along with metal ions) in Alzheimer’s disease were found

to be able to induce oxidative stress. Indeed, the redox-active metal ions, such as copper,

can catalyze the production of reactive oxygen species when bound to Aβ. The resulting

ROS may contribute in causing damage to the Aβ peptide itself and the surrounding

biomolecules including lipids, proteins etc.

In the case of Alzheimer’s disease, a growing body of evidence suggests that oxidative

stress plays a key role in the disease pathogenesis, along with the presence of Aβ [105,

106]. This is strongly supported by (i) the observation that oxidative stress occurs

in the early stages of AD [107], (ii) the elevated levels of Aβ1–40 and Aβ1–42 have

been reported to be associated with the increased levels of oxidation products from

proteins, lipids and nucleic acids in AD hippocampus and cortex [108, 109], and (iii) the

inherent tendency of Aβ for generating free radicals [110, 111] and its high affinity to

bind metals such as Cu2+, Zn2+ [112, 113]. In this context, lots of in vitro studies have

been devoted to study oxidative stress in the context of AD. Part of the recent research

is interested in the characterization of the oxidative damages suffered by the Aβ peptide

itself, and the other part focuses on exploring the possibility that oxidation may favor

the formation of small oligomeric species, which are known to be more toxic than the

final fibrils. The link between oxidative stress and the amyloid-β peptide is now well

established [108, 114]. However, it remains under debate whether the accumulation of

Aβ increases the level of oxidative stress or whether the high level of oxidative stress

drives Aβ accumulation [115].

It is essential to characterize Aβ peptides from in vivo samples in order to ascertain

the biological relevance of the wealth of in vitro studies. Although the occurrence of

oxidative stress in several neurodegenerative diseases is well-established, there are few

experimental evidences on the effect of radicalization on peptide-membrane interactions.
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The inherent difficultly in characterizing Aβ in vivo makes it more difficult when it comes

to the identification of the oxidative damages potentially undergone by Aβ peptides. In

this context, and because the role of Aβ in oxidative stress related mechanisms of AD

progression is still unclear, efforts toward exploring the Aβ–membrane interactions under

oxidation conditions, especially when considering the reported finding that the peptide

affinity for membrane interaction increases in the case of oxidative stress, is of great

importance for better understanding the disease causes and development.

1.2.4 Macromolecular crowding inside the cell

The living cell environment is crowded by many molecules, including water, ions, metabo-

lites, lipids and macromolecules. The concentration of these macromolecules reaches up

to 400 g/L [116, 117]. In terms of volume, up to 40% of the cell volume is occupied by

macromolecules. Such a complex environment can affect biomolecular function in vivo

through macromolecular crowding and confinement. The former refers to the volume

excluded by soluble macromolecules, whereas the latter refers to the volume excluded

by a fixed (confining) boundary.

Recently, the crowded cellular environment gained much attention as more and more

researchers started to study the effects of crowded conditions found in the cell. Lots

of in vitro and in vivo studies on macromolecular crowding point to its effect on the

kinetics and equilibria of biochemical processes. These studies highlight the conse-

quences of crowding on (i) protein and aggregate stability via steric repulsion, specific

and non-specific macromolecular interactions such as van der Waals, hydrogen bond-

ing or electrostatic interactions [118–120], (ii) the aggregation kinetics (rate of folding,

association with other molecules and intracellular transport) via inducing changes to

viscosity and diffusive behaviour [121–124]. It is now well recognized that the crowded

conditions found in the cellular environment strongly affect key processes in living cells

ranging from life emergence up to regulation of cell sizes. The crowding impact varies

from modest (e.g. effect on stability of protein folding) to drastic (e.g. effect on the

rates of protein aggregation linked to disease).

One of the most pronounced effect of crowding occurs in proteins with intrinsically dis-

ordered fragments or proteins that undergo significant conformational transitions as a

part of their function, for example during ligand binding. Several experimental and



METHODS 16

computational studies have been conducted mimicking the in vivo conditions to explore

the protein behavior in a crowded cellular environment. They further shed light on the

key role played by crowding in human diseases that are related to protein aggregation

and fibril formation [125–133]. In this context, previous studies on Aβ were traditionally

performed in a solely homogeneous, ideal solution without considering the actual com-

plexity of the cellular environment. Recently, few number of experimental studies [134]

have explored the crowding effect on amyloid-β peptide along with theoretical mod-

els [135–137] that used simple hard particles to mimic reactant and crowder molecules.

The computational approach, with its ability to represent proteins and crowders at the

atomistic level potentially holds predictive power that enables simulating the protein in

the presence and absence of crowders. In addition to providing more detailed informa-

tion about the protein-crowder interactions and the excluded volume effect, it enables

quantitative understanding and better interpretation of the in vivo behavior of proteins,

that can further complement/link to experimental findings.



Chapter 2

Methods

The main method used in the studies of this thesis work is molecular dynamics (MD)

simulations [138, 139], which is based on classical molecular mechanics (MM) to model

molecular systems [140, 141], an approach that is widely applied in Monte Carlo simula-

tions [142], ligand-docking [143] simulations, and molecular dynamics simulations [138,

139].

Typically, molecular mechanics models a system of classical particles as spherical atoms

connected by springs which represent bonds, whose dynamics is described by Newtonian

mechanics [138, 144]. The internal forces experienced in the modeled system include the

bonded and the nonbonded interactions [145], which are described using simple mathe-

matical functions such as Hooke’s law, the Coulomb and the Lennard-Jones potential.

MD simulations allow to numerically solve Newton’s equations of motion, and follow the

time evolution of the structural fluctuations. MD simulations are the most widely used

computer simulation technique to address many biological questions and enable better

understanding of various dynamic aspects of biomolecular structures, recognition, and

function. Moreover, these simulations are considered as a powerful complement to exper-

imental techniques due to their ability to probe high resolution in space (single atoms),

time (femtoseconds), and energy, hence, allow for obtaining molecular information that

is difficult or impossible to obtain experimentally. Consequently, MD simulation can

be considered as a virtual experiment that best mimics the modeled system’s natural

environment at the interface between theory and real experiments.

17
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Figure 2.1: MD simulations at the interface between theory and real experiments.

In the following sections, I will briefly describe the theoretical foundations of MD simu-

lations, describe the MD method, force field (potential function and energy landscape),

with a special emphasis on the simulation environment, periodic boundary conditions,

and the MD recipe applied in the context of this thesis.

Parts of this chapter were excerpted from a publication submitted by the author to

the Progress in Molecular Biology and Translational Science as Fatafta, H., Samantray,

S., Sayyed-Ahmad, A., Coskuner-Weber, O., Strodel, B. (2021). Molecular simulations

of IDPs: from ensemble generation to IDP interactions leading to disorder-to-order

transitions.

2.1 Historical background

The concept of MD simulations is not new, it was originally developed in the 1950s.

Particularly, in 1957 this technique witnessed its first usage by the theoretical physics

community, introduced by Alder and Wainwright [146]. They used computers to per-

form an MD simulation using the hard sphere model in which atoms interact through

perfectly elastic collision. In 1964, Rahman published a simulation that compared well

with experimental data, in which he applied a continuous potential to mimic real atomic

interactions [147]. Following the development of new computers in 1970s, making them
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more generally accessible,interests in MD simulations expanded and extended to simu-

late more complex systems in biochemistry and biophysics. The first MD simulation of

a protein dates back to the late 1970s [148, 149], though the simulation was for a small

sized protein, performed in vacuum and lasted for only 9.2 ps, it nonetheless enhanced

our view of proteins as a dynamic systems, whose internal motions play functional roles,

rather than being rigid structures. The groundwork that enabled these simulations was

among the achievements recognized by the 2013 Nobel Prize in Chemistry [150]. Since

then, MD simulations have advanced from simulations of hundreds of atoms to simula-

tions of systems with biological relevance including entire proteins in explicit solution

(i.e., a physical, spatially resolved description of the solvent) [151, 152], multi-protein

complexes [153], membrane-embedded proteins [154] or large macromolecular complexes

such as ribosomes [155, 156]. This rapid development in MD simulations has been fuelled

by the development of high-performance computers and the implementation of computa-

tionally efficient MD codes. In the course of this development, the simulations of systems

having 50,000 – 100,000 atoms are now routine, and the simulations of 500,000 atoms

are possible within the available facilities. Today, simulations are applied to a wide range

of problems in different disciplines, including computational drug discovery [157–159],

molecular biology [160, 161], structural bioinformatics [162], etc.

2.2 Molecular dynamics theory

The fundamental idea behind MD simulations is to simulate the molecular motions

of classical interacting particles as a function of time [163], which is realized by the

numerical solution of the classical Newtonian dynamic equations (2.1). This implies

iterative numerical calculation of the instantaneous forces present in the system and the

consequent movement. For a system consisting of N atoms, the atoms move in response

to their interactions according to Newtonian mechanics:

Fi,a(q) = mi
∂2qi,a

∂t2
(2.1)

where mi is the particle’s mass, and qi,a is its coordinate in direction a with a = x, y or

z, and Fi,a is the force acting on particle i in direction a. On the other hand, Fi,a can

be represented by the gradient of the potential energy of the whole system as follows:
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Fi,a(q) = −∂U(q)

∂qi,a
(2.2)

where U(q) is the potential energy of the system that depends on the positions of its N

atoms. By combining equation ( 2.1) and ( 2.2), Newton’s equation of motion can then

relate the derivative of the potential energy to the changes in position as a function of

time:

− ∂U(q)

∂qi,a
= mi

∂2qi,a

∂t2
(2.3)

Equation (2.3) summarizes the core of MD simulations, which is to start with an initial

configuration, i.e. initial positions and velocities of all system particles, then repeatedly

apply a “recipe” (see section 2.6) to update each particle’s position and velocity from

time t to time t + Δt (Fig. 2.2A). In other words, once the structure of the biomolec-

ular system is given, then the computational method can be applied to investigate its

dynamics. This process generates a time trajectory of the particles in the studied sys-

tem, i.e., a three-dimensional movie that describes the atomic-level configuration of the

system at every point during the simulated time interval (Fig. 2.2B). However, the dy-

namics is strongly dependent on the availability of a suitable potential energy function

that best mimics the real energy landscape of the studied system in terms of its atomic

coordinates. This aspect will be introduced in the next section.

2.3 Potential function and energy landscape

It is critical for a valid and traceable MD simulation to choose the appropriate energy

function that best describes the inter-atomic and intra-atomic interactions. In conven-

tional MD simulations, the potential energy is represented as the sum of the bonded

and the nonbonded interactions within the simulated system. The bonded interactions

involve covalent bonds, bond angles, and dihedral angles and are described by two-body,

three-body, and four-body terms, whereas the nonbonded interactions are described by

the pairwise additive functions as can be seen in equation (2.4). This set of functions

with its associated set of parameters are commonly known as the force field [164]. The
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Figure 2.2: (A) Basic idea of a molecular dynamics simulation. (B) Example of a
molecular dynamics simulation in a simple system, each circle represents the position
of one atom that is changing with time as the figure shows.

parameters are usually obtained from experimental and/or quantum mechanical stud-

ies of small molecules or molecular fragments and assumed to be transferable to large

molecules.

In molecular modeling, a wide range of force fields with different parametrization schemes

have been developed specifically for the simulation of biomolecules [165]. Such parametriza-

tion is generally considered to give a reasonable approximation of the potential-energy

landscape. Among the existing force fields, CHARMM force fields (FFs) [166, 167] are

widely used in the simulation of proteins [168], IDPs [169], and lipids [170, 171]. They

have been separately parametrized for proteins, nucleic acids, lipids, and carbohydrates

with the goal of consistency between these sets, allowing for simulation of heterogeneous

systems. Several discrete terms constitute the force field, each has a simple functional

form and describes the inter- or intra-molecular forces within a system given the set
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of atomic coordinates. The potential energy function which is used by the various

CHARMM FFs is given by:

U(q) =
∑
bonds

kb(b− b0)
2 +

∑
angles

Kθ(θ − θ0)
2

+
∑

dihedrals

Vϕ(1 + cos(nϕ− δ)) +
∑

impropers

kω(ω − ω0)
2

+
∑

i,j (LJ)

εmin
ij

[(
Rmin,ij

rij

)12

− 2

(
Rmin,ij

rij

)6
]

+
∑

i,j (Coul.)

qiqj
4πε0rij

+
∑

Urey−Bradley

kUB(s− s0)
2 +

∑
CMAP

UCMAP(φ, ψ)

(2.4)

Here, q denotes the conformation of the system consisting of N atoms with coordinates

q = (q1,x, q1,y, q1,z, q2,x, q2,y, q2,z, . . . , qN,x, qN,y, qN,z). The bonded energy terms describe

bond stretching around the equilibrium values b0 with force constants kb, angle bending

around equilibrium angles θ0 and with force constants kθ, torsions around bonds as

characterized by the dihedral angles ϕ, periodicity n, shift δ and energy barrier Vϕ,

and out-of-plane bending, also called improper torsion, with the minimum at ω0 and

force constant kω. The non-bonded interactions contain Lennard-Jones and Coulomb

potentials for interacting particles i and j. The Lennard-Jones (LJ) potential is a 12-6

potential, where the repulsive 1/r12 term describes the Pauli repulsion at short distances

of the interacting particles due to overlapping electron orbitals, and the attractive 1/r6

term describes attractions arising from dispersion forces, which are also called van der

Waals (vdW) interactions. The distance between the two interacting particles is given

by rij , εmin
ij is the depth of the potential well, Rmin,ij is the distance at which the

particle-particle LJ potential energy is minimal and can be calculated from the van der

Waals radii of the particles i and j. The Coulomb potential models the electrostatic

interactions between the partial charges qi and qj of atoms i and j with distance rij

between them, where ε0 is the vacuum permittivity. The terms described thus far,

which are summarized by schematic representation in Fig. 2.3, are common to all all-

atom biomolecular force fields as found in the AMBER [172], CHARMM [173], OPLS-

AA [174], and GROMOS [175] families of force fields. Though, depending on the force

field, small differences to equation (2.4) can occur, such as that cos(θ) is used for defining

the harmonic potential describing angle bending. In the CHARMM FFs, two correction

terms are added to the potential energy. The Urey-Bradley (UB) term is used to improve
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Figure 2.3: Contributions in all-atom force fields. The interactions between the
atoms are divided in bonded and non-bonded interactions. Harmonic potentials are
used to describe the vibrations of bonds and bond-angle bending, while periodic func-
tions are needed for modeling the torsion around bonds. The non-bonded interactions
are between atoms that are separated by at least three bonds or between atoms of
different molecules. They arise from charge-charge interactions as described by the
Coulomb potential, and from hydrophobic interactions as well as repulsive interac-
tions if two atoms get too close to each other, which are collectively modeled by the
Lennard-Jones potential. The water around a protein or other biomolecules can be
modeled explicitly (not shown) using typical water models, such as TIP3P or TIP4P,
or using an implicit solvent model. Explicit modeling of the water molecules gives
usually better results, especially in the case of IDPs. Reproduced with permission
(https://en.wikipedia.org/wiki/Force field (chemistry)).

the description of angle bending, where s is the distance between the first and third

atom that define a bond angle. However, most force fields do not include Urey-Bradley

terms, and also in CHARMM FFs no new UB terms were added in the past, since

the only advantage of these terms is the better reproduction of subtleties in vibrational

spectra. However, the goal of classical MD simulations seldomly is the calculation of

infrared spectra. In fact, in most of the MD simulations of proteins the bond lengths

are anyhow restrained to their equilibrium values in order to allow an increase in the

time step used for the integration of the equations of motions. Moreover, many of

the vibrations, especially those involving hydrogen bonds, would require a quantum

mechanical description for proper modeling as classical simulations reach their limit

of validity here. The second correction term is called CMAP, which is a grid-based
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correction and accounts for the correlation between the backbone dihedral angles φ and

ψ. Unlike the UB term, the CMAP correction has gained in popularity and was included

in other FFs too.

As can be seen from equation (2.4), the potential energy is a function of the atomic

positions (3N) of all the atoms in the system, which leads to certain complexity for

a system with a large number of particles N . Due to such complexity, the analytical

solution to the equations of motion is not feasible; they must be solved numerically.

Consequently, numerous numerical algorithms have been developed for integrating the

equations of motion, such as the Verlet algorithm [176, 177], leapfrog algorithm [178–

180], velocity Verlet [181, 182], and Beeman’s algorithm [183, 184]. In choosing which

algorithm to use, one should make sure that the algorithm (i) conserves energy and

momentum, (ii) is computationally efficient, and permits a long-time step for integra-

tion. In the next subsection, I will introduce one of the most widely used integration

algorithms. For other numerical integration techniques, the readers are referred to the

following references [176–180, 183, 184].

2.3.1 Integration algorithms: The velocity Verlet algorithm

All the integration algorithms used to integrate the equations of motion in MD simu-

lations assume that the positions, velocities (the first derivative of the positions with

respect to time) and accelerations (the second derivative of the positions with respect

to time) can be approximated by a Taylor series expansion [185–187], where the sim-

ulation time is discretized into time steps of equal length Δt. The accuracy of the

integrator depends on the degree to which the Taylor expansion is truncated, such that

the largest term still considered in the truncation scheme determines the order of the

method. Moreover, all valid integrators are time-reversible numerical methods [188];

hence, the method can take k steps forward in time, followed by k steps backwards in

time, and arrive at the same initial conditions used to start the simulation. The velocity

Verlet algorithm is a frequently used algorithm to calculate trajectories of particles in

molecular dynamics simulations, especially when extremely accurate integration with

temperature and/or pressure coupling is required [181, 182].

The velocity Verlet method synchronizes the calculation of positions, velocities, and

accelerations without sacrificing precision. It truncates the Taylor expansion to the
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second order in position (equation 2.5) and first order in velocity (equation 2.6), and

updates both positions and velocities according to:

qi(t+Δt) = qi(t) + vi(t)Δt+
1

2
ai(t)(Δt)2 (2.5)

vi(t+Δt) = vi(t) +
1

2
[ai(t) + ai(t+Δt)](Δt) (2.6)

This implementation assumes that the position is first updated, the force and thus

acceleration are calculated at the new position, and then the velocity is updated. As

can be seen, the velocity update in equation (2.6) is directly applicable only if ai(t+Δt)

does not depend on vi(t+Δt); that is, ai(t) depends only on the positions of the particles.

By using equations (2.5) and (2.6), we obtain the flow chart shown in Fig. 2.4. Most of

the computational time is used to determine the accelerations, which require the explicit

Figure 2.4: Flow chart for a molecular dynamics simulation involving the velocity
Verlet algorithm.
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calculation of the force field according to equation (2.4). In MD simulations involving

many time steps (millions to trillions), a substantial amount of the computation is spent

at every time step for the calculation of the non-bonded interactions, as these act between

every pair of atoms and thus scale with N2 for a system of N atoms.

2.4 Simulation environment

A reasonable representation of the biomolecule’s environment is important for charac-

terizing its properties through simulations. However, it is not possible to fully charac-

terize the physiological environment for any biomolecule, as the system would be too

complicated and computationally demanding. Thus, aqueous solvent is selected as the

environment for the vast majority of simulations [149, 189] (Fig. 2.5). At today’s level

of understanding and availability of computer resources, great strides have been made

toward achieving simulations in more specific environments that mimics more realistic

environments, such as those for transmembrane proteins [190, 191], or accurately simu-

late the experimental conditions to be replicated such as pressure and temperature [192–

194]. Most early simulations were conceived for isolated systems that corresponded to

the microcanonical ensemble, in which a thermodynamic state is characterized by a

fixed number of atoms, N , fixed volume, V , and fixed energy, E. However, since it is

more desirable to mimic the real environment conditions, simulations are now usually

performed to sample configurations from the canonical ensemble i.e. at constant tem-

perature and volume (NVT) [194–196], or from the isobaric-isothermal ensemble, i.e.,

at constant pressure and temperature (NPT) [197, 198].

In a simulation at constant energy, the temperature will be fluctuating due to the spon-

taneous inter-conversion of the kinetic and potential components of the total energy.

The instantaneous temperature can be then evaluated from the atomic velocities using

the equipartition theorem:
1

2
kBT =

1

2
miv

2
i,a (2.7)

where kB is Boltzmann’s constant, mi and vi are the mass and velocity of atom i,

respectively. If a constant temperature is desired during the course of a simulation,

then the atomic velocities need to be rescaled or modified. This can be achieved using

a so-called thermostat. Similarly, if a constant pressure is desired, then the volume
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MD simulation 
in water box

Figure 2.5: A snapshot of a peptide simulated in a cubic box solvated with water
molecules.

of the simulation box needs to be allowed to fluctuate by adjusting the dimensions of

the box and rescaling the atomic positions accordingly. This can be achieved using a

barostat. Numerous methods with different algorithms exist to run MD simulation at

constant temperature and pressure. In the following subsections I’ll be highlighting some

of them.

2.4.1 Thermostat

Simulations at constant temperature are needed to understand features of the molecular

systems that are related to temperature such as folding and unfolding of proteins, or

phase transitions of lipids. It is also important for comparing simulations to experiments,

since experiments are commonly performed at constant temperature. Many algorithms

have been developed for NVT simulations [199] including the weak coupling scheme of

the Berendsen thermostat [200–202], the velocity rescaling thermostat [203, 204], and the

extended-ensemble Nosé-Hoover thermostat [201, 205, 206]. The first two algorithms are

extremely efficient for relaxing the system to the target temperature, but unfortunately,
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they suppress the fluctuations of the kinetic energy, hence do not generate a proper

canonical ensemble (i.e., incorrect sampling) [207]. For an overview of these algorithms,

we recommend [199]. In this subsection, I’ll describe a thermostat that is commonly

known to enable canonical ensemble simulations; the Nosé-Hoover thermostat.

The Nosé-Hoover thermostat supports the extended ensemble approach proposed by

Nosé first [208] and later modified by Hoover [209]. In their approach, they modified

the equation of motion by adding a thermal reservoir and a friction term as shown in

equation (2.8) , and demonstrated that such modification to the equations of motion

would better sample the phase space of a canonical ensemble. The friction force is

proportional to the product of the particle’s velocity (dqi
dt ) and a friction parameter ζ

(heat bath variable), the latter is a dynamic quantity and has its own momentum pζ

and equation of motion, the time derivative is calculated from the difference between

the current kinetic energy and the reference temperature:

d2ri
dt2

=
Fi

mi
− pζ

Q

dqi

dt
(2.8)

where Q determines the coupling strength and is called the ’mass parameter’ of the

reservoir, and the equation of motion for the heat bath parameter ζ is

dpζ
dt

= (T − Tbath) (2.9)

with Tbath being the reference temperature and T is the system temperature.

2.4.2 Barostat

Simulations at constant pressure are needed to understand the behavior of the system at

a certain pressure. Many experimental measurements are done under constant pressure

and temperature. Thus, NPT simulation are most relevant to experiment comparison.

To maintain constant pressure during a simulation, the system can be coupled to a

pressure bath using a so-called barostat [204, 210]. Many algorithms have been developed

for NPT simulations including the Berendsen algorithm that scales coordinates and box

vectors of every step [211], the or extended-ensemble Parrinello-Rahman approach [212].

Both the Berendsen and the Parrinello-Rahman barostat can be combined with any of

the temperature coupling methods. However, in simulations where the fluctuations in
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pressure or volume are important such as the simulation of a lipid bilayer, the Berendsen

barostat with its weak coupling does not simulate the true NPT ensemble [213]. In

such cases, the Parrinello-Rahman approach supports constant-pressure simulations and

gives the true NPT ensemble. This approach is similar to the Nosé-Hoover temperature

coupling and, in most cases, is combined with it.

With the Parrinello-Rahman barostat, the box vectors are described as:

d2b

dt2
=

V

Wb′ (P − Pbath) (2.10)

Here, b represents the box vector, V is the volume of the box, and W is a matrix

parameter that determines the coupling strength. P and Pbath refer to the current

and reference pressure respectively. The equations of motion for the particles are also

changed, just as for the Nosé-Hoover coupling.

2.5 Periodic Boundary conditions (PBCs)

Periodic boundary conditions (PBCs) are used to approximate a system of large (infinite)

size [214–216, 216]. The use of PBCs in MD simulations is realized by duplicating

the system periodically in all directions to represent an essentially infinite system, and

further to ensure that all simulated atoms are surrounded by neighboring atoms, whether

those neighbors are images or not [217]. The minimum image convention [218] guarantees

that for atoms i and j, only one j atom, the closest original or image, is considered in

the pair interaction calculations with atom i as part of the short-range non-bonded

interaction terms. This implies the use of a cut-off radius, to truncate non-bonded

interactions, that may not exceed half the shortest box vector. But for systems with

charged particles this might be problematic due to the charge accumulation at the cut-

off boundary, which would leads to wrong energies. To this end, one considers different

algorithms for long-range electrostatic calculations, such as the particle mesh Ewald

method.

An illustration of PBCs applied for a two-dimensional system of linear dimension L is

shown in Fig. 2.6. The system (framed by black frame) is assumed to be surrounded

by periodic images (shaded squares). For particle i, the neighboring particles within
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a distance rαβcut are the particles inside the large circle. To determine the distance rij

between particles i and j, we use the “minimum image convention” For example, the

distance between i and particle j = 18 would be rij > rαβcut without using periodic images

because particle 18 in the left bottom corner of the system is outside the large circle.

But with periodic images rij < rαβcut because the nearest periodic image of particle 18 is

above particle i within the circle. For particles i and j = 20, we use the direct distance

between the two particles within the system (black frame), because this distance is less

than the distance to any of the periodic images of j = 20.

Figure 2.6: A schematic periodic square lattice illustrating periodic boundary condi-
tions and the minimum image convention. The square in the middle highlighted with a
black frame corresponds to the simulated system. To identify the neighbors j of particle
i, the position rj of particle j is either chosen from within the system (i.e., within the
black frame) or as the positions of j’s periodic images (i.e., within the shaded boxes),
such that rij is minimal. Short-range interactions are only calculated for neighbors of

i satisfying rij < rαβcut, as indicated by the orange circle.

Different geometries can be used for the PBCs such as cubic systems, a rhombic dodeca-

hedron or a truncated octahedron [219]. The latter two are special cases of triclinic unit

cells that are closer to a sphere than a cube, thus can significantly reduce the number
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of solvent atoms required in the system, leading to a corresponding reduction in the

computational requirements.

2.6 MD recipe

All-atom MD simulations discussed in this thesis were performed using the GROMACS

(GROoningen MAchine for Chemical Simulations) software [220, 221]. Performing

an MD simulation is relatively straightforward. It starts with preparing the molecular

system, which in this thesis consists of protein localized at a certain distance from a

membrane containing few types of lipids. This step involves to add missing atoms to

the protein structures determined by experimental techniques (such as hydrogen atoms,

which are generally not resolved in crystal structures), adding solvent molecules such as

water, salt ions, and assigning the force field parameters. The web utility CHARMM-

GUI was used to build the lipid bilayers [222–224]. Then, the simulations were performed

following the MD recipe as explained in the following subsections.

Figure 2.7: Summary of the steps involved to prepare and perform an MD simulation.

2.6.1 Energy minimization

The first step of an MD simulation is normally to relax the solvated system to a low-

energy state before heading to perform the MD. The potential energy function of the

system is determined by the force field calculations, as already explained in section 2.3.
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It is a very complex energy landscape involving a large number of dimensions, with

one deepest point, the global minimum, and a very large number of local minima. A

complete description of the system dynamics, relevant to the protein conformations and

their free energy, requires knowledge of all the local minima and the global minimum.

Unfortunately, sampling the configurational space at a sufficient number of points to

obtain a complete survey is impossible for large systems with high dimensionality and

large number of local minima. On the other hand, it could be that the starting configu-

ration is very far away from equilibrium and does not correspond to any of the minima

of the underlying energy landscape. It may even involve overlaps between atoms, such

that the forces may be excessively large and the MD simulation may fail. To resolve

such problems, it is recommended to run short energy minimizations to remove any bad

contacts that would lead to unstable molecular dynamics [225].

In energy minimization, the conformation of the system can be changed to locate lower

energy conformations through the process. The existing minimization methods can help

in finding the nearest local minimum i.e. the minimum that can be reached by systemat-

ically moving down the steepest local gradient, but can not guarantee the determination

of the global minimum in any practical amount of time. Nonetheless, this would be

good enough for beginning an MD simulation. There are different minimization algo-

rithms available such as the steepest descent and conjugate gradient methods [226]. The

steepest descents algorithm brings the system close to the nearest local minimum very

quickly, while the conjugate gradient method is good at bringing the system to the local

minimum, but performs worse when the system is far away from a minimum.

2.6.2 Equilibration

Equilibration is the step that always follows the energy minimization, to bring the system

to a representative dynamical state suitable for the initiation of a simulation at the given

thermodynamic parameters (T , p) [227–229]. The equilibration protocol is still a matter

of personal preference. It is recommended to first perform thermal equilibration to

fix the temperature to the desired range, followed by fixing the pressure. The first

stage entails coupling all the system atoms to a thermal path at a given temperature

as described in the thermostat subsection. This is followed by coupling the system to

a barostat to reach a pressure of 1 bar. Important, at this stage is to maintain the
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structural integrity of the membrane and protein in the studied system. Therefore, soft

positional restraints are implied in the equilibration phase to prevent drastic changes

of the initial structure before simulating the desired simulation. In this thesis, heavy

atoms are initially restrained with 1000 kJ ·mol−1·nm−2. The V-rescale thermostat and

Berendsen barostat were used to converge temperature and pressure to the ideal values.

2.6.3 Production run

This step refers to the main simulation after the system is equilibrated. In the thesis,

the simulation lengths were on the microsecond time scale. The Nose-Hoover thermostat

and the Parrinello-Rahman barostat were used to maintain the temperature and pressure

respectively. More details on the various MD simulations performed in this work can

be found in publications that are part of this thesis. Therein, all force field choices and

settings as well as the parameter settings used for the various algorithms can be found.

2.7 MD limitations

It is important to be aware of the limitations of MD simulations in order to make rea-

sonable use of it [230]. Some of these limitations include (i) the design of an accurate

simulation studies that is strongly influenced by the availability of experimental struc-

tures, particularly if the simulation study meant to be compared with experimental

results, but this is not the case when simulation is designed to guide experimental study

or to complement it, (ii) the force field issue, as it is parametrized to give a reasonable

approximation of the potential-energy landscape, but they are improved substantially,

(iii) the covalent bonds do not break or form during typical MD simulations, meaning

that the protonation states of titratable amino acid residues are fixed and must be set

carefully at the beginning of a simulation, unless constant pH simulation approaches are

employed (Goh et al., 2014), the same is true for disulfide bonds, (iv) Finally, impor-

tant biomolecular processes, including ligand binding and conformational change, often

take place on longer timescales than those accessible by classical all-atom MD simula-

tion. At the time scales that are accessible by conventional MD simulations, a peptide

or protein often remains trapped in an energy basin and seldomly overcomes relevant

energy barriers. This restricts the study of slow dynamic processes that occurs on the
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(sub-)millisecond or longer time scale. Since typical simulation time steps in all-atom

MD simulations are on the order of femtoseconds, >∼ 1012 time steps are needed to

observe such slow dynamics.

For the latter, different approaches based on MD simulations were developed to enhance

the conformational-space sampling and allow simulations to capture longer-timescale

events. These approaches employ a wide variety of strategies, such as pulling a biomolecule

from a desired initial conformation to a desired final conformation (e.g., targeted MD [231]),

altering the force field to reduce the height of energetic barriers (e.g., accelerated MD [232]),

pushing a simulation away from regions of conformational space it has already visited

(e.g., metadynamics [233]), raising the effective temperature associated with certain de-

grees of freedom (e.g., replica exchange and temperature accelerated MD [234, 235].

With the scope of the thesis work, I will explore the last two approaches in the next

subsection. We recommended the reader with the following references [236–238] for

further information on other techniques.

2.7.1 Metadynamics (MetaD)

Metadynamics is an enhanced sampling method originally developed by Parrinello and

coworkers [239]. It is widely applied for the calculation of free energies and accelerating

rare-event sampling in complex biomolecular systems. The idea of MetaD [240] is to

fill the free energy minima of a metastable state with bias potentials (V (s(q))) in a

controlled manner to enhance the exploration of other states in the energy landscape

(Fig. 2.8A). This scheme can be achieved by running the MD simulation with a modified

Hamiltonian for which a history dependent bias potential V (s(q), t) is added. This bias

potential is a function of s(q), and can be built as a sum of Gaussian potentials deposited

within the collective variable (CV) space to push the system toward sampling unexplored

configurations:

V (s, t) =
∑
kτ<t

W (kτ) exp

(
−

NCV∑
i=1

(si − si(q(kτ)))
2

2σ2
i

)
(2.11)

where σi is the width of the Gaussian function for the i th collective variable, W (kτ)

is the height of the Gaussian at the simulation time t = kτ , which is constant in the

case of standard metadynamics, and τ is the deposition rate of the Gaussian functions.
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Ultimately, the bias potential converges in the long-time limit to the negative of the free

energy as a function of the collective variables,

V (s, t → ∞) = −F (s) + C (2.12)

where C is a constant. The latter equation implies that the deposited bias potential

is optimal to enable transition events as it flattens the biased energy landscape. In

standard MetaD, the height of the added Gaussian potentials is constant during the

simulation. Therefore the estimated free energy landscape oscillates when converging

toward the real free energy profile. This limitation can be overcome by utilizing well-

tempered MetaD [241, 242] that rescales the height of the added Gaussian potentials

such that it is decreasing with time. In addition to well-tempered MetaD, different

variants of standard MetaD have been implemented to enhance its sampling efficiency,

such as parallel-tempering MetaD [243, 244], multiple-walkers MetaD [245], and bias-

exchange MetaD [246]. However, an outstanding drawback of MetaD is the possibility

of driving the system into a physically irrelevant region of the space. Its accuracy is

strongly dependent on the proper choice of CVs and the proper selection of the Gaussian

parameters W (kτ) and σ [240, 247].

MetaD has been applied to study the binding of IDPs [248] and also the free energy

landscape of IDPs [249].

Figure 2.8: Schematic representation of (A) metadynamics (MetaD) with a free en-
ergy profile of two energy basins (a and b) separated by an energy barrier ΔF at c.
Filling the wells with a bias potential (light blue) allows the system to transition be-
tween a and b by crossing c. (B) Presentation of the REMD method for a system with
6 replicas simulated at different temperatures from T1 (lowest T ) to T6 (highest T ).
Exchange attempts between neighbored replicas are marked by arrows. Reproduced
with Copyright ©2021 Elsevier
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2.7.2 Replica Exchange Molecular Dynamics (REMD)

REMD is one of the non-CV based methods that alleviates the problem of prior knowl-

edge of the system under study as required by CV-based methods. The idea of REMD

is to run several replicas of the same system, yet at different temperatures. Exchanges

between the temperatures or the configurations of neighbouring replicas are attempted

every few time steps (Fig. 2.8B) [250]. This way, configurations that are accessible at

high temperatures are exchanged with those sampled at a lower temperature. This

process enhances the conformational sampling of the system and allows to accurately

compute its thermodynamic properties. REMD has been widely applied in the study of

conformational ensemble of IDPs. Its first application was by Sgourakis et. al to explore

the differences in the conformation accessible to the hydrated Aβ monomers (Aβ40 and

Aβ42) [251]. Similarly, it was then employed to understand the conformational prefer-

ences of the histone tails (highly flexible N- or C-terminal) and its effect on the binding

affinity to linker DNA [252]. It has been further utilized to understand the interplay

of residual structure and conformational fluctuations in coupled binding and folding of

IDPs applied to transcription coactivator CREB [253, 254]. Miller et al. studied the

conformational ensemble of several IAPP variants [255]. REMD simulations have been

also used to investigate how post-translational modifications affect the conformational

ensemble of different IDPs such as tau , hIAPP [256], and KIDS [257]

However, this approach is computationally demanding as the number of replicas grows

with the square root of system size. A more efficient version of REMD, called Hamil-

tonian replica exchange MD (HREMD), was developed by Bussi et al [258]. In this

approach, the different replicas of the system evolve according to different Hamiltoni-

ans. It is rendered to be more efficient than REMD due to the lower number of replicas

needed. Different types of HREMD approaches have been developed, which mainly

differ by the modifications made to the Hamiltonian in the different replicas. In the

approach of Bussi et al. [258] the system is divided into a hot (H) and a cold (C) region,

and Hamiltonian of the H-region is modified in order to accelerate the sampling. For

a system of Nrep replicas with qi being the coordinates of the ith replica, the ensemble

probability is defined as

p(q1)× . . .× p(qNrep) ∝ exp

(−U1(q1)

kB
· . . . · −UN rep(qN rep)

kBT

)
(2.13)
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Thus, in HREMD the energy and not the temperature is modified; instead all replicas

are usually simulated at the same temperature. The Hamiltonian of the system in the

H-region will be changed depending on a scale factor λ such that only the force field

terms contributing to noteworthy energy barriers are scaled, whereas the Hamiltonian

of the C-region is kept unperturbed. In particular, the charges of the atoms in the H-

region are scaled by a factor of
√
λ, while the Lennard-Jones parameters ε are scaled by

a factor of λ. The proper dihedral potential is scaled by a factor of λ or
√
λ depending

on if both the first and fourth atoms or only one of them is in the H-region.

Considering that the temperature and energy are related as shown in equation (2.13)

(for example, scaling the energy to its half is equivalent to doubling the temperature),

it is plausible to think of the HREMD scheme as simulating each region at an ”effective

temperature” of T
λ ,

T√
λ
and T for interactions inside the H-region, between the H- and

the C- regions, and inside the C-region, respectively. The scaling factor λ ranges from 1

(for the unmodified system) to minimal 0 (infinite temperature or zero interaction in the

hot region). In praxis, the lowest λ value is usually chosen as 0.6 or 0.5. The probability

for exchanges between replicas should satisfy the Metropolis criterion to ensure detailed

balance as a condition to obtain the correct ensemble for the Hamiltonian of interest:

p(qi ↔ qj) = min

[
1, exp

(
Ui(qi)− Ui(qj)

kBT
+

Uj(qj)− Uj(qi)

kBT

)]
(2.14)

Though enhanced sampling techniques yield the relevant thermodynamic state of the

studied system and allow the calculation of the corresponding thermodynamic properties

accurately, estimating the transition rate among different states in the configuration

space remains a limiting step.

HREMD has been successfully applied in the study of different IDPs, including Aβ [259,

260], Aβ fragments [261], the disordered N-terminal of c-Src kinase [262], histatin 5 (24

residues), and Sic 1 (92 residues). Furthermore, HREMD has also been coupled with a

CG force field to further enhance the sampling efficiency [263].

Enhanced sampling methods are implemented in different MD programs, such as the

Colvars module in NAMD [264] that enables MetaD simulations and is flexible in defining

CV using Tcl scripts. Similarly, the Plumed plugin [265] together with GROMACS [221]

enables running HREMD and MetaD simulation.
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2.8 Aims

Scientific research on amyloid proteins associated with amyloid diseases is being carried

out globally by a large number of theoretical and experimental research groups. Each

incremental step in this field of research is needed toward filling the gap in understand-

ing the mechanism of the disease development and for finding a potentially effective

treatment, which is still lacking. Among these amyloid proteins are the amyloid-β and

hIAPP that are associated with the development of Alzheimer’s and diabetes diseases,

respectively. In this thesis work, we focus on providing insight into the behavior of Aβ

and hIAPP in an environment that mimics the in vivo environment. This is accompanied

by designing and running multiple all-atom MD simulations, where in each MD study

a certain aspect from the real amyloid-peptide environment is taken into account, such

as the cell membrane composition, the free lipids in the aqueous phase, the oxidative

stress, and the macromolecular crowding in the cellular environment. The aim of these

simulations is to unravel how these different conditions affect the conformational pref-

erences of the two peptides, their aggregation and interactions with lipid membranes.

This atomic level knowledge will give insight into the influences of different in vivo con-

ditions in disease development, assuming the aggregation into β-sheet structure is the

disease-defining step. The power of the MD simulation technique in addressing biological

questions has considerably increased since its first introduction in 1950, such that it is

widely used nowadays as a complement to experiment or in furthering our understanding

of the studied systems at higher resolution. This is the motivation beyond using it as

tool toward achieving the intended goals in this thesis work.
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Results

The main aim of this thesis work was to investigate the behavior of the amyloid peptides

Aβ42 and hIAPP in an environment that consider certain aspects of the in vivo envi-

ronment. To this end, we performed all-atom MD simulations to study (i) Aβ42 in the

presence of a neuronal membrane (Publication I), (ii) Aβ42 interactions with free lipids

in the aqueous phase (Publication II), (iii) Aβ42 under oxidative stress (Publication III),

(iv) Aβ16−22 in the presence of macromolecular crowding (Manuscript IV), (v) hIAPP

and membrane binding (Publication V). In the following sections, brief summaries of

these studies are provided, while the full publications or manuscripts are reproduced in

sections (A.1-A.5).

3.1 Publication I: Aβ42 and the neuronal membrane

Amyloid-β peptide dimers undergo a random coil to β-sheet transition in the

aqueous phase but not at the neuronal membrane

Fatafta H., Khaled M., Owen MC., Sayyed-Ahmad A., Strodel B. PNAS., 2021 Sep

28; 118(39):e2106210118. doi: 10.1073/pnas.2106210118.

Original publication, see Publication I in section A.1, contribution: execution and anal-

ysis of molecular dynamics simulations involving the neuronal membrane, producing the

figures, and writing the first draft of the paper.

39
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3.1.1 Background

Recently, a large body of evidence supports the view that Aβ oligomers are the most

toxic species that play a key role in Alzheimer’s disease development [44–46]. This is

contrary to what earlier researchers used to believe since the proposal of the amyloid

cascade hypothesis in 1991 [81] is that the mature amyloid fibrils are the cause for the

neuronal loss and damage. Thus, the focus is now towards better understanding of the

role of these toxic species in Alzheimer’s disease progression and further probing the

source of toxicity. Over the years, the neuronal membrane has been suggested to be

the main site for the Aβ oligomer mediated toxicity via damaging protein-membrane

interactions or via changes in the lipid bilayer properties. Several studies aimed to shine

light on the details of Aβ-membrane interactions; however, it is extremely difficult to

capture these transient interactions with experimental methods. This becomes possible

with MD simulations and this problem was addressed in the current research study.

Figure 3.1: A schematic representation that illustrates the focus of the study involving
Aβ dimers in the presence of a neuronal membrane.
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3.1.2 Results

In this study, we contrast the dimerization of the full-length Aβ42 in solution and at

the neuronal membrane using an aggregate of 24 μs of all-atom MD simulations (see

Fig. 3.1). We built two systems for the Aβ42 dimer; one in solution, and the other one is

in the presence of a neuronal membrane. For the second system, we built a model lipid

bilayer of 9.6 × 9.6 nm2 consisting of six lipid types (38% 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), 24% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

(POPE), 5% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 20% choles-

terol (CHOL), 9% sphingomyelin (SM), and 4%monosialotetrahexosylganglioside (GM1))

to mimic the composition of a neuronal cell membrane. For both systems we employed

Charmm36m to model Aβ, a force field adjusted for intrinsically disordered proteins

(IDPs), as reported in section 2.3.

There are key difference compared to previous simulations in the field; the first one con-

cerns the time scale of this study which is exceeding previous studies on Aβ-membrane

interactions by an order of magnitude, and the second one is the simulation of a complex

lipid membrane of more than three lipid components at the atomistic detail, which to

the best of our knowledge has not been done yet. In addition, we were also able to

follow the details of the dimerization pathway using transition networks. Our results

highlighted that the dimerization occurs in both systems but the dimer in solution re-

veals a random coil to β-sheet transition, leading to structures similar to those found

in Aβ fibrils (Fig. 3.2A and B). The conclusion thus is that the Aβ dimers sampled in

solution are on-pathway to amyloid aggregation. In contrast, the neuronal membrane

attenuates the peptide’s tendency to form β-sheets.

On the neuronal membrane, our observations revealed an adsorption of the Aβ42 dimer

on the membrane but no peptide insertion into its hydrophobic region (Fig. 3.2D). Fur-

thermore, the membrane adsorption of the Aβ42 dimer is mainly driven by electrostatic

interactions between the charged N-terminal residues of Aβ and the headgroups of PC,

PE, and PS, in addition to hydrogen bonding with GM1 lipids (Fig. 3.2C). Our simula-

tions shed light on the role of gangliosides (GM1) as the main lipid interaction partner

of the peptide. Here, the sugar groups of GM1 form hydrogen bonds with the pep-

tide, thereby reducing the possibilities for other hydrogen bonds to form within Aβ or

between the two Aβ peptides. This is the reason beyond the divergence of the dimer
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Figure 3.2: (A) Probability of secondary structures to form in each residue of the
peptides in the aqueous phase (top) and in the presence of the neuronal membrane
(bottom). The bars represent the cumulative secondary structure probabilities con-
sisting of helix (green), β-strand/bridge (magenta), and turn or bend (gray). The
difference from 1.0 presents the probability of the random coil state. (B) Snapshots of
Aβ42 dimer in the aqueous phase (top) and in the presence of the neuronal membrane
(bottom). Peptide 1 and peptide 2 are shown as cartoons in red and blue, respectively.
(C) The average interaction energies of peptide 1 (left) and peptide 2 (right) with each
lipid of the neuronal membrane. Electrostatic and Lennard-Jones energies are shown in
blue and green, respectively. The more negative an energy is, the more attractive is the
corresponding interaction. (D) The minimal distance between the Aβ42 peptides and
the neuronal membrane surface for each of the six simulations (run1–run6). Results for
peptide 1 and peptide 2 are shown in red and blue, respectively.

configurations in solution and at the neuronal membrane. Assuming that the β-sheet

structure is the membrane-damaging species, this suggest a neuroprotective effect of

GM1. This is further supported by our observation that the membrane adsorption of

the dimer was found to have profound effects on the Aβ42 dimer, while the membrane

was only marginally affected.
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3.1.3 Conclusion

In this study we were able to shine light on the dimerization of Aβ42 both in solution

and in the presence of a neuronal membrane. In term of dimer formation, the dimer

formed in both cases but with significant differences. In solution, the resulting dimer

is characterized by its high β-sheet content, that convey the structural transition from

random coil to β-sheet. This, to the best of our knowledge, was not seen yet by other

unbiased MD simulations, and the obtained structures bear certain similarities to the

U-shaped Aβ42 fibril. Thus, we concluded that with our microsecond time scale simu-

lations in solution we were able to observe this structural transition that counts as on

pathway for amyloid aggregation. In the presence of a neuronal membrane, the dimer

is less ordered with reduced β-sheet content. GM1 is the preferable site for membrane

interaction of Aβ42 a finding that is in line with our previous study (see Publication

III). Thus, we concluded that GM1 is neuroprotective against Aβ-mediated toxicity.

Furthermore, the consideration of the neuronal membrane in this study is a step for-

ward in studying Aβ-membrane interactions compared to previous studies with three

lipid types or fewer.

3.2 Publication II: Aβ42-lipid complex

Disorder-to-order transition of the amyloid-β peptide upon lipid binding

Fatafta H., Kav B., Bundschuh B., Loschwitz J., Strodel B. Biophys Chem., 2022 Jan;

280:106700. doi: 10.1016/j.bpc.2021.106700

Original publication, see Publication II in section A.2. Contribution: execution of some

of the molecular dynamics simulations, participating in the analysis, producing the struc-

ture figures, and writing the first draft of the paper.

3.2.1 Background

On the same line with the previous study, it is now well established that Aβ exert its tox-

icity via abnormal interaction with the neuronal membrane. Presently, there is intense

interest in elucidating the peptide-membrane interactions to gain a good understanding
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of the underlying toxicity mechanism. Hence, the interaction of Aβ with the membrane

environment has been extensively studied [36, 82, 83], with the focus on investigating Aβ

in a lipid-rich phase. However, there are emerging evidences pointing to the importance

of the free lipids in the aqueous environment that exist at equilibrium with the mem-

brane at nM to μM concentration [84, 85, 87]. Indeed, these free lipids found to bind Aβ

forming Aβ-lipid complexes which enabled an easy membrane insertion for Aβ and other

amyloid proteins. This finding encourage La Rosa and coworkers to propose a ”lipid-

chaperone” hypothesis [86] where lipid-assisted protein transport enables the membrane

insertion of proteins. They further remarked that lipid-assisted protein transport and

the effect of lipid binding on protein conformation are overlooked. Few experimental and

molecular dynamics studies reported on the stability of the peptide-lipid complexes in

solution and their role in assisting protein-transport into membranes [84, 86, 87]. Thus,

improved understanding of these complexes and their role in affecting peptide-membrane

interactions are warranted and needed. This can be achieved from the viewpoint of

molecular dynamic simulations and was addressed in this study.

Figure 3.3: A schematic representation that illustrates the focus of the study involving
Aβ-POPC complex in solution and in the presence of POPC membrane.
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3.2.2 Results

We performed all-atom MD simulation on the microsecond time scale to study the

complex formation between Aβ42 and lipid molecules in solution (see Fig. 3.3). We

considered the most abundant lipids in mammalian cells; POPC and 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), and to further investigate the interactions of these

complexes with membranes, we also included pre-assembled lipid membranes. We built

three different systems including two systems in solution composed of a single Aβ42

peptide with either a single POPC or DPPC lipid molecule in (1:1 ratio) or with three

POPC lipid molecules (1:3 ratio), and one system in the presence of a lipid membrane

composed of a Aβ42-POPC complex in 1:1 ratio with a model lipid membrane of 10.0

× 10.0 nm2 consisting of 154 POPC lipids. In all cases we considered reference systems

containing either the single Aβ42 peptide in solution or the single Aβ42 or the single

POPC molecule in the presence of the POPC lipid membrane.

The first set of MD simulations aimed at assessing the complex formation and com-

plex stability in solution. Our observations revealed the formation of stable Aβ42-lipid

complexes in solution both in 1:1 and 1:3 ratios, but the resulting complexes showed

significant differences. We found that Aβ42 remains largely disordered when bound to a

single lipid molecule (Fig. 3.4A and B), but folds into either helical or β-sheet structures

once it bound to three lipid molecules (Fig. 3.4C. This indicates that Aβ42 underwent

a disorder-to-order transition upon binding to a sufficient numbers of lipid molecules,

which are three lipid molecules in our case. An interesting observation in the 1:3 com-

plex is the helix-kink-helix conformation which was stable for the last 200 ns in one

of our simulations (Fig. 3.4C run 1), and transiently formed in the other two repeat

simulations (Fig. 3.4C run 2 and 3). The lipid tails dominate the interaction with Aβ42

in the complexes, which in turn drive the structural transitions. The formation of this

particular helix-kink-helix found to be dependent on specific residue-POPC contacts. It

is stabilized by hydrophobic interactions between the lipid tails and the hydrophobic

residues Leu17, Ala21, Ile32, and Val36.

To follow the interplay between the complex and a model lipid membrane, particularly

to examine if the complex can indeed drive easier peptide insertion, we simulated one

of the resulting complexes with a POPC membrane. For the purpose of simplicity we

only simulated the complex in 1:1 ratio, and further compared the results to simulations
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Figure 3.4: (A) The secondary structure propensities of Aβ42 when being an individ-
ual peptide (red) or in complex with a POPC lipid (light green) and DPPC (gray). The
values are averaged over three independent runs and error bars represent the standard
error of the mean.(B) Snapshot of an Aβ42-POPC and Aβ42-DPPC 1:1 complex, respec-
tively. POPC and DPPC are shown as spheres, with the lipid head group, oleoyl chain,
and palmitoyl chain colored in light red and light blue, green, and yellow, respectively.
(C) Evolution of the β-sheet (blue) and helix content (red) as well as the number of
atom-atom contacts formed between the POPC lipids and Aβ42 residues Leu17, Ala21,
Ile32, and Val36 obtained from the three simulations of 1:3 Aβ42–POPC complexes.
The dashed vertical lines mark time when all three POPC lipids had bound to Aβ42.
The top corner shows representative snapshots showing the helix-kink-helix structure
that formed at the end of run 1 and β-sheet structures sampled in runs 2 and 3. The
peptide is shown as cartoon and the sidechains of Leu17, Ala21, Ile32, and Val36 are
explicitly shown. The lipid headgroups are indicated by blue and red spheres, and the
oleoyl, and palmitoyl chains are represented with green and yellow lines, respectively.

with a single peptide or a single POPC lipid with the membrane. The simulation with

a single POPC molecule revealed its insertion into the lipid membrane (Fig. 3.5A and

C), whereas the simulation with a single Aβ42 molecule revealed its adsorption to the

membrane surface but no insertion (Fig. 3.5A). Similar to the single Aβ42 peptide, the

Aβ42 in complex with a POPC molecule did not insert into the membrane. However, the
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bound POPC molecule in the complex affects Aβ42’s interactions with the membrane

in terms of (i) its conformation such that the peptide bears helical content when bound

to membrane, while the dominant structure in the single Aβ42 is random coil and β-

sheet (Fig. 3.5B), (ii) insertion depth such that the observed helix in the Aβ42-POPC

complex tends to insert more deeply into the membrane. While, this observed helix is

different from the helix-kink-helix structure formed in the 1:3 complex, it is noteworthy

and sheds light on a possible insertion mechanism for the peptide.

Figure 3.5: (A) The minimal distance between the single Aβ42 peptide, single lipid
molecules and the complexes from the POPC lipid bilayer. Colors as indicated. (B)
Snapshots of Aβ42 interacting with the POPC membrane, either for the individual
peptide or as part of the Aβ42–POPC lipid complex. The same representations for the
peptide, and lipid in complex as in the Fig 3.4. (C) Snapshots of a POPC molecule
inserting into a POPC membrane. At t = 940 ns the first contact between the POPC
lipid and membrane was established and at t = 950 ns the insertion was completed.
The oleoyl and palmitoly chains of the inserting lipid are shown in green and yellow,
respectively. The POPC membrane is shown as translucent surface, with the lipid
headgroups being indicated by orange spheres.
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3.2.3 Conclusion

Our findings on the complex formation agrees well with the findings of La Rosa and

coworkers in terms of the complex stability, but they are in partial agreement in terms of

the structural conformation anticipated by the peptide. La Rosa and coworkers reported

an increment in the helical content upon complex formation which is not revealed from

all of our MD simulations. Our simulations highlighted a disorder-to-order transition

once Aβ42 is in complex with three POPC molecule, whereas the peptide remains largely

disordered when complexed with a single lipid. Thus we concluded that Aβ42 undergoes

a coupled binding and folding process in the vicinity of a sufficient number of lipids.

The membrane simulation revealed that in the case of complex interaction with the lipid

membrane the presence of POPC bound to Aβ42 encouraged the formation of a helical

structure that dips deeper into the membrane. This implies that the complex decreases

the energy barrier for membrane insertion, and further suggests a possible mechanism

for peptide insertion. Of note is the observation of a β-sheet conformation in the single

Aβ42 interacting with the membrane. This finding is in contrast with Publication I on

the dimerization of Aβ42 in the presence of the neuronal membrane, where GM1 was

found to decrease the order of Aβ42 via attenuating its propensity to form β-sheet. This

shows that in our future studies testing the lipid–chaperone hypothesis, we should and

will include more realistic cell models.

3.3 Publication III: Aβ42 and oxidative stress

Role of Oxidized Gly25, Gly29, and Gly33 Residues on the Interactions of

Aβ1−42 with Lipid Membranes

Fatafta H., Poojari C., Sayyed-Ahmad A., Strodel B., Owen MC. ACS Chem Neurosci.,

2020 Feb 19; 11(4):535-548. doi: 10.1021/acschemneuro.9b00558.

Original publication, see Publication III in section A.3. Contribution: execution of some

of the molecular dynamics simulations, analyzing all simulations, producing the figures,

and writing the first draft of the paper.
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3.3.1 Background

The human brain is more vulnerable to oxidative stress than any other organ in the

body, especially when considering that it constitutes 2% of the body weight but con-

sumes approximately 20% of the oxygen provided by the respiratory system [266, 267].

Neurons, as the basic units in the brain together with astrocytes, are preferable site for

oxidative damage [268–270]. Neurons contain high amounts of polyunsaturated fatty

acids in addition to proteins and nucleic acids that can interact with reactive oxygen

species, which in turn lead to their oxidation. Thus, oxidative stress is an important

participant in the pathogenesis and development of AD, and it is closely correlated with

the emergence of amyloid-β aggregates [105, 107]. The amyloid aggregates and the

excessive reactive oxygen species are known as the principal features observed in AD

brains. However, it is not well resolved yet, whether Aβ elicits further oxidative stress

on the neuron or the oxidative stress initiates further Aβ accumulation. On the other

hand, it is well established that the plasma membrane of neurons plays an important

role in modulating the peptide’s toxicity, which we investigated in publications I and II.

In this study, we sought to analyze the impact of the Aβ peptide oxidized at selected

glycine residues on its conformation and interaction with a model membrane.

The relationship between glycine residues in the C-terminal region of Aβ and oxidative

stress can be explained by the amyloid radical hypothesis. This hypothesis describes how

the C atom of glycine residues is susceptible to the loss of an H atom upon oxidation of

Met35, which in turn causes the formation of a protein backbone radical, stabilized by

the capto-dative effect [271, 272] and prone to adopt an extended structure perfect for

β-sheet formation [273]. In this hypothesis, Gly33 is predicted to be more susceptible to

oxidation by the methionine-based sulfuranyl free radical due to the close proximity of

these residues in the Aβ42 primary structure. Several experimental studies have been

attempted to explore the effect of radicals on proteins but challenges in locating the

center of a radical in protein hinders systematic experimental investigations [274, 275].

3.3.2 Results

In this study, we focused on exploring the effect of oxidizing selected glycine residues

of the Aβ42 peptide (Gly25, Gly29 or Gly33) on its conformation and interaction with
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Figure 3.6: A schematic representation that illustrates the focus of the study involving
the wild-type Aβ and its variants, oxidized at glycine residues at positions 25, 29 or 33,
in the presence of a lipid membrane containing POPC, GM1 and CHOL.

a lipid membrane containing POPC, GM1, and CHOL (Fig. 3.6). We used Hamilto-

nian replica exchange molecular dynamics (HREMD) simulations on the microsecond

timescale to model four different systems; three systems composed of the oxidized Aβ42

variants (Aβ42-GLR25, Aβ42-GLR29, Aβ42-GLR33) with the lipid membrane, and the

fourth system composed of the wild-type Aβ42 (Aβ42-wt) with the lipid membrane for

comparison purposes. These simulations shed light on the detailed interactions of Aβ42

residues with the lipid membrane.

Our results showed that the interaction between Aβ42 and the lipid membrane occur

primarily between the N-terminus and the POPC head groups, while the remaining

residues make more contact with GM1 (Fig. 3.7A). Independent of the oxidation state

of Aβ42, the peptide made most contacts with the GM1 sugar groups furthest away from

the membrane surface. In addition, Aβ42-wt and Aβ42-GLR29 had a high preference

to also interact with POPC. These contacts were driven mainly by the formation of

hydrogen bonds between Aβ residues and the lipid as well as Lennard-Jones interactions

arising from hydrophobic contacts.

The Aβ-membrane interaction affects the peptide insertion into the lipid membrane

and its conformation. In terms of the peptide insertion, our findings revealed that the

insertion of the peptide with the membrane is enhanced by its interaction with POPC

such that Aβ42-wt and Aβ42-GLR29 dipped most deeply into the membrane (Fig. 3.7B).

Our findings further showed that GM1 binding affects the peptide conformation. At the

Aβ42-GM1 binding sites, no β-sheet or α-helix was observed such that Aβ42-GLR29
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Figure 3.7: (A) The Lennard-Jones interaction energy of each Aβ42 residue (and
standard deviation of the mean) between Aβ42 and POPC (left) and GM1 (right) head
groups. (B) The average insertion distance of each Aβ42 residue with respect to the
POPC and GM1 head groups and CHOL hydroxyl group. The head group of GM1,
POPC, and CHOL are shown in red, black, and blue respectively.

and Aβ42-GLR33, which interacted the most with GM1, have a lower tendency to form

β-sheet (Fig. 3.8A and B). The peptide interaction with GM1 involves the formation of

hydrogen bonds between Aβ42 with the GM1 sugar head groups. This also reduced the

number of contacts and hydrogen bonds that the peptide makes with POPC.

3.3.3 Conclusion

We have demonstrated that the oxidation of Aβ42 at selected glycine residues has dif-

ferent impacts owing to their distinct positions in the hydrophobic sequence of Aβ42

involving the Gly29-XXX-Gly33-XXX-Gly37 motif (zipper motif) and to their interac-

tion with the sugar group of GM1. The significant difference on the membrane interac-

tion was manifested by the high preference of Aβ42-GLR29 and Aβ42-GLR33 to bind

the bulky GM1 lipid, and the high preference of Aβ42-GLR29 and Aβ42-wt to bind to

POPC lipids. GM1 binding affects the peptide conformation via reducing the β-sheet

formation in Aβ42-GLR29 and Aβ42-GLR33 variants compared to the Aβ42-GLR25

variant and the Aβ42-wt, whereas POPC binding enhances membrane insertion. Thus,
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Figure 3.8: (A) The secondary structure assignment of each Aβ42 residue in the
case of Aβ42-wt, Aβ42-GLR25, Aβ42-GLR29, and Aβ42-GLR33 in a bilayer compro-
mised of 70% POPC, 25% CHOL, 5% GM1. The β-turn/bend is shown in silver, the
helix in blue and the β-strand/bridge is shown in red. The figure shows the addi-
tive probability of all secondary structure such that the maximum is 1, those residues
showing probability lower than 1 form random coil. (B) The central structure of the
the largest cluster of Aβ42-wt (46.7%), Aβ42-GLR25 (33.8%), Aβ42-GLR29 (56.5%),
Aβ42-GLR33 (65.6%). In each rendered image the lipids are colored by orange. The
phosphate atom of POPC is in orange, the N and C terminals of Aβ42 are shown in
pink and tan spheres respectively. The protein β sheet is in red, the helix is in blue,
coil and turn are shown in silver.

we concluded that Aβ42-GLR25 is potentially as toxic as Aβ42-wt, assuming that β-

sheet formation in Aβ is connected to its toxicity. Furthermore, we suggest that the

stability of the C-terminal β-sheet in Aβ42-GLR25 might be attributed to the fact that

Gly25 does not disrupt the zipper motif. Further studies should test these observations

and further determine the role of oxidation in Aβ-mediated AD toxicity.

3.4 Manuscript IV: Aβ42 and macromolecular crowding

Atomistic simulations of macromolecular crowding effect on Aβ16−22 aggre-

gation

Fatafta H., Strodel B., Sayyed-Ahmad A. Manuscript in preparation

Manuscript in section A.4, contribution: execution and analysis of molecular dynamics

simulations, doing the analysis, producing the figures, and writing the first draft of the

manuscript.
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3.4.1 Background

It has already stated above that amyloid oligomers rather than the matured fibrils are

the most toxic agent responsible for AD progression and severity. To unravel how these

oligomeric complexes assemble, several studies have investigated the kinetics and ther-

modynamics of Aβ oligomerization, but most of them have been performed in a diluted

aqueous solution, which does not correspond to the actual complexity of the real cel-

lular environment [276, 277]. In the human brain, the intracellular and extracellular

environments are quite crowded with a variety of macromolecules that occupy 7 - 40%

of the total volume [278]. It has been further reported that the extent to which Aβ

forms oligomers/fibrils in such crowded environments differs by orders of magnitude

from that in vitro [279]. Accordingly, the current knowledge of Aβ oligomerization in

a cell-like environment is still limited. The macromolecular crowding effect is difficult

to capture experimentally as it is hindered by the dynamic and transient nature of Aβ.

In this regard, theoretical calculations, particularly MD simulations can complement

the experiments [192, 280]. Nonetheless, application of this approach to study the ef-

fect of macromolecular crowding on Aβ aggregation is rare. The existing simulation

studies used a coarse-grained model and performed discontinuous molecular dynamics

(DMD) [135] or Langevin dynamics simulations [133]. Atomistic insight into the molecu-

lar crowding effect on Aβ, to the best of our knowledge has not been provided yet. Thus,

a better understanding of the crowding effect on Aβ at the atomistic level is warranted

and needed. This was addressed in this study.

3.4.2 Results

To unravel the effect of macromolecular crowding on amyloid aggregation (see Fig. 3.9),

we focus on the dimer and hexamer of the Aβ16−22 fragment (with sequence KLVFFAE)

of Aβ, which has been shown to be a key sequence in the formation of Aβ oligomers

and fibrils [27, 28, 29]. To this end, we performed two sets of all-atom MD simulations

including (i) unbiased standard MD simulations of six Aβ16−22 peptides in solution with

and without crowders (3×1.5 μs for each system), and (ii) metadynamics simulations of

two Aβ16−22 peptides in solution with and without crowders (1×3 μs for each system).
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Figure 3.9: A schematic representation that illustrates the focus of the study involving
Aβ in the presence of macromolecular crowders.

In the simulations with crowders, the crowder was modeled as repulsive sphere of diam-

eter 1.3 nm and added at 30% volume concentration together with the short fragment

Aβ16−22.

The first set of MD simulations enabled insight into the hexamer formation process in

the crowded solution versus diluted solution. Our results revealed that the presence of

crowders enhances the formation of the hexamer compared to its formation in diluted

solution (Fig. 3.10A and B). Not only this, but also the peptide secondary structure is

altered such that the β-sheet formation is enhanced (Fig. 3.10C). Snapshots of the last

MD frame show that the resulting hexamers in diluted solution contain β-sheets with

small numbers of residues per sheet and/or peptides with random coil conformation

(Fig. 3.10D, top row) compared to the hexamers formed in the presence of crowder

(Fig. 3.10D, bottom row).

The second set of our MD simulations, the metadynamics simulations, enables us to

interpret the free energy surface associated with the transition from monomer to dimer

both in the presence and absence of crowders. The two-dimensional free energy sur-

face (2D-FES) as deduced from metadyamics simulations revealed that the presence of

crowders drive the peptides to form dimers within a broad energy basin allowing for

a structural ensemble of dimers compared to its more structurally restricted formation

without crowders (Fig. 3.11A and B). This observation is further augmented considering

the one-dimensional FES (1D-FES) (Fig. 3.11C and D) which reflects that the resulting
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Figure 3.10: (A and B) The time evolution of the oligomerization state from each
of the triplicate simulations of six Aβ16−22 without crowders (left) and with crowders
(right). The color of each run is indicated by the color code. (C) The average secondary
structure content in the case of simulation without crowders (pink) and simulation with
crowders (green). From left to right, the coil, the β-sheet, the bend-turn and the α-
helical contents are shown. (D) Representative snapshots of the last frame from the
simulation of six Aβ16−22 with no crowders (top row) and the system with crowders
(bottom row). Aβ peptides are shown as cartoon and the crowders are indicated by
light pink spheres.

dimer in the presence of crowders encounter deeper energy basins compared to a less

well defined energy minimum for the dimer without crowders. Snapshots of the dimers

from the energetically favorable regions are shown together with the 2D-FES at the top

right corner.
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3.4.3 Conclusion

It should be noted that this manuscript is under preparation, and the results shown here

are preliminary, that more analysis is still to come to view the clear picture. Nonetheless,

we believe that the unique contribution of this simulation study is that it provides

atomistic insight into the molecular crowding effect on Aβ, which to the best to our

knowledge has not been done yet. According to the current results, we conclude that the

presence of crowders tends to enhance hexamer formation through forcing the peptides

to collapse into oligomeric conformations quickly, which then evolve to hexameric β-

sheet conformations toward the end of the simulation. The metadynamics simulation

of the dimer further revealed that the presence of crowders enhances the formation of

energetically favorable dimer structures. Combining both findings, we speculate that a

possible scenario that may explain the crowding effect is that the presence of the crowders

affects the interstitial space available for the peptides in a way that forces them to come
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together quickly and form oligomeric species that is energetically favorable. In other

words, the peptide adopts a state that minimizes the volume occupied by the peptides

to commensurate to the excluded volume effect due to the presence of crowders.

3.5 Publication V: hIAPP and membrane binding

Structural dissection of the first events following membrane binding of the

islet amyloid polypeptide

Khemtemourian L., Fatafta H., Davion B., Lecomte S., Castano S., Strodel B. Front.

Mol. Biosci., 2022 Mar 15; 9:849979. doi: 10.3389/fmolb.2022.849979.

Original publication, see Publication V in section A.5. Contribution: execution and

analysis of molecular dynamics simulations, producing the simulation-related figures,

and writing part of the first draft of the paper.

3.5.1 Background

Increasing evidence suggests that the interaction of the human islet amyloid polypeptide

(hIAPP) with lipids may facilitate hIAPP aggregation and cause the death of pancreatic

islet β-cells in patients with type 2 diabetes [24, 281]. While the toxic activity of hIAPP is

still not completely understood, a link between hIAPP fibril formation at the membrane

interface and hIAPP-induced cell death was observed, highlighting the importance of the

membrane in hIAPP-induced cell death. Along with these results, it has been recognized

that the various amino acids of hIAPP are crucial in hIAPP fibril formation and in

hIAPP-membrane interaction. The N-terminal part residues are mainly responsible for

membrane binding, the middle core drives amyloid fibril formation, while the C-terminal

residues are also involved in amyloid fibril formation yet to a lesser extent [282]. For that

reason, it is essential to explore the sequence-amyloid and sequence-membrane binding

relationships. The region 20-29, known as the amyloid-prone region that bears key

differences of hIAPP from the non-amyloidogenic and non-toxic rat IAPP, is of relevance,

but it is not the sole region governing IAPP fibril formation. Recent studies on residue

18, that is highly variable among species [283], indicate that this residue is important in

modulating i) IAPP fibril formation in solution and in the presence of membranes [284,
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285], ii) membrane interaction and damage [285], iii) cell toxicity [284], and iv) hIAPP-

zinc and hIAPP-insulin affinity [286]. Thus, understanding the role of this residue

in specific interactions of hIAPP with cell membranes is critical for elucidating the

underlying pathogenesis of type 2 diabetes and this is the focus of this study.

Figure 3.12: A schematic representation that illustrates the focus of the study in-
volving the wild-type hIAPP and its variants, mutated at residue 18, in the presence
of a DOPC:DOPS lipid membrane.

3.5.2 Results

The purpose of this study is to obtain structural information on IAPP at the membrane

interface and to determine the role of histidine 18 in hIAPP-membrane interactions.

We performed all-atom MD simulations on the microsecond time scale, in addition to

Fourier-transform infrared (FTIR) spectroscopy and transmission electron microscopy

(TEM) experiments performed by our collaborators, to asses the influence of residue 18.

To this end, a wild-type hIAPP and variants of it with mutations H18A, H18E, H18K,

and H18R, in the presence of a 1,2-dioleoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-

sn-glycero-3-phospho-L-serine (DOPC:DOPS) lipid mixture (ratio 7:3), mimicking the

eukaryotic β-cell membranes, were studied (see Fig. 3.12).

The FTIR spectra at different incubation times revealed an increment in the β-sheet

content in all peptides but H18E, that was accompanied by a reduction in the random

coil and α-helix content (Fig. 3.13A). This was further confirmed by TEM images that
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revealed long and twisted fibrils in hIAPP and H18K-IAPP, short fibrils and small amor-

phous aggregates in H18R- and H18A-IAPP, while unstructured aggregates in the case

of H18E were observed (Fig. 3.13B). Considering Fig. 3.13B, the fibrils and aggregates

morphologies harbor the presence of antiparallel and parallel β-sheets, respectively. Fur-

thermore, the FTIR results showed membrane disturbance upon hIAPP interactions but

not in the presence of the mutants. Thus, we concluded that the β-sheet is needed for

membrane disturbance, considering that hIAPP is the peptide with the largest amount

of β-sheets.

Figure 3.13: (A) Time-evolution (from 0 min, black, to 120 min, red) of the ATR-
FTIR spectra of hIAPP. Secondary structure analysis for hIAPP and the mutated
peptides as the figure label shows. The bars show the averaged content of secondary
structures including antiparallel and parallel β-sheets, random coil, α-helices, and turns.
(B) TEM image of (a) native hIAPP and the mutated peptides: (b) H18R-IAPP,
(c) H18K-IAPP, (d) H18E-IAPP, and (e) H18A-IAPP incubated with DOPC/DOPS
liposomes. The yellow arrows indicate the amorphous aggregates found for H18R-IAPP
and H18A-IAPP. Scale bars represent 500 nm.
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To gain more insights into the impact of residue 18, I performed all-atom MD simulations

of the monomeric hIAPP and its mutants in the presence of a same lipid bilayer with

the same composition as in the experiments. Our simulations revealed that all peptides

approach the membrane via electrostatic interactions between the positively charged

residues K1 and R11 and the negatively charged lipids DOPS, which is strengthened

when there is a third positive charge at position 18, as seen for H18K- and H18R-

IAPP but not hIAPP(H18+) (Fig. 3.14A). We thus concluded that also the size and/or

flexibility of the side chain at residue 18 plays a role in affecting peptide-membrane

interactions. In addition, the membrane-bound IAPP adopted a helical conformation,

which is higher in hIAPP mutants than in hIAPP (Fig. 3.14B). The helical region in

the case of H18K- and H18R-IAPP was able to insert just below the headgroups with

the hydrophobic residues, whereas the hydrophilic residues directed toward the aqueous

phase ((Fig. 3.14C)). This orientation was stabilized by the long and the flexible side

chains of K1, R11, and K18 or R18. Nonetheless, our results showed that this insertion

slightly affects the membrane thickness around the peptide but does not change the lipid

tail order.

3.5.3 Conclusion

The results of this study provide valuable molecular-level insight of the initial IAPP-

membrane interactions. Our results revealed that the initial membrane-anchoring occurs

via a helix in the N-terminal half of the peptide, as revealed from our MD simulations.

This helix turned out to be very stable and resists the transformation into β-sheets, as

the FTIR results at different incubation time showed that some residues remained in

a helical conformation with a contribution of 15-20%. The membrane disturbance by

hIAPP as revealed by FTIR spectroscopy correlates with the toxicity of this peptide.

Thus, we concluded that cytotoxicity and the presence of antiparallel β-sheet structures

are connected to each other in IAPP. This also led us to conclude that H18E-IAPP,

characterized by a reduced β-sheet formation and a high helical content, is the least

toxic H18 mutated peptide that we studied.
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Figure 3.14: (A) The average interaction energies (and standard error) of IAPP
interacting with DOPC (left) and DOPS (right) lipids. Electrostatic and Lennard-Jones
energies are shown in red and blue, respectively. Negative energies indicate attractive
forces, positive energies correspond to repulsion. (B) The average secondary structure
content (and standard error) in IAPP in the presence of a DOPC/DOPS membrane
as obtained from MD simulations. (C) Representative structures of H18R- and H18K-
IAPP interacting with the DOPC/DOPS membrane. The peptide is shown as cartoon
(with helix, β-sheet and coil being shown in blue, red and white, respectively), with
their N- and C-termini being indicated as blue and red spheres, respectively. DOPC
and DOPS lipids are shown as pink and gray sticks, respectively, with their P atoms
indicated by spheres of the corresponding color.



Chapter 4

Conclusions

In this thesis, we have successfully used MD simulations to model the real environment

conditions in studying amyloid proteins. Herein, the computational investigations aimed

at modeling tow IDPs; the Aβ peptide which is associated with the development and

progression of AD, and the hIAPP peptide that it is associated with type 2 diabetes.

A common characteristic of these diseases is the aggregation of the respective peptides

into structured amyloid fibrils. Though the linkage between these protein aggregates

and the devastating disease has been well established over the years, the aggregation

mechanism remains elusive. Thus, understanding the aggregation mechanism has be-

come a subject under intense investigation, with the focus being on the emergence of

the most toxic species; the amyloid oligomers. To date, most of studies published on

amyloid aggregation did not consider the full complexity of the biological environment

that plays a crucial role in tuning the aggregation process. Investigating the effects of

in vivo conditions on Aβ and hIAPP is the main focus in the MD studies of this thesis,

toward enhancing the knowledge about these peptides and their role in the development

of the associated diseases.

In the simulation studies mentioned in chapter 3, I focused on mimicking four major as-

pects from the brain or the pancreatic β-cell environment while performing the computer

simulations, such as resembling the lipid composition of the neuronal cell membrane or

the pancreatic β-cell, examining the oxidative-stress effect commonly associated with

neurodegenerative disease, the effect of free lipids in the aqueous phase as a protein
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interaction partner, and also the macromolecular-crowding effect. For Aβ, we success-

fully simulated at atomistic level a complex model lipid bilayer consisting of six lipid

components (38% POPC, 24% POPE, 5% POPS, 20% CHOL, 9% SM, and 4% GM1)

to mimic the neuronal membrane composition, which to the best of our knowledge had

not been simulated yet. Furthermore, we employed this lipid bilayer model to study the

smallest Aβ42 oligomer, i.e. the Aβ42 dimers, which is difficult to follow experimentally.

In this study, we revealed GM1 from the neuronal membrane to be the main lipid inter-

action partner of Aβ42, and further showed the self-clustering of GM1 in the neuronal

membrane. These findings support previous reports on the neuroprotective role played

by GM1, especially when considering that the close interaction of the dimer with GM1

hindered to some extent the β-sheet formation and reduces Aβ42 order in comparison

to dimerization in solution. Additionally, with all-atom MD simulations of the dimer in

solution at the microsecond time scale, we were able to capture the structural transitions

underwent by Aβ42 upon dimer formation –from random coil to β-sheet confirmation–

that we believe it is on pathway toward forming amyloid fibrils.

The findings regarding GM1 was also reported in the study of oxidative stress where

different variants of Aβ42 monomer oxidized at Gly25, Gly29 or Gly33 and the wild-type

peptide, was simulated in the presence of a simple lipid bilayer comprised of three lipid

components, 70% POPC, 25% cholesterol, and 5% of the ganglioside GM1. Similarly,

this study showed the preference of the Aβ42 monomer to bind the sugar groups of

GM1 over POPC, independent of the Aβ42 oxidation state. However, the binding

was more pronounced once the residue Gly29 or Gly33 was oxidized, which seems to

be correlated with a reduced β-sheet formation in these two cases compared to the

the other two variants. According to our observation, we suggested that Aβ42 with

oxidized Gly25 residue is as toxic as wild-type Aβ, considering β-sheet formation as a

marker of toxicity. This study emphasizes that the oxidation underwent by Aβ itself

is affecting both its conformation and interaction with the membrane in a way that is

dependent on the position of the oxidized glycine residue in the Aβ sequence and on

the lipid interaction partner from the membrane. Additionally, the simulation study

of Aβ interacting with free lipids in the aqueous phase provided atomic insight into

the disorder-to-order transition underwent by Aβ, via folding into a helical or β-sheet

conformation upon binding to a sufficient number of lipid molecules, a process that

we referred to as “complex formation”. A similar observation we also reported upon
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dimer formation of Aβ42 in solution, which is characterized by a random coil to β-sheet

transition. This led us to conclude that Aβ’s hydrophobicity is not sufficient for its

folding by itself, but it can do so following its binding to a hydrophobic interaction

partner. This finding is in line with the typical behavior reported for IDPs where

conformation switching can be induced by binding of an IDP to an interaction partner

such as other proteins, or small molecules.

In the study of Aβ-lipid complex formation, we also revealed that the lipid molecule

bound to Aβ encourages the peptide to fold into helical conformation once it is binding

to a membrane, which dips a bit deeper into the membrane than Aβ alone, and this might

be the first step for membrane insertion. Though the peptide is not fully inserted, the

complex seems to be playing a role toward reducing energy barrier for peptide insertion.

Keeping this mind, we can conclude that in the other two studies where we observed a

close interaction of the peptide with the lipid bilayer, but not insertion is probably due to

the fact that the peptide is initially driven by electrostatic interaction to the membrane;

and once it is on the membrane surface then it is mainly occupied by the bulky GM1

sugar groups, which in turn reduces the peptide order and attenuates its propensity to

fold, which altogether seems to increase the energy barrier toward membrane insertion

by Aβ.

In the study of the macromolecular crowding effect on Aβ16−22 aggregation, particu-

larly the dimer and hexamer formation was studied. The main goal was to follow the

oligomerization mechanism in a crowded (concentrated) environment resembling the

cell-like conditions. Similar to the neuronal membrane study (Publication I), this study

focuses also on the oligomeric species of the Aβ peptide, as the most toxic species, to-

ward better understanding of AD development. Here, we were able to shine light on

the macromolecular crowding effect on Aβ at the atomistic level of detail, which to the

best of our knowledge had not been simulated yet. Furthermore, the usage of standard

unbiased MD simulations together with the metadynamics technique enable us to ex-

plore the aggregation mechanism (at the hexameric level) and the associated free energy

surface (at the dimeric level). A manuscript is under preparation; nonetheless, our pre-

liminary results revealed the that oligomer formation, for both dimer and hexamer, is

enhanced by the presence of the crowding agents. From the view point of metadyamics,

the dimers in the crowded solution are energetically more favorable (i.e. encountered a

deeper energy basin) than in the diluted solution. Thus, we speculate that in response
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to the addition of crowding agents, the peptide adopts a state that minimizes the over-

all crowding effect on the peptide. For example, in the case of six Aβ16−22, we found

that the peptides assemble quickly into tetramers/pentamers to minimize the volume

occupied by the peptides.

The simulation study in which we assessed the interaction of monomeric hIAPP wild-

type and its variants (H18A, H18K, H18E, H18R) with a lipid bilayer supports our

observation from the Aβ studies regarding the role of the hydrophilic interaction in

driving close IAPP interaction with the DOPC:DOPS membrane. Moreover, the MD

simulations revealed that membrane binding induced the formation of an amphipathic

helix in all five-peptides, that we hypothesized to be an intermediate on the way to

IAPP amyloid aggregation. Different to Aβ42, we observed insertion into the membrane

of the helix formed in H18K- and H18R-IAPP. Our simulations were accompanied by

experiments performed by our collaboration partners. These experiments confirmed that

the membrane-bound helix is indeed a precursor to amyloid aggregation, which occurred

in all peptides but H18E-IAPP. This β-sheet formation was accompanied by a reduction

in the random coil and α-helix contents. Nonetheless, the helical content remained at

15-20% of the structure. The joint analysis from MD simulations and experiments at

the monomeric and aggregate level thus suggests that the membrane binding initially

occurs via the helical conformation, which is on pathway to amyloid formation such

that once the aggregated IAPP is interacting with the membrane then the peptide is

triggering parallel or antiparallel β-sheet formation dependent on the primary sequence.

This study emphasizes the relevance of residue 18 in (de)stabilizing the IAPP fibrils

which in turn can be a possible target toward inhibiting its toxicity.

In the light of our findings, it is worth mentioning that the all-tom MD simulation tech-

nique, similar to any other investigation technique, suffers from its own limitations, such

as the high computing time demand that limits the time scales that can be reached by

simulations. This needs to be considered while designing a simulation study in order

to make reasonable use of it. Enhancement methods have been introduced to the MD

method that enable overcoming these limitations, such as HREMD and MetaD, which

were also implemented in some of our studies. Nonetheless, all-atom MD simulations

employed by our studies provide a detailed microscopic view of the systems under in-

vestigation, which prove its usefulness when it comes to study systems of biological
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relevance. As a step forward, it is recommended to connect to experimental studies, if

time and conditions permit, for a broader perspective.

I believe that the simulation studies presented in this thesis will serve as a template

that motivates further studies to address more challenging issues in the field of amyloid

proteins in their real biological environment. These studies provide a primary nucleus

toward solving the puzzle around amyloid aggregation and its connection to disease, and

maybe advancing a possible therapeutic.
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A.1 Publication I

Amyloid-β peptide dimers undergo a random coil to β-sheet transition in

the aqueous phase but not at the neuronal membrane

Fatafta H., Khaled M., Owen MC., Sayyed-Ahmad A., Strodel B. PNAS., 2021 Sep

28; 118(39):e2106210118. doi: 10.1073/pnas.2106210118.
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Amyloid-β peptide dimers undergo a random coil
to β-sheet transition in the aqueous phase but not
at the neuronal membrane
Hebah Fataftaa , Mohammed Khaleda , Michael C. Owenb,c , Abdallah Sayyed-Ahmadd , and Birgit Strodela,e,1

aInstitute of Biological Information Processing (IBI-7: Structural Biochemistry), Forschungszentrum Jülich, 52425 Jülich, Germany; bCentral European
Institute of Technology, Masaryk University, Brno 625 00, Czech Republic; cInstitute of Chemistry, University of Miskolc, 3515 Miskolc-Egyetemváros,
Hungary; dDepartment of Physics, Birzeit University, 71939 Birzeit, Palestine; and eInstitute of Theoretical and Computational Chemistry, Heinrich Heine
University Düsseldorf, 40225 Düsseldorf, Germany

Edited by Gerhard Hummer, Max Planck Institute for Biophysics, Frankfurt am Main, Germany, and accepted by Editorial Board Member Angela M.
Gronenborn August 16, 2021 (received for review March 31, 2021)

Mounting evidence suggests that the neuronal cell membrane is
the main site of oligomer-mediated neuronal toxicity of amyloid-β
peptides in Alzheimer’s disease. To gain a detailed understanding
of the mutual interference of amyloid-β oligomers and the neu-
ronal membrane, we carried out microseconds of all-atom molec-
ular dynamics (MD) simulations on the dimerization of amyloid-β
(Aβ)42 in the aqueous phase and in the presence of a lipid bilayer
mimicking the in vivo composition of neuronal membranes. The
dimerization in solution is characterized by a random coil to β-
sheet transition that seems on pathway to amyloid aggregation,
while the interactions with the neuronal membrane decrease the
order of the Aβ42 dimer by attenuating its propensity to form a
β-sheet structure. The main lipid interaction partners of Aβ42 are
the surface-exposed sugar groups of the gangliosides GM1. As the
neurotoxic activity of amyloid oligomers increases with oligomer
order, these results suggest that GM1 is neuroprotective against
Aβ-mediated toxicity.

Alzheimer’s disease | amyloid-β | neuronal membrane | molecular
dynamics | transition network

In Alzheimer’s disease (AD), amyloid-β peptide (Aβ) aggre-
gates into fibrils and subsequently accumulates as plaques

within the neural tissue (1). An increasing number of studies
suggest that the smaller soluble oligomers formed in the ear-
lier stages of the aggregation process are the main cytotoxic
species affecting the severity and progression of AD (2–4). Aβ
dimers have been reported to be the smallest toxic oligomer that
affects synaptic plasticity and impairs memory (5, 6). Therefore,
a detailed characterization of Aβ dimerization is an essential
step toward developing a better understanding of the aggrega-
tion process. However, its transient nature (resulting from its
high aggregation tendency), its plasticity, and its equilibrium
with both the monomer and higher-order oligomers all make
the Aβ dimer extremely challenging to study experimentally. In
fact, a large amount of the experimental studies performed on
Aβ dimers employ some kind of cross-linking to stabilize them
(7–9). On the other hand, covalently cross-linked Aβ dimers
are certainly of biological relevance, as such species have been
retrieved from the brains of AD patients and their neurotox-
icity has been demonstrated (6, 10). Apart from this, recent
technological developments, such as advanced single-molecule
fluorescence spectroscopy and imaging, opened the way to char-
acterize amyloid oligomers without the need to stabilize them by
cross-linking (11, 12). Molecular dynamics (MD) simulations are
also able to provide atomic insight into the temporal evolution
of the dimer structure without the need of cross-linking (13, 14).
Previous simulations of Aβ dimers were modeled in the aque-
ous phase only, and thus they lacked essential details from the
cellular context. Consideration of the latter is particularly impor-
tant if one wishes to reveal the mechanism of toxicity that has

been shown to rely on direct contact with the lipid membrane of
neurons by Aβ oligomers (15, 16).

Many studies have been done to understand the conse-
quences of Aβ–membrane interactions; however, it is extremely
difficult to capture these transient interactions with experi-
mental methods. This becomes possible with MD simulations
and this problem is addressed in the current work. We use
an aggregate of 24 μs of MD simulations to investigate the
dimerization of the full-length Aβ42 peptide both in solu-
tion and in the presence of a model lipid bilayer includ-
ing six lipid types to mimic the composition of a neuronal
cell membrane (17–19): 38% 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 24% 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE), 5% 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS), 20% cholesterol (CHOL),
9% sphingomyelin (SM), and 4% monosialotetrahexosylgan-
glioside (GM1) (Fig. 1A). For modeling Aβ we employ
Charmm36m, a force field adjusted for intrinsically disordered
proteins (IDPs), to model their preference to adopt extended
structures. When applied to monomeric Aβ, Charmm36m yields
more than 80% of the structures in a random coil and extended
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Fig. 1. (A) A snapshot of the neuronal membrane containing 38% POPC,
24% POPE, 5% POPS (collectively shown as gray surface with their phospho-
rous atoms indicated by gray spheres), 20% CHOL (red sticks), 9% SM (green
spheres), and 4% GM1 (yellow spheres). In the following, PC, PE, and PS are
synonymously used for POPC, POPE, and POPS, respectively. (B and C) Radial
distribution functions for (B) lipid pairings of identical type and (C) lipid–
CHOL pairings. The P atoms of PC, PE, PS, and SM and the O atoms of CHOL
and GM1 were used as reference atoms for the RDF calculations. The RDFs
are averaged over both membrane leaflets. The x axis shows the distances
between the respective atom pairs. Since CHOL resides deeper inside the
membrane, it is possible that the O atom of CHOL and the reference atoms
of the other lipids are above each other, explaining why not all of the RDFs
approach zero for x = 0. The colors of the functions refer to the lipids as
indicated in the color key in B. Pairs with RDF > 1 are considered to form
clusters.

state, and the remaining ones feature transient β-hairpins, which
is in acceptable agreement with experimental data (20). More-
over, Charmm36m outperforms other force fields when it comes
to modeling peptide aggregation (21, 22). To the best of our
knowledge, this simulation study breaks ground on two fronts:
1) It exceeds the simulation time of previous studies modeling
Aβ–membrane interactions by an order of magnitude, and 2)
it studies the aggregation of Aβ on a bilayer containing more
than three different lipid types. Lipid bilayers of a complexity
comparable to the one modeled here have been thus far stud-
ied only at the coarse-grained level (23, 24). We also analyze
the aggregation pathways by transition networks (25–27), which
elucidate the similarities and differences between Aβ dimer-
ization steps both in solution and at the neuronal membrane.
We find that the neuronal membrane reduces the dynamics
of membrane-bound Aβ42 while it also inhibits β-sheet for-
mation. Here, the sugar groups of GM1 form hydrogen bonds
with the peptide, thereby reducing the possibilities for other
hydrogen bonds to otherwise form. In contrast, the dimerization
in the aqueous phase is characterized by a random coil to β-
sheet transition, leading to β-sheet structures similar to the ones
found in Aβ fibrils.

Results
The Neuronal Membrane Is in a Liquid Ordered Phase. Before we
analyze the interaction of Aβ with the neuronal membrane, we
determine the characteristics of the latter. The mass density
profile of each lipid and water along the membrane z axis (SI
Appendix, Fig. S1) shows the distribution of the bilayer com-
ponents, as well as the bilayer thickness. The positions of the
headgroups are at similar locations for POPC (PC), POPE (PE),
POPS (PS), and SM. CHOL, on the other hand, is shifted toward
the hydrophobic core of the bilayer, while GM1 is farther away
from the bilayer center, due to the protrusion of the sugar groups
from the xy surface of the membrane (Fig. 1A). The headgroup-
to-headgroup distance of PC, PE, and PS indicates a bilayer
thickness of 4.65± 0.03 nm.

We calculated the acyl chain order parameter SCH of the C–H
bonds of all the lipid tails (SI Appendix, Fig. S2) to gain insight
into their arrangement within the membrane. Values of 0.35 to
0.4 for the order parameters of carbon atoms 4 to 10 are reached,
which is an increase compared to the order parameters found in
other membranes (28, 29). This is due to the effects of cholesterol
and sphingomyelin, which are known for their role in increasing
lipid order. Notably, we find the acyl chains of GM1 and SM to
be the most ordered. We can thus conclude that the neuronal
membrane is in the liquid-ordered state, which is in agreement
with previous observations (24, 30).

GM1 Forms Ganglioside Clusters. The radial distribution function
(RDF) of all possible lipid pairings was calculated to moni-
tor the effect of these pairwise interactions on lipid clustering
(Fig. 1 B and C and SI Appendix, Fig. S3). A distinct RDF
peak is seen at ≈0.45 nm for the self-clustering of GM1 and
pronounced peaks are seen at 0.55 and 0.6 nm for the forma-
tion of CHOL and SM clusters, respectively, while all other
lipids do not tend to self-associate. The self-clustering of GM1
is considerably stronger than that of the other lipids. Thus, tak-
ing the relatively low concentration of GM1 (4%) into account,
one can conclude that GM1 has a strong tendency to self-
associate that can result in its sorting. No strong clustering
between mixed lipid pairs is observed. Notable coassociation
is seen only for SM with POPE, CHOL, and GM1. Interest-
ingly, the RDF of PE–PS has a higher peak compared to that of
PE–PE and PS–PS, respectively. The dispersion of PS is under-
standable given that it is negatively charged. The negative charge
of both GM1 and PS also explains why these two lipids avoid
coclustering.

To elucidate the dominant lipid–lipid interactions underlying
the RDFs, the average numbers of hydrogen bonds (H bonds)
between the different lipid pairs were evaluated. SI Appendix,
Fig. S4 shows that the sorting of GM1 results from its abil-
ity to build a network of H bonds via its sugar headgroups,
despite its negative charge. The propensity of SM to form H
bonds with itself also gives rise to its self-clustering, whereas the
minor self-clustering seen for CHOL is a result of the cholesterol
condensing effect. This effect does not result from attractive
van der Waals interactions between CHOL molecules, but from
a reduced membrane perturbation energy if small cholesterol
domains are formed (31). However, such cholesterol clusters
are not particularly stable, as evidenced by only a small peak
in the RDF for CHOL–CHOL. The coclustering of CHOL and
SM is facilitated by H bonds formed between the hydroxyl of
CHOL and the amide group of SM, which agrees with previ-
ous findings (32). The RDF profile of SM–GM1 can also be
explained by H-bond formation. We conclude that H bonds play
an essential role in stabilizing lipid clusters within the neuronal
membrane.

Aβ42 Dimerizes at the Neuronal Membrane and Interacts with GM1.
To understand the effects of the neuronal membrane on the
aggregation of Aβ42, we analyzed the 6× 2 μs of MD data in
the presence of the lipid bilayer and compared the aggregation
to the 6× 2 μs of MD simulations done in the aqueous phase.
We first assess whether and how the two peptides bind to and
interact with the membrane.

To follow the association between Aβ42 and the neuronal
membrane, we calculated the minimum distance of both pep-
tides from the lipid bilayer surface for each of the six simulations
(SI Appendix, Fig. S5). It can be seen that peptide 1 usually
interacts with the membrane at a closer distance than pep-
tide 2 does, which can be explained by the fact that the initial
structures of five of the six simulations were selected from the
initial 2-μs simulation. This allows us to better elucidate the
effects of the membrane on the preferentially membrane-bound

2 of 10 | PNAS
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peptide as their mutual interaction time is larger than it would
have been if both peptides had the same interaction probabil-
ity. Nonetheless, both peptides tend to be associated with the
membrane as an intact dimer, since if one peptide is >0.5 nm
away from the membrane, implying that this peptide is in solu-
tion, then very often this is also the case for the other peptide.
Fig. 2 shows representative snapshots for the membrane associ-
ation of Aβ42, including one for loose binding in Fig. 2A. Fig.
2B represents the situation where peptide 1 is in close contact
with the membrane, while peptide 2 is a bit farther away. The
opposite, less prevalent situation with peptide 2 being closer is
depicted in Fig. 2C and is less common, while Fig. 2D shows
how both peptides can bind tightly to the membrane. Fig. 2 fur-
ther suggests that Aβ42 tends to interact with GM1 instead of
the other lipids and that β-sheets are the dominating secondary
structure in peptide 2 but not in the more membrane-bound pep-
tide 1. The analysis of the contacts between Aβ42 and the various
lipids confirms that the peptide has a high tendency to associate
with GM1, followed by PC, PE, and PS (SI Appendix, Fig. S6).
Here, we emphasize that these contacts are not normalized but
absolute values. Considering that only 4% of the lipids are GM1
while the phospholipids make up for more than two-thirds of the
membrane, one can thus conclude that Aβ42 is highly attracted
to GM1. Interestingly, almost no contacts are made with
CHOL or SM.

To rationalize the driving force that controls Aβ42 interac-
tion with the membrane surface, the interaction energy of each
Aβ42 residue with each of the lipid components was calculated
and partitioned into its electrostatic (ECoul) and Lennard-Jones
(ELJ) contributions (Fig. 3). Notably, the lipid interactions of
peptide 1 are more favorable than those of peptide 2, agreeing
with the observation that peptide 1 interacted more strongly with
the membrane. Our results suggest that the major driving force
for the association of the peptides to the membrane is the elec-
trostatic attraction to PC, PE, and PS, especially via the highly
charged N-terminal region and residues F20 to A30. Residues
at the N terminus had the strongest interactions with the mem-
brane, such as D1, E3, and D7 with PE; D1 with PC; and R5
with PS. The latter interaction involves H-bond formation (SI
Appendix, Fig. S7), which is enabled via the carboxylate group of
PS, whereas the primary ammonium group of PE forms H bonds
with D1, E3, and D7. The tertiary ammonium group of PC, on
the other hand, does not support H-bond formation, leading to a
relatively low H-bond propensity between PC (via its phosphate
group) and Aβ42. The interactions between GM1 and Aβ42 are
driven by both Coulomb and Lennard-Jones energies (Fig. 3) and
are facilitated by the sugar headgroups of GM1, which protrude

from the membrane and are therefore particularly accessible to
Aβ42. Moreover, the interactions with GM1 derive from a con-
siderable number of H bonds, which involve almost all residues
of both peptides, but particularly those of peptide 1.

No direct interaction between Aβ42 and CHOL was observed
(SI Appendix, Fig. S6), due to the deeper, unexposed position
of CHOL within the membrane. Interestingly, even though SM
has the same headgroup as PC, which is also located at a similar
position along the bilayer normal, Aβ42 hardly interacted with
SM. This can be understood by considering the preference of SM
to form H bonds with other lipids including itself, which reduces
its tendency to create H bonds with the peptide.

The Aβ42 Dimer Does Not Affect the Neuronal Membrane. To deter-
mine whether the peptides affect the structure of the lipid
membrane, we calculated the lipid order parameter for the lipids
that are within 0.5 nm of the peptide when adsorbed to the
membrane (SI Appendix, Fig. S2). The results suggest no notable
change in the lipid order parameter due to the interactions with
Aβ42. Moreover, only a slight deviation of about ±0.1 nm was
seen in the bilayer thickness (SI Appendix, Fig. S8) at the site of
peptide interaction. We thus conclude that the peptides interact
only with the lipid headgroups without inserting into the mem-
brane, thereby preventing larger changes in the membrane order
and thickness.

Different Aggregation Pathways in Solution and at the Neuronal
Membrane. To unravel differences within the aggregation path-
ways, we computed transition networks (TNs) for the Aβ42
dimerization both in the aqueous phase and in the presence of
the neuronal membrane. To this end, we characterized the con-
formations by assigning the aggregate state (monomer or dimer),
the number of hydrophobic contacts between the peptides in a
dimer, and the number of residues in β-strand conformation as
descriptors. To further simplify the TNs, we grouped both the
number of hydrophobic contacts and the number of residues in
β-strand conformation in blocks of five such that we end up with
ranges h1 to h12 and b1 to b6. For example, h1 and b1 stand
for hydrophobic contacts and the number of residues in β-strand
conformation, respectively, ranging from 1 to 5. The maximum
state h12 involves between 56 and 60 hydrophobic contacts and
the b6 state means that between 26 and 30 residues per peptide
adopted a β-strand conformation.

The resulting TNs (Fig. 4) are characterized by two regions:
the monomeric region (on the left side of the TNs) and the
dimeric region (in the middle and the right side of the TNs),
where the former evolves into the latter. These regions are

Fig. 2. Snapshots of Aβ42 interacting with the neuronal membrane. Peptide 1 and peptide 2 are shown as cartoons in red and blue, respectively, with their
termini indicated by spheres (N, light blue; C, light red). The color coding for the membrane is the same as in Fig. 1A. Representative interaction patterns
are provided: (A) both peptides being loosely attached to the bilayer surface, (B) peptide 1 being in close interaction with the membrane and peptide 2
being bound to peptide 1, (C) the opposite situation to that in B, and (D) both peptides being in close contact with the membrane.
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Fig. 3. The average interaction energies of peptide 1 (Left) and peptide 2 (Right) with each lipid of the neuronal membrane. Electrostatic and Lennard-Jones
energies are shown in blue and green, respectively. The more negative an energy is, the more attractive is the corresponding interaction.

connected by several bridging nodes, which, on average, are char-
acterized by a higher amount of β-sheet (i.e., larger n in the
descriptor bn) in the case of the solution system. In both TNs,
a representative bridging node is indicated by a green circle,
[2, h2, b6] for the solution system and [2, h2, b2] for the
membrane system, which are further augmented by a character-
istic structure. In solution, there are more transitions between
monomers and dimers, which indicates a higher number of
association and dissociation events. In general, the TN for the
solution system exhibits more nodes and transitions.

A closer inspection of both TNs reveals how the two pep-
tides evolve from the monomeric random coil state, which is
represented by node [1, 0, 0] with no interpeptide hydrophobic
contacts and no residues in β-strand conformation, to dimers
with only a few hydrophobic contacts, as present in states [2, h1,
bn]. Here bn ranges from b1 to b6, indicating an increase in β-
strand content as the structure changes along the path through
nodes [1, 0, bn] and [2, 0, bn]. The dimers with no hydrophobic
contacts are so-called encounter complexes, where the minimal
distance between the two monomers fell below 4.5 nm, and sub-
sequently form stable dimers by increasing their contact area as
interpeptide contacts form. This process stabilizes the dimer and
is accompanied by an increase in β-strand content. In solution,
the dimers form more interpeptide hydrophobic contacts, reach-
ing states [2, h12, b6] and [2, h13, b5] wherein 50 to 70% of all
Aβ42 residues form a β-sheet. In the presence of the neuronal
membrane, both the hydrophobic contact area and β-sheet con-
tent are reduced, with the maximal values being [2, h10, b4] and
[2, h9, b5], explaining the smaller number of nodes in this TN.
Some of the interpeptide contacts are replaced by peptide–lipid
contacts, which in turn inhibits β-sheet formation. This conclu-
sion is confirmed by the representative structures shown in Fig.
4 and those illustrating the membrane adsorption of the dimer
(Fig. 2). The membrane-adsorbed dimer structures are more
compact than the dimer structures in solution, which feature
extended β-sheets.

Long β-Strands in Solution and Compact Aβ42 Structures at the
Membrane. To quantify the effect of both aggregation and mem-
brane adsorption on the peptide secondary structure, we deter-

mined the propensity of each residue to adopt a helical con-
formation, to be part of a β-sheet, or to be in a turn or bend
conformation (Fig. 5A). For the dimer both in solution and on
the membrane, β-sheet formation is observed. Using the same
force field, mostly disordered conformations were sampled for
the Aβ monomer during a 30-μs MD simulation, with an aver-
age β-sheet content of about 15% (20). This rises to 36% for the
dimer in solution, which indicates that dimerization causes Aβ42
to undergo a disorder-to-order transition with β-sheet folding.
The β-sheet content for the membrane-adsorbed dimer is 28%
and thus smaller compared to that for the solvated dimer. This
decrease is particularly pronounced for peptide 1, which inter-
acts more strongly with the membrane than peptide 2 does.
Instead, peptide 1 exhibits more turns, bends, and random coil
structures, which suggests that the membrane inhibits β-sheet
formation. Also, no pronounced helix formation is observed
for the membrane-bound dimer, which one might expect based
on NMR results (33) and previous simulation studies of Aβ
that employed implicit membrane models (34, 35). However,
a closer inspection of these studies reveals that for helices to
be present, the affected Aβ residues need to be inserted into
the hydrophobic membrane core, which did not occur here.
It remains to be shown what comes first: helix formation or
membrane insertion. In solution, both peptides feature a very
similar secondary structure pattern along their primary struc-
ture. They display a particularly high propensity for a β-sheet in
the regions Q15 to F20 of the central hydrophobic core (CHC)
and A30 to V40 from the C-terminal hydrophobic region. This
excludes the residue pair G37/G38, which has a tendency to
form a turn as previously shown in simulations (36) and NMR
spectroscopy (37).

The analysis of the intrapeptide contacts, derived from inter-
residue distances (Fig. 6), indicates that in solution long β-
hairpins between two antiparallel strands involving residues Y10
to V24 and Q27 to V40 formed in both peptides. These β-
hairpins are particularly stable since the β-sheet propensity of
the strongly hydrophobic regions 18VFF20and 32IGL34 even
reaches values above 90%. In previous simulation studies, β-
sheet formation upon Aβ dimerization has also been the pre-
vailing finding (see table 2 of ref. 36 and references therein
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Fig. 4. The TN for Aβ42 dimerization in the aqueous phase (Top) and in the presence of the neuronal membrane (Bottom). Each node is defined by three
descriptors: oligomer size, number of interpeptide hydrophobic contacts, and number of residues in β-strand conformation. The last two descriptors are
grouped in blocks of five and are named h1 to h12 for hydrophobic contacts and b1 to b6 for the number of residues in β-strand conformation. The nodes are
connected by edges that represent transitions between the connected peptide states. The size of the nodes and the thickness of the edges are proportional
to the respective state or transition probability. They are colored based on the descriptor reflecting the number of residues in β-strand conformation (from
light pink for no β-sheets to dark purple for the maximum amount of β-sheets in b6). For the nodes circled in green representative peptide conformations
are shown (see color code in Fig. 2).

as well as refs. 38–41). As found here, the β-sheets are pref-
erentially formed between the C-terminal hydrophobic regions,
followed by the involvement of the CHC. However, in most of
these previous studies, the β-sheets are shorter and the overall
dimer appearance is more compact. This likely resulted from
the usage of older force fields, which were not optimized for
IDPs and are known to provide too compact IDP conforma-
tions (42). Exceptions are a coarse-grained discrete MD study

(38) and a structure-prediction study for transmembrane Aβ
oligomers (35) that yielded similarly extended β-sheets. This
is confirmed by comparing the intrapeptide contacts that are
present in the different Aβ42 dimers, as shown in SI Appendix,
Fig. S9. SI Appendix, Fig. S9 further shows that the β-hairpin
centered at G25/S26 coincides with the peptide regions that are
involved in the cross–β-sheet structure found in U-shaped Aβ
fibrils (43, 44).
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Fig. 5. Structural characteristics of the dimer in the aqueous phase (Top) and in the presence of the neuronal membrane (Bottom). (A) Probability of
secondary structures to form in each residue of the peptides. The bars represent the cumulative secondary structure probabilities consisting of helix (green),
β-strand/bridge (magenta), and turn or bend (gray). The difference from 1.0 presents the probability of the random coil state. (B) The average order
parameter S2 of each residue and peptide.

The intrapeptide contacts present in the membrane-adsorbed
dimer are more diverse and different in the two peptides. For
peptide 2 they reveal the prevalence of two shorter hairpins,
one centered at H14 and the other one at G25, and sev-
eral contacts between N- and C-terminal residues. The more
membrane-adsorbed peptide 1, on the other hand, is devoid of
noteworthy contacts involving its N-terminal residues. These are
the amino acids that preferentially interact with the membrane
and are therefore not available for interresidue interactions.
In the C-terminal region of peptide 2 the formation of a very
short β-hairpin is visible. Overall, the intrapeptide contacts cor-
roborate the conclusion that at the membrane Aβ42 adopts
more compact conformations with less β-sheet than the dimer
in solution.

Dimerization in Solution Is Mainly Driven via the Hydrophobic C-
Terminal Region. To obtain an overview of how the two peptides
are arranged with respect to each other as dimers, we calculated
the interpeptide distances on a per-residue basis. The resulting
distance matrices for the two dimer systems (Fig. 6) are almost
symmetric with respect to their diagonal and are characterized
by areas of high contact density along the diagonal as well as in
the upper left and lower right quadrants. Only the D23 to K28
region in both peptides and in both environments does not show
a noteworthy contact propensity. This is the same region of the
peptide that we assigned a turn or bend conformation (Fig. 5). It
can thus be concluded that this bend/turn region does not form
the interpeptide interface.

For the dimer in solution, the highest contact density is
observed between the two C-terminal regions, A30 to A42, which
are the same regions where a high β-propensity was identified.
Therefore, these two C-terminal regions not only are involved in
intrapeptide β-sheets, but also form an interpeptide β-sheet in
solution. This is confirmed when analyzing the residue–residue
interaction energies between the two peptides, which involve

Coulomb interactions deriving from backbone H bonds and
Lennard-Jones energies originating from interactions between
hydrophobic residues (SI Appendix, Fig. S10). While the distance
matrix does not show a clear preference for either an antiparal-
lel or a parallel β-sheet between the two C-terminal regions, and
both arrangements are indeed possible (see the representative
conformations for nodes [2, h7, b4] [parallel] and [2, H12, b6]
[antiparallel] of the corresponding TN in Fig. 4), the interaction
energies indicate that the antiparallel arrangement is favored.
This is different from Aβ fibrils where only parallel β-sheets are
found. Other preferred contacts in the dimers form between the
CHC of one peptide and the C-terminal region of the other pep-
tide. The fourth area with a certain, yet smaller probability of
interpeptide contact is between the CHC regions of both pep-
tides. However, these contacts are weaker than those between
the two C-terminal regions, as the corresponding interaction
energies are smaller in magnitude (SI Appendix, Fig. S10). The
dissection of the interaction energies further reveals that attrac-
tion between the oppositely charged residues E22/D23 and K28
is involved in the association process, which is in agreement with
previous findings (45).

The distance matrix of the membrane-adsorbed dimer looks
similar to the one of the dimer in solution. However, the contact
areas are more pronounced, indicating less structural diversity in
the internal arrangement of the dimers. Second, the area without
interpeptide contacts around residues D23 to K28 is larger. This
applies to peptide 1 in particular and can be explained by the con-
tacts that this peptide forms with the membrane instead. Third,
the order of areas with the highest contact probability is differ-
ent from those of the solution system. The shortest distances in
the membrane-adsorbed dimer are observed between the CHC
of peptide 1 and the C-terminal region of peptide 2, followed
by the contacts between both CHC regions. However, based on
the secondary structure analysis, β-sheet formation between the
two peptides is less likely and is largely limited to within peptide
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Fig. 6. The distance matrices illustrating intra- and interpeptide contacts between residues for the dimer in the aqueous phase (Top) and in the presence of
the neuronal membrane (Bottom). The intrapeptide contacts within peptide 1 are shown below the main diagonal and those within peptide 2 above it. The
interpeptide contacts are shown for peptide 1 and peptide 2 composing the dimer. The color bar on the right indicates the average intra- and interresidue
distances (in nanometers).

2. Contacts between the C-terminal region of peptide 1 and the
N-terminal region of peptide 2 are also observed. As a result,
the latter region exhibits an increased β-sheet propensity, which
extends up to residue Y10 (Fig. 5A). It initially was assumed
that the N-terminal region of Aβ is always disordered. However,
this was later refuted, first by simulations (SI Appendix, Fig. S9)
and then by cryo-electron microscopy (35, 46). Contacts between
the C-terminal regions are of less relevance for the membrane-
adsorbed dimer due to the competition between peptide–peptide
and peptide–membrane interactions. The ranking of the inter-
peptide contact preferences is confirmed by the analysis of the
interaction energies (SI Appendix, Fig. S10). Unlike in solution,
attraction between E22/D23 and K28 does not play a role during
the dimerization of Aβ, which can be explained by the preference
of K28 to associate with the membrane.

Reduced Global Motions but Increased Local Disorder in the
Membrane-Adsorbed Dimer. To quantify the peptide dynamics, we
calculated the S2 order parameters to monitor the mobility of
the N–H bond vectors of the peptide backbone along with the
average global rotational correlation times, 〈τ〉 (Fig. 5B). These
quantities would be directly comparable to those determined by
NMR spectroscopy, which, however, are not available yet. The
global rotational dynamics of the Aβ42 dimer in solution occur
on the low nanosecond time scale with 〈τ〉=20± 10 ns. The
S2 values reflect the different secondary structure propensities
of the various residues. They are above ≈0.7 for the residues
in a β-conformation, while the more mobile turn region and
neighboring residues ranging from E22 to A30 have S2 values
between 0.5 and 0.7, and the disordered N-terminal region has
order parameters below 0.5. The comparison to the S2 values of

the Aβ40 monomer confirm that the dimer in solution is con-
siderably more folded, since for the monomer all S2 values are
below 0.4 (47). The global rotational dynamics of the Aβ42 dimer
in the presence of the neuronal membrane are by a factor of
5 slower than in solution: 〈τ〉=108± 30 ns. Interestingly, the
slower motion is accompanied by decreased order parameters
compared to that seen in solution; the S2 values range from
0.25 to 0.55 (and below 0.25 for the N-terminal residues, simi-
lar to the situation in the solution dimer). The overall reduction
in S2 for the membrane-adsorbed dimer implies that the pep-
tides are generally less folded than they are in solution, which
agrees with the observed reduction in β-sheet and increase in
random coil. Thus, a picture emerges where on the one hand the
overall peptide dynamics are reduced due to the adsorption on
the membrane, while at the same time the interactions with the
membrane reduce the local peptide order as reflected by the S2

values.

Discussion
In the present study, all-atom MD simulations on the microsec-
ond time scale have been performed to elucidate the mechanism
of Aβ42 dimerization in pure water and in the presence of a
neuronal membrane. The consideration of a neuronal mem-
brane consisting of six components (PC, PE, PS, CHOL, SM,
and GM1) is a major step forward compared to previous sim-
ulation studies on Aβ–membrane interactions, which included
three lipid types or fewer. Dimerization was observed in the
aqueous phase as well as at the neuronal membrane. How-
ever, the resulting dimer structures showed significant differ-
ences. Our simulations of Aβ42 dimerization in solution revealed
a coil-to-β transition that is the first step along the amyloid
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aggregation pathway. The dimer conformations sampled in solu-
tion bear certain similarities to the β-sheets found in the U-
shaped Aβ42 amyloid fibrils. To our knowledge, a dimer struc-
ture with such a high β-sheet content and overall order has never
been reported from all-atom MD simulations where the aggrega-
tion of Aβ progresses from disordered monomers into oligomers.
We conclude that only the MD sampling of several microsec-
onds and the use of a force field well suited to Aβ allow the
random coil to β-sheet transition to be observed in a simulation
(22). Thus, with these simulations we finally shed light on the
structural transitions that might lead to nuclei enabling amyloid
formation. Our future simulations will test whether the dimers
that formed in solution here are indeed on pathway toward
amyloid fibrils.

On the neuronal membrane, the dimer conformations are gen-
erally less ordered than in solution. The dimerization took place
on the membrane, with one of the two peptides being preferen-
tially adsorbed to the membrane and the other one associating
with the already membrane-attached peptide without notewor-
thy interacting with the membrane itself. The directly adsorbed
peptide in particular has a higher amount of random coil and less
β-sheet. The membrane adsorption is mainly driven by electro-
static interactions between the charged N-terminal residues of
Aβ and the headgroups of PC, PE, and PS, in addition to hydro-
gen bonding between the sugar moieties of the GM1 lipids and
Aβ42 residues across its whole primary structure. GM1 is found
to form clusters within the neuronal membrane, which are the
preferable site for Aβ to bind to the membrane surface. This
is in line with experimental results that revealed GM1 as part
of a neuronal membrane to be the main interaction partner of
Aβ, whereas less binding was seen for SM and also PC (48).
No insertion of the peptides into the hydrophobic region of the
membrane was observed in our simulations. Instead, the interac-
tions with the membrane stiffened both peptides, restricting their
conformational diversity compared to the Aβ42 dimer simulated
in the aqueous phase. Not only did the transition networks reveal
a reduction in the number of conformational states, but also the
correlation times of the N–H bond vector motions indicated an
impaired peptide motion. However, while adsorption was found
to have profound effects on the Aβ42 dimer, the membrane was
only marginally affected.

Our observations are in agreement with a large and diverse set
of experimental results. Of special note is a study that analyzed
the effects of glucose on Aβ42 aggregation (49). In this study,
Kedia et al. (49) found that Aβ42 forms low-molecular-weight
oligomers in the presence of sugars and that these oligomers
do not adopt a β-sheet structure. This agrees with our obser-
vation that Aβ42 dimers that preferentially interact with the
glycans of GM1 form fewer β-sheets than Aβ42 dimers that
form in solution do. Moreover, another study revealed that
Aβ oligomers that are present in the brain interstitial fluid
are sequestered from that fluid by strongly binding to GM1,
which also prevented the further aggregation of Aβ (48). We
are aware of studies by Ikeda et al. (50) and Matsuzaki (51)
that concluded that GM1 exhibits a strong Abeta fibril seed-
ing potential following the formation of β-sheet–rich oligomers
on GM1 clusters. However, these clusters are much larger than
those formed in our simulations, as Ikeda et al. (50) and Mat-
suzaki (51) employed ganglioside-rich (>20 mol% vs. the 4
mol% used in our study) membranes, where GM1 forms an inter-
connected network of micrometer size yielding glycan platforms
in liquid-ordered membranes. As elaborated by Hof and cowork-
ers (52), the scenarios for membranes with high and low GM1
contents are not necessarily contradicting each other but rather
complementary.

Another finding by the study of Kedia et al. (49) was that
the unstructured Aβ42 oligomers that formed in the presence
of glucose are able to interact with membrane bilayers. Their

diffusion decreased by a factor of about 4 upon membrane
adsorption, which agrees nicely with our observation that mem-
brane interactions reduce the dynamics of the dimer. Moreover,
no incorporation of the unstructured Aβ42 oligomers into the
membrane was recorded (49), which also concurs with our find-
ings. We conclude that, if a β-sheet structure should be required
for membrane insertion of Aβ aggregates to occur, GM1 in
the neuronal membrane has a neuroprotective effect as it could
break the β-sheet structure in the Aβ dimer. This finding would
be in agreement with the neuroprotective and neurogenerative
effects reported for GM1 (53–55) and the conclusion that the
neurotoxic activity of amyloid oligomers increases with their β-
sheet content (8). On the other hand, Selkoe and coworkers (48)
found that even though GM1 sequesters Aβ from the brain inter-
stitial fluid, thereby inhibiting the aggregation of Aβ, the binding
of the peptide to GM1 alone mediates neurotoxic effects. This
once more highlights that the interplay between Aβ, its aggrega-
tion, and the neuronal membrane is far from trivial and despite
the wealth of already published studies on that matter, further
studies are needed to fully solve this puzzle.

Materials and Methods
Setup of the Simulated Systems. The systems modeled are composed of two
Aβ42 peptides, which were simulated in the aqueous phase and in the pres-
ence of the neuronal lipid membrane. The initial Aβ42 structures were taken
from the most populated clusters from a preceding 3-μs MD simulation of
monomeric Aβ42 in solution. The neuronal membrane model composed of
152 PC, 96 PE, 20 PS, 80 CHOL, 36 SM, and 16 GM1 molecules was generated
as symmetric lipid bilayer using the CHARMM-GUI interface (56).

The simulated membrane system also contained water layers above the
upper and beneath the lower membrane leaflet, using the three-site trans-
ferable intermolecular potential (TIP3P) for modeling the water molecules,
with sodium and chloride ions added at the physiological concentration of
150 mM. The two Aβ42 peptides were placed in the upper water layer at
a distance of ≈2 nm from the equilibrated lipid bilayer surface and at a
distance of >1 nm between the closest atoms from the two peptides. All dis-
tances from the peptides to any of the simulation box edges were at least 1.2
nm to avoid interactions between the peptides and their periodic images.
The total number of atoms in the modeled membrane system was ≈160,000
atoms and the box size was about 9.6× 9.6 × 13.6 nm3. The setup of the
system in the aqueous phase was similar, but without a lipid bilayer, result-
ing in a system size of about 9.2× 9.2 × 6.5 nm3, and contained ≈54,760
atoms. This amounts to peptide concentrations of 4 and 6 mM, respectively.
This is two to three orders of magnitude higher than the concentrations
used in corresponding in vitro experiments. However, it is beyond our com-
putational capabilities to model μM peptide concentrations at the atomistic
level. Moreover, simulations at such low concentrations would most of the
time simulate only the diffusion of monomeric peptides (57). We there-
fore aim to model the oligomerization of Aβ in a stepwise fashion (57, 58),
starting here with simulations of dimers.

MD Simulation Conditions. The all-atom MD simulations were performed
using GROMACS/2018.2 (59) along with the CHARMM36m force field for
Aβ42 (60) and Charmm36 for the lipids (61). Each system was first energy
minimized using the steepest-descent algorithm to remove atomic clashes.
This was followed by equilibration in the canonical ensemble where a tem-
perature of 310 K was regulated with the velocity-rescale thermostat (62).
Next, the system was equilibrated under isobaric–isothermic conditions to
obtain a pressure of 1.0 bar, where the pressure was regulated using a
semi-isotropic Parrinello–Rahman pressure coupling scheme (63). Periodic
boundary conditions were set in all directions. Both the van der Waals
and Coulomb force cutoffs were set to 1.2 nm in real space. The parti-
cle mesh Ewald (PME) method was applied for calculating the electrostatic
interactions. Before we studied the interaction of Aβ42 with the neuronal
membrane, we equilibrated the membrane without peptides being present
for 1 μs. For Aβ42 dimer systems, an initial simulation was run for 2 μs,
from which different snapshots were randomly selected and used as start-
ing structures for the next 5× 2-μs simulations. For the subsequent analysis,
we combined the data from the six independent simulations and derived the
results presented in this study.

Analysis of the Lipid Bilayer Properties. For the determination of the order
parameter of the lipid acyl chains, SCH, one uses the C–H bond vectors
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present in the lipid tails and calculates the orientation of these vectors with
respect to the bilayer normal (the z axis) using

SCH =
〈3cos2 θ− 1〉

2
, [1]

where θ is the angle between the C–H bond vector and the bilayer
normal. The angular brackets indicate the ensemble average. This calcu-
lation was accomplished with a Python script available at https://github.
com/NMRLipids/MATCH (64).

The mass density profiles along the bilayer normal were calculated using
the “gmx density” tool. The distance between the peaks of the total density
gives an estimate of the bilayer thickness. Furthermore, the bilayer thickness
was calculated as the z-position difference between the P atoms of the lipid
headgroups in the upper and lower leaflets using the “gmx distance” tool.
The RDF provides information about the probability of finding a particle
at a certain distance from another particle. We calculated the radial distri-
bution functions of different lipid pairs in two dimensions (the xy plane)
using the “gmx rdf” tool. The hydrogen bonds between different lipid
pairs were determined using “gmx hbond.” A hydrogen bond was recorded
when the angle between the donor and acceptor bonded hydrogen was
between 150 and 180◦ and the distance between the two atoms was
within 0.35 nm.

Analysis of Aβ42 Properties. The secondary structure of each Aβ42 residue
was determined using the “define secondary structure program” (DSSP) (65)
invoked via the GROMACS tool “do dssp.” To facilitate a clear representa-
tion, the data of similar secondary structures are grouped together: β-strand
and β-bridge are combined as β-sheet and β-turn and bend as turn/bend;
and the helix includes α, π, and 310-helices.

For the calculation of the S2 order parameter we used the MOPS2 (Molec-
ular Order Parameter S2) software developed in ref. 66 to calculate S2 from
the N–H bond vector autocorrelation function. To facilitate the calculation,
each trajectory was divided into subtrajectories of tsub = 100 ns length. For
each of the subtrajectories the S2 values and the rotational correlation
times, τ , were calculated and subsequently averaged over all subtrajecto-
ries. The rotational correlation times were further averaged over all residues
and both peptides, denoted as 〈τ〉, whereas S2 is provided per residue and
peptide. Since 〈τ〉 for the membrane system is in the same range as tsub, we
checked on the convergence for the S2 calculation in this case (SI Appendix,
Fig. S11).

Transition Networks. For the generation of the TNs to characterize the
assembly of peptides into dimers we used the ATRANET (Automated Transi-
tion Network) software (https://github.com/strodel-group/ATRANET) (27). It
defines the oligomerization state by a number of descriptors, depending on
the properties of interest. In our case, three descriptors are used: The first
one is the oligomer size, which can be 1 in the case of monomer or 2 in

the case of a dimer. To define a dimer, the minimum distance between any
atom of peptide 1 and any atom of peptide 2 along with the requirement
of this distance to be within 0.45 nm was used. The second descriptor, the
number of hydrophobic contacts between both peptides, counts the possi-
ble interpeptide atom pairs formed between the hydrophobic amino acids
of Aβ42 that are within a certain cutoff (also 0.45 nm). The third descrip-
tor is the number of residues in β-strand conformation, which is evaluated
using DSSP and averaged over both peptides. Feeding these descriptors to
ATRANET leads to a transition matrix that can be visualized using Gephi (67).
Snapshots of the representative structures from the transition network were
rendered using the visual molecular dynamics (VMD) program (68).

Calculation of Aβ42–Bilayer Interactions. The peptide–lipid interactions
were analyzed by calculating the interaction energy between each Aβ42
residue and the headgroup of each lipid component using “gmx energy.”
The “gmx mindist” program was employed to determine the number of
contacts between each Aβ42 residue and each lipid component in the neu-
ronal membrane. A contact was recorded when the distance between any
two nonhydrogen atoms from a residue and a lipid was within 0.5 nm.
The H-bond propensity was determined by the number of times an H bond
was formed between hydrogen bond donating and accepting atoms in lipid
pairs.

Data Availability. The MD trajectories and the analysis scripts are avail-
able at Mendeley Data, https://data.mendeley.com/datasets/92mkp4pk86.
All data resulting from the analysis of this raw data is shown in the main
text or SI Appendix.
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corresponding fibril structure is shown as cartoon in the upper left triangle of either plot. The average intrapeptide distance matrix of the Aβ42 dimer structures obtained from
the MD simulations in solution performed in the current study are shown in the lower right panel. As comparison, the distance matrix for one of the Aβ42 dimer structures
obtained from a structure prediction approach for transmembrane Aβ42 (ref. 46 in the main text) is shown in the lower left panel. Representative dimer structures are shown in
both panels. The contacts present in the fibrils and those in the dimers obtained here are very similar for residue numbers � 20 and are dominated by a β-hairpin centered at
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Supporting Information

A 42-POPC A 42-DPPC

Figure S1: The minimal distance between Aβ42 and the POPC lipid (left) and DPPC lipid (right) for each of the three
simulations of the 1:1 complexes. The sharp rise in the distance at t ≈ 560 ns for run 1 involving POPC is due to the
periodic boundary conditions applied in the simulations.
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Figure S2: The evolution of the secondary structure for the single Aβ42 peptide and the peptide in the Aβ42-POPC and
Aβ42-DPPC 1:1 complexes. Every row corresponds to a different run. Helix is shown in red, β–strand/bridge in blue,
and all other secondary structures in white.
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Figure S3: The minimal distance between Aβ42 and each of the POPC lipid molecule in the 1:3 complex simulations.
Results from top to bottom are for the three different simulation runs.
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Single A 42 Single POPC A 42-POPC

Figure S4: The minimal distances between the POPC membrane and the single Aβ42 peptide (reference simulation),
the single POPC lipid molecule (reference simulation), and the Aβ42-POPC 1:1 complex (one of the three target
simulations) are shown.
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Figure S5: The evolution of the secondary structure for the single Aβ42 peptide adsorbed to the POPC membrane (top)
and the peptide in membrane-adsorbed Aβ42-POPC 1:1 complex (bottom). Every columns corresponds to a different
run. Helix is shown in red, β-strand/bridge in blue, and all other secondary structures in white.
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ABSTRACT: Oxidative stress is known to play an important role in the
pathogenesis of Alzheimer’s disease. Moreover, it is becoming increasingly
evident that the plasma membrane of neurons plays a role in modulating the
aggregation and toxicity of Alzheimer’s amyloid-β peptide (Aβ). In this
study, the combined and interdependent effects of oxidation and membrane
interactions on the 42 residues long Aβ isoform are investigated using
molecular simulations. Hamiltonian replica exchange molecular dynamics
simulations are utilized to elucidate the impact of selected oxidized glycine
residues of Aβ42 on the interactions of the peptide with a model membrane
comprised of 70% POPC, 25% cholesterol, and 5% of the ganglioside GM1.
The main findings are that, independent of the oxidation state, Aβ prefers
binding to GM1 over POPC, which is further enhanced by the oxidation of Gly29 and Gly33 and reduced the formation of β-sheet.
Our results suggest that the differences observed in Aβ42 conformations and its interaction with a lipid bilayer upon oxidation
originate from the position of the oxidized Gly residue with respect to the hydrophobic sequence of Aβ42 involving the Gly29-XXX-
Gly33-XXX-Gly37 motif and from specific interactions between the peptide and the terminal sugar groups of GM1.

KEYWORDS: Amyloid-β peptide, molecular dynamics, membrane simulations, oxidative stress, GM1, peptide membrane interactions

1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
generally affecting persons 65 years and older.1 With no cure
currently available, and the generally increasing life expectancy
in most societies, the number of people affected by this
disorder is expected to increase in the coming years. Several
mechanisms have been proposed as the pathological cause of
AD, including genetics, cholinergic, tau, and amyloid
hypotheses.2−6 Though no hypothesis has been generally
accepted, AD brain features substantiate the most widely
accepted amyloid cascade hypothesis.7 In particular, the AD
brain is characterized by the presence of senile plaques. The
main component of these plaques is the amyloid-β peptide,
which is produced by the cleavage of the amyloid precursor
protein (APP) by β and γ secretases.8−10 Aβ ranges from 39 to
43 amino acids in length; however, Aβ42 is predominant in
senile plaques and is known to be more toxic than Aβ40.11−13

The primary structure of Aβ42 is shown in Figure 1. It extends
from the unstructured hydrophilic N-terminal region (Asp1 to
Lys16) to the hydrophobic C-terminal region (Ala30 to
Ala42), and it is linked by central residues (Leu17 to Gly29)
that most often form a turn conformation. The central residues
have been shown to play a role in membrane insertion and side
chain−side chain interactions through a backbone bend that
brings the two β-sheets together.14−18 In addition, the AD
brain is commonly characterized by an increase in oxidative
stress.19−23 The generation of excess reactive oxygen species

(ROS) or the dysfunction of the antioxidant system can cause
an increase in the amount of ROS present in normal cells and
subsequently leads to the oxidative stress observed in AD.24,25

The ROS are produced either enzymatically (for example to
kill invaders in macrophages) or as a side reaction (like
respiratorychain) and generally kept at low level but not totally
eliminated due to their function. They are necessary to
maintain homeostasis in cells and play an important role in
signaling. The brain seems to be sensitive to oxidative damage
upon oxidative stress due to high dioxygen (the final electron
acceptor) consumption in the brain, approximately 20% of the
total body consumption.26 It is still controversial whether the
accumulation of Aβ increases the level of oxidative stress or
that the high level of oxidative stress drives Aβ accumulation.6

Studies have shown that Aβ is capable of generating free
radicals27,28 and shows high affinity to bind metals such as
Cu2+ and Zn2+.29−31

Though the physiological role of Aβ is not well understood,
it was found that Aβ-membrane interactions are essential for
Aβ to fulfill its physiological functions. These functions include
protecting the body from infections, repairing leaks in the
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blood-brain barrier, promoting recovery from injury, and
regulating synaptic function.32,33

Understanding the effect of membrane composition on the
conformation of Aβ and its interaction with membranes are
essential to explain both its physiological function and its role
in AD. For example, from molecular dynamics (MD)
simulations it was found that the charge of the lipid headgroup
and the structure of the lipid acyl chains determine the stability
of Aβ42 inserted in zwitterionic POPC and DPPC bilayers and
anionic POPG bilayers.18 The neuronal membrane plays a key
role in modulating Aβ aggregation.5,34,35 It was found that
monosialotetrahexosylganglioside (GM1), the most abundant
ganglioside in neurons, affects the conformation of Aβ and its
neurotoxicity.36 Moreover, it has been suggested that the initial
attachment of amyloid protein to the plasma membrane is first
triggered by binding to gangliosides due to their extracellular
location.37 Generally, the Aβ-bound GM1 complex has been
identified to be present in the AD brain, and it has been found
that monomeric Aβ has a high affinity for GM1.38,39

Furthermore, it was found that the GM1-binding domain of
Aβ42 (Aβ(1−16)) can inhibit the amyloid pore formation via
binding to GM1 and blocking the first step in the pore
formation mechanism (a stepwise mechanism controlled by
the dual effect of gangliosides and cholesterol).40 It was also
found that Aβ complex formation is enhanced in lipid bilayers
enriched by cholesterol content.41,42

The role of Aβ in oxidative stress related mechanisms of AD
progression is still unclear. It was shown that Met35 of Aβ

plays a critical role in this redox process.43,44 Several studies
found that replacing the sulfur atom in Met35 abolished the
neurotoxic effect caused by the native peptide.44−47 The
neurotoxic fragment Aβ25−35 was observed to lose its
neurotoxicity when Met35 was removed.48,49 It was further
hypothesized that the interaction between the proximal
residues Gly33 and Met35 in Aβ42 accelerates the generation
of free radical induced oxidative stress.50,51 Moreover, it has
been proposed that the hydrophobic C-terminal region is the
seed for Aβ aggregation.52 This region includes part of the
repeated motif GXXXG spanning residues from Gly25 to
Gly37.53 Others have shown that Gly33 of this motif plays a
key role in Aβ toxicity.50,54 It was further reported that
modification of Gly33 like mutation not only affects the
structure and the hydrophobic surface of the peptide but also
affects the neighboring residues and would likely disrupt the
interaction between Phe19 and Leu34.
The relationship between glycine residues in the C-terminal

region of Aβ and oxidative stress can be explained by the
amyloid radical hypothesis. This hypothesis describes how the
C atom of glycine residues is susceptible to the loss of an H
atom upon oxidation of Met35, which in turn causes the
formation of a protein backbone radical, stabilized by the
captodative effect,55,56 that adopts an extended structure
perfect for β-sheet formation.51 In this hypothesis, Gly33 is
predicted to be more susceptible to oxidation by methionine-
based sulfuranyl free radical due to the close proximity of these
residues in the Aβ42 primary structure. Several experimental

Figure 1. Primary structure of Aβ42, showing the acidic residues in red, the basic residues in blue, the hydrophobic residues in black, and the polar
residues in green. The residues forming the metal-binding region, the central hydrophobic core, the central polar region, and the C-terminal
hydrophobic region are also indicated. Red arrows point to the oxidized glycine residues investigated in this study.

Figure 2. Structures of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), ganglioside (GM1), and cholesterol (CHOL) used in this work. The
structures are shown in a licorice representation colored by name, where the oxygen atom is shown in red, the nitrogen atom is shown in blue, the
hydrogen atom is shown in white, and the carbon atom is shown in cyan.
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studies have been attempted to explore the effect of radicals on
proteins, but challenges in locating the center of a radical in
protein hinders systematic experimental investigations.57,58

Studies of Aβ peptide often employ shorter Aβ analogs;
however, it is essential to explore the full-length monomeric
form of Aβ for a comprehensive understanding of its
toxicity.59,60 Unfortunately, exploring the full-length of Aβ is
experimentally challenging due to its high propensity to
aggregate. Alternatively, MD simulations can provide insight
into the conformational dynamics of Aβ at atomistic resolution
and complement experimental findings.61,62 Previously, MD
simulations have been used to investigate the effect of protein
oxidation on protein folding. Owen and co-workers examined
the effect of Cα-centered radical formation on the stability of a
model helical peptides in different solvent systems.63 More-
over, MD simulations demonstrated the effect of glycine
residue radicalization on protein conformation depends both
on the protein and the position of the radical.64 The effect of
radicalization at Gly25 on the Aβ42 dimer in solution was
further investigated by Liao et al.65 Although the occurrence of
oxidative stress in several neurodegenerative diseases is well-
established, there is no computational evidence on the effect of
radicalization on peptide-membrane interactions.
Thus, in this study we employ Hamiltonian replica exchange

molecular dynamic (HREMD) simulations to understand the
effect of oxidizing glycine residues (25, 29, and 33) on the
Aβ42 secondary structure and membrane binding. The
structures of 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC), monosialotetrahexosylganglioside (GM1), and cho-
lesterol (CHOL) used in this membrane are shown in Figure
2. The parameters of the glycyl radical (GLR) are taken from
our previous study,66 and the structure of GLR is shown in
Figure S1 in the Supporting Information. HREMD simulations
provide an advantage over MD in that it enhances the
conformational sampling of the phase space and overcomes the
problem of restricting the system to localized low energy
regions of the conformational space.67

2. RESULTS AND DISCUSSION

Understanding the neuropathology of Alzheimer’s disease
(AD) is the driving engine for most research in chemical
neuroscience and biology. It is thought that the development
of Alzheimer’s disease (AD) is related to the interactions
between amyloid-β (Aβ) with neuronal membranes. However,
it has also found that the AD brain is characterized by an
increase in oxidative stress. This research aims at a better
understanding of this complex relationship by examining the
effect of oxidizing selected glycine residues in Aβ42 on its
potential toxicity and interaction with a lipid membrane
containing the GM1 ganglioside. That would help toward
better understanding of this neurodegenerative disorder and its
treatment.
2.1. Effect of Bilayer on Aβ42. 2.1.1. Aβ42 Insertion

Distance. To see which peptide residues most frequently
interacted with the bilayer, we calculated the average distance
between the COM of each residues and the average position of
each lipid type along the bilayer normal (z-axis). The time-
averaged z-position of the phosphorus atom of POPC was used
as a reference by setting their average position to zero. The
relative position of the hydroxyl oxygen of cholesterol and the
COM of the GM1 headgroup are shown in Figure 3. On
average, the center of mass of the GM1 headgroups is above

the phosphate group of POPC, while the hydroxy group of
cholesterol lies beneath it.

It can be seen in Figure 3 and Figure 4 that Aβ42-wt and
Aβ42-GLR29 show similar bilayer interaction profiles, whereas
both Aβ42-GLR25 and Aβ42-GLR33 had similar interaction
profiles. In the wild-type Aβ42 and Aβ42-GLR29, Asp1 is
closest to the phosphate atoms of the POPC lipids. Its distance
from POPC is around 0.5 nm in the former and 0.3 nm in the
latter peptide. N-terminal residues Ala2 to Arg5 are the next
closest to the bilayer in both cases. The residues in the central
polar region (Ser26 to Lys28) were the furthest from the
bilayer, whereas residues Ala30, Ile32, Val36, and Gly37 from
the C-terminal hydrophobic region of the wt and residues
Lys16 and Phe20 of Aβ42-GLR29 were the next furthest.
Despite these similarities, Aβ42-GLR29 stays slightly closer to
the bilayer than the wild-type Aβ42 does. In the case of Aβ42-
GLR25 and Aβ42-GLR33, the former is on average the
furthest from the bilayer, and this is more pronounced in the
N- and C-terminal regions. In the case of Aβ42-GLR25, the
central polar region residues Glu22 to Gly29 are the furthest
from the bilayer.
To analyze whether the binding of Aβ42 to the membrane

has an effect on the membrane properties, we first calculated
the average bilayer thickness based on the positions of the
phosphorus atoms for each simulated system. The average
bilayer thickness was found to be about 4.5 nm for all studied
systems (see Table S1). This average value was then compared
to the local bilayer thickness that was calculated for the
snapshots of each trajectory where Aβ42 was bound to the
membrane. To this aim, we utilized the GridMAT-MD
tool68,69 to calculate the local membrane thickness averaged
over all HREMD snapshots containing at least one atom of
Aβ42 within 0.5 nm of the lipid bilayer. The resulting 2D plots
(Figure S2) reveal a reduction in the local bilayer thickness to

Figure 3. Average insertion distance of each Aβ42 residue with
respect to the POPC and GM1 headgroups and the CHOL hydroxyl
group. The headgroups of GM1, POPC, and CHOL are shown in red,
black, and blue, respectively.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://dx.doi.org/10.1021/acschemneuro.9b00558
ACS Chem. Neurosci. 2020, 11, 535−548

537



about 4.4 nm or even less upon the interaction of the peptide
with the lipid headgroups.
2.1.2. Aβ42 Contacts and Hydrogen Bond with the

Bilayer. For a greater understanding of which Aβ42 residues
associated with the bilayer, the number of contacts between
each Aβ42 residue and the bilayer for the 4 systems was
calculated and normalized in the range of 0 to 1, where 0
means that the residue made no contact with the lipid in
question, and 1 stands for residues that always remained in
contact with lipid (see Figure 4).
The N-terminal residues of Aβ42-wt made the most contacts

with POPC lipids. In this region Asp1 formed the most
contacts, followed by Arg5, Glu3, and Ala2, respectively, and
then His6, Asp7, and Tyr10 from the metal binding region.
Fewer contacts, with a normalized contact frequency of less
than 0.2, were observed in the central polar and the C-terminal
hydrophobic regions. Similarly, the contacts between Aβ42-
GLR29 residues and POPC were dominated by the N-terminal
residues, with a higher membrane affinity shown here in this
peptide residues than those in the wild-type. In this region the
most contacts were made by Asp1, and the next highest is Ala2,

followed by Arg5, Phe4, and Glu3, respectively, and then
Tyr10 in the metal binding region. Fewer contacts (a
normalized frequency of less than 0.2) were observed in the
C-terminal region, and almost no contacts were made between
the bilayer and the central polar and central hydrophobic
regions of the peptide. On the other hand, the contacts
between Aβ42-GLR25 and POPC were dominated by residues
from the metal binding region. In this region, contacts with
residues Asp1, Arg5, Tyr10, Val12, and His13 were most
frequent. Fewer contacts, with a normalized frequency of less
than 0.5, were observed among the remaining residues in this
region and the C-terminal hydrophonic regions. Aβ42-GLR33
has the lowest affinity for POPC. The most contacts in this
peptide were made by residues 13 to 17 from the metal-
binding region, with a normalized frequency greater than 0.3.
Most Aβ42 residues showed a propensity to bind GM1 in

both the wt and oxidized peptides. However, the contact
frequency in the metal-binding region is the highest in Aβ42-
GLR33, followed by Aβ42-wt, Aβ42-GLR25, and Aβ42-
GLR29. The central hydrophobic core and the central polar
region had the highest affinity for GM1 in Aβ42-GLR33,
followed by Aβ42-wt, Aβ42-GLR29, and Aβ42-GLR25,
respectively. These contacts are almost abolished in the case
of POPC. The C-terminal hydrophobic region showed the
highest frequency to bind GM1 in Aβ42-GLR29 followed by
Aβ42-wt, Aβ42-GLR33, and Aβ42-GLR25, respectively.
Residues Asp1 and Arg5 in the metal-binding region of

Aβ42-wt and both Aβ42-GLR25 and GLR29 formed hydrogen
bonds with POPC, as shown in Figure 5. The propensity to
form hydrogen bonds between Aβ42 and POPC is higher in
the metal-binding region of Aβ42-wt and Aβ42-GLR29 than in
Aβ42-GLR25, while it is less than 10% in some residues within
the metal-binding region of Aβ42-GLR33. On the other hand,
no hydrogen bonds formed between POPC and the central
polar and C-terminal regions of any of the four Aβ42 peptides.
The propensity of hydrogen bonds to form with GM1 is

higher in the case of the oxidized Aβ42-GLR25, Aβ42-GLR29,
and Aβ42-GLR33 than in the wt Aβ42. The C-terminal
hydrophobic residues of Aβ42 tended to form hydrogen bonds
with GM1, which was not the case with POPC. The highest
hydrogen bond propensity of the C-terminal hydrophobic
residues was observed in Aβ42-GLR29.

2.1.3. Aβ42 Bilayer Interaction Energy. Next, we analyzed
whether the contacts between Aβ42 residues and the lipid
bilayer were driven by electrostatic or Lennard-Jones (LJ)
interactions. The strongest Coulombic interactions (Figure S3)
between POPC and Aβ42-wt were at Asp1 at −256 kJ·mol−1,
and the next strongest interacting residue was Arg5; however,
the interaction strength at Arg5 was only 1/5 of that at Asp1.
The Coulombic interactions between Aβ42-GLR29 and POPC
showed a similar trend as the wt, but the interaction energy of
Asp1 was weaker, at around −150 kJ·mol−1 and around −20
kJ·mol−1 at Tyr10 compared to zero in the wt. The Coulombic
interactions between POPC and Aβ42-GLR25 and Aβ42-
GLR33 are less than −20 kJ·mol−1 with residues Asp1 in the
former peptide and His13 to Lys16 in the latter peptide. The
Coulombic interactions with GM1 were stronger in Aβ42-
GLR25 and Aβ42-GLR33 compared to Aβ42-wt and Aβ42-
GLR29. The strongest interaction was with Asp1 in Aβ42-
GLR25 and with Lys16 in Aβ42-GLR33 with interaction
strengths of −104 and −60 kJ·mol−1, respectively. The next
strongest interaction between GM1 and Aβ42-GLR33 was
with Asp1 at −50 kJ·mol−1. Overall, the attractive Coulombic

Figure 4. Contact frequency of each Aβ42 residue (and standard
deviation of the mean) with POPC (A) and GM1 (B) headgroups.
The figure shows the normalized contact frequency in the range 0 to
1, such that 1 means the residue always made contacts with the lipid,
and zero means no contacts were made. The sequence of the Aβ42
residues is shown below.
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interactions with GM1 were lower in magnitude compared to
those with POPC, where no single residue had an average
interaction energy below −104 kJ·mol−1.
The profile of the LJ interaction energies (Figure 6) between

each Aβ42 peptide and the lipids was very similar to that of
their respective contact frequency figure (Figure 4). For Aβ42-
wt and Aβ42-GLR29 the strongest LJ interactions with POPC
were in the N-terminal region of the peptides and averaged
between −10 and −13 kJ·mol−1. In Aβ42-GLR33 the strongest
LJ interactions were with residues His13 to Gln15, whereas
residues in the central hydrophobic region averaged between
−0.7 and −11 kJ·mol−1. Similarly, the strongest LJ interaction
with GM1 was on average −10 kJ·mol−1 in the C-terminal
region of Aβ42-GLR29 and both the metal binding and the
central hydrophobic regions of Aβ42-GLR33. The LJ
interactions of Aβ42-GLR25 with GM1 averaged less than
−10 kJ·mol−1 and was dominated by residues from the metal

binding and the C-terminal hydrophobic regions. It averaged
less than −5 kJ·mol−1 in the case of the wt Aβ42.
Furthermore, we examined the effect of solvation on

peptide−lipid interactions, to ensure that the stronger the
peptide−lipid interaction the lesser the peptide is susceptible
to solvation effects. To this aim, the time evolution of the
number of water molecules within a 0.5 nm shell from the C
atom of the peptide70,71 and the minimum distance of the
peptide Cα atoms from the lipids were calculated and are
jointly shown in Figure S4. A decreasing peptide distance from
the lipid (i.e., stronger peptidelipid interactions) correlates
with a reduction in the peptide hydration. Moreover, the
highest population of solvating water molecules was present at
approximately 3 nm distance of Aβ from the membrane
surface, i.e., the initial distance, and it takes around 50 ns for
the peptide to move closer to the lipids.

2.2. Aβ42 Structural Properties. 2.2.1. Aβ42 Secondary
Structure Assignment. In the wild-type Aβ, residues Phe4 to
Glu11 displayed a β-turn/bend structure. Residues Val12 to
Gln15 displayed a helical structure. Residues Lys16 to Ala21
showed a mixture of helical and β-turn/bend structures.
Residues Glu22 to Val39 showed a β-turn/bend structure with
residues Ile32, Leu34, Val36, and Val39 displaying a mixture of
a β-strand/bridge and helical structure. Residues Met35, Val40,
and Ile41 showed a β-strand/bridge.

Figure 5. Hydrogen bond propensity (and standard deviation of the
mean) of each Aβ42 residue with (A) POPC and (B) GM1
headgroups.

Figure 6. Lennard-Jones interaction energy of each Aβ42 residue
(and standard deviation of the mean) between Aβ42 and POPC (A)
and GM1 (B) headgroups.
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Similar to what was seen in the wild-type, all oxidized Aβ
peptides showed a high propensity to form a helical structure
in the region Glu11 to Ala21 (Figure 7), with the lowest

propensity observed in the case of Aβ42-GLR25. However, an
increase in helicity was observed in the case of Aβ42-GLR33,
such that the helical region extended to include residues Asp7
to Ala21 from the central polar and central hydrophobic
regions.
The propensity to form a β-strand/bridge was the highest in

Aβ42-GLR25 and Aβ42-wt. Few residues in Aβ42-GLR29 and
Aβ42-GLR33 showed a β-strand/bridge structure. This
includes residues His6 and Tyr10 in the former peptide and
residues His13, Leu17, Gly29, Ala30, Val40, and Ile41 in the
latter peptide. On the other hand, all Aβ42 peptides showed a
higher probability to form a β-turn/bend. Interestingly,
residues Asp23 to Asn27 in Aβ42-GLR25, residues Asn27 to
Ile31 in Aβ42-GLR29, and residues Ile31 to Leu34 in Aβ42-
GLR33 did not show any turn/bend structure.
Moreover, the development of the secondary structure

content for all simulations as a function of the simulation time
was analyzed and shown in Figure S5. To this aim we utilized
the moving window statistics (more about the method can be
found in the figure caption) to test the convergence of the
secondary structure during the simulation.71,72 The figure
shows good agreement in the overall trend of the β-sheet
propensity over different time windows, and the secondary
structure propensity of the peptides apart from Aβ42-GLR25
converges after 80 ns as no further changes in the β-sheet
propensity are observed by the end of the simulations. Aβ42-
GLR25 is more flexible than the other three peptides and thus
needs more time for the secondary structure to converge. This

is in line with the previous findings by Liao et al., who found
that the flexibility of Aβ42 increases upon oxidation of
Gly25.65 Nonetheless, within the last 40 ns of the HREMD
simulation also this simulation converged as supported by the
nearly stable β-sheet propensity for each of the residues.

2.2.2. Aβ42 Intramolecular Hydrogen Bond and Contact.
Hydrogen bonds present within the peptide backbone, the
peptide side chains, and between the peptide backbone and
side chains that were present for more than 40% of the time
were recorded and listed in Table S2. In the wild-type Aβ42,
backbone−backbone hydrogen bonds were present in the C-
terminal region between Ile41 with Gly33 and Leu34, Ile31
with Leu34 and Met35, Gly33 and Met35, and Val36 and
Val39, which stabilizes the β-sheet structure. They are also
present between residues from the metal binding region such
as Glu11 with His14 and Gln15, Val12 and Lys16, His14 with
Leu17 and Val18, and Val18 with Ala21 from the central
hydrophobic region. In the N-terminal region, backbone-side
chain hydrogen bonds formed between Glu3 with Phe4 and
Arg5. Moreover, hydrogen bonds formed between the side
chain of Glu3 (hydrogen bond acceptor) and the side chain of
Arg5 (hydrogen bond donor) from this region. Similarly, a
lower number of backbone−backbone hydrogen bonds were
present in the Aβ42-GLR33 metal binding and C-terminal
regions. On the other hand, Aβ42-GLR29 and Aβ42-GLR25
contained additional backbone−backbone hydrogen bonds
that formed within the central hydrophobic core, within the
central polar region, and between the C-terminal and the
central polar region in the former and within the polar region
and between the C-terminal and the central hydrophobic cores
of the latter. These bonds exist between residues that either
form helices or β-sheets, and such structures are discussed in
the next section about the most prevalent Aβ42 structures.
Residues in the N-terminal region did not form backbone to
backbone hydrogen bonds in any of these peptides.
The backboneside chain hydrogen bonds formed most

often in Aβ42-GLR33. However, Phe4 formed a hydrogen
bond with Glu3 and Arg5 in all peptides except Aβ42-GLR25,
which did not form any backboneside chain hydrogen
bonds. The hydrogen bonds involving side chains in Aβ42-
GLR29 were similar to those observed in Aβ42-wt as is shown
in Table S2. However, Aβ42-GLR33 formed an additional
hydrogen bond between Ser26 and Asp23, and Aβ42-GLR25
did not form side chain to side chain hydrogen bonds.
The contact map between the Aβ42 residues is shown in

Figure 8. Regions marked in red indicate residues in close
contact (within 0.25 nm of each other), and regions marked in
blue stand for residues that display little to no contact. Based
on this assignment, one can explain the red main diagonal seen
in all contact maps, as it represents the contact of a residue
with itself and its neighboring residues. Of interest are those
islands of red color that spread in almost all contact maps.
Considering the contact map of Aβ42-GLR25, these light-
orange-colored islands are arranged in cross diagonals between
residues 28−34 with residues 14−24, illustrating the formation
of β-sheets. Similar diagonals are observed in the other
peptides but with some distortion, indicating that no β-sheet
formation took place, and to a lesser degree in the following
order Aβ42-GL29 > Aβ42-GL33 > Aβ42-wt.

2.2.3. The Most Prevalent Aβ42 Structures. To substantiate
the secondary structure and contact map analysis, we clustered
the Aβ structures using the algorithm developed by Daura et al.
The top cluster of each system is presented in Figure 9, while

Figure 7. Secondary structure assignment of each Aβ42 residue in the
case of Aβ42-wt, Aβ42-GLR25, Aβ42-GLR29, and Aβ42-GLR33 in a
bilayer compromised of 70% POPC, 25% CHOL, and 5% GM1. The
β-turn/bend is shown in silver, the helix is shown in blue, and the β-
strand/bridge is shown in red. The figure shows the additive
probability of all secondary structures such that the maximum is 1;
those residues showing a probability lower than 1 form random coil.
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the structures in the second and third-largest clusters are
shown in Figures S6 and S7. The three highest populated
Aβ42-wt clusters represented 46.7%, 23.7%, and 9.5% of all
structures, respectively (Figure 9A, Figure S6A, and Figure
S7A). From the N-terminus to the C-terminus, the secondary
structure of the largest and second-largest clusters alternated
from random coil to turn, followed by helix at Val12 to Leu17,
and then a turn to the antiparallel β-sheet (on either sides of a

turn centered at Gly38) at the C-terminal. There were no β-
sheets in the third-largest cluster; however, Aβ42 contained
coil, turn, and helix. The N-terminus was embedded more
deeply into the bilayer in the largest and third-largest clusters
and was least embedded in the second-largest cluster. The
three most populated structures found in Aβ42-GLR25
represented 33.8%, 18.4%, and 9.4% of all structures,
respectively, and are shown in Figure 9B, Figure S6B, and

Figure 8. Contact map of each Aβ42 residue in the case of Aβ42-wt, Aβ42-GLR25, Aβ42-GLR29, and Aβ42-GLR33 in a bilayer compromised of
70% POPC, 25% CHOL, and 5% GM1. The color box to the right shows the corresponding distance (in nm) to color present in the contact map.

Figure 9. Central structure of the largest cluster: (A) Aβ42-wt (46.7%), (B) Aβ42-GLR25 (33.8%), (C) Aβ42-GLR29 (56.5%), and (D) Aβ42-
GLR33 (65.6%). In each rendered image the lipids are colored by orange. The phosphate atom of POPC is in orange, and the N- and C-terminals
of Aβ42 are shown in pink and tan spheres, respectively. The protein β sheet is shown in red, the helix is shown in blue, and coil and turn are shown
in silver.
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Figure S7B. The β-sheet structure was observed only in the
largest and second-largest clusters; however, a much higher β-
sheet content can be seen in these clusters. In addition to the
β-sheet at the C-terminal, a β-sheet was observed at the central
hydrophobic and polar region (residues Leu17 to Asp23 and
Lys28 to Leu34) in the largest cluster and at the metal binding
region (Gly9 to Val12) in the second-largest cluster. A helical
structure was only observed in the second- and the third-
largest clusters. The N-terminus is closer to the bilayer in the
largest cluster, while the C-terminus is close to the bilayer in
both the second- and third-largest clusters. In the case of
Aβ42-GLR29, the three representative structures representing
56.5%, 19.3%, and 3.8% of the total number of structures,
respectively, are shown in Figure 9C, Figure S6C, and Figure
S7C. No β-sheets were observed in any of the three clusters.
However, a helical structure was seen in all clusters. Moreover,
much more helical content was seen as the helical structure
extends to include Glu11 to Glu22 and His13 to Ala21 in the
second- and the third-largest clusters, respectively. The N-
terminus is embedded in the bilayer in all three clusters, while
the C-terminus is only embedded in the second-largest cluster.
Figure 9D, Figure S6D, and Figure S7D show the three most
populated structures in the presence of Aβ42-GLR33, which
represent 65.6%, 16%, and 5.2% of the total structures,
respectively. In this case the C-terminal β-sheet was observed
only in the largest cluster. A helical structure was observed in
both the largest and second-largest cluster. There were no
helices and no β-sheet in the third-largest cluster. The N-
terminus is close to the bilayer in the second-largest cluster,
while both the N- and C-terminus residues interact with the
solvent in both the largest and the third-largest clusters.
2.3. Discussion. 2.3.1. Effect of Bilayer on Aβ42. The

insertion data in Figure 3, which shows the time-averaged
distance between each Aβ42 residue and the bilayer, revealed
following order of membrane insertion: Aβ42-wt > Aβ42-
GLR29 > Aβ42-GLR25 > Aβ42-GLR33. The detailed
interactions of Aβ42 residues with the bilayer are shown
more quantitatively in the peptide-bilayer contacts (Figure 4).
Interactions between Aβ42 and the bilayer occur primarily
between the N-terminus and the POPC headgroups, while the
remaining residues make more contact with GM1. Aβ42-
GLR25 makes the least contact with GM1 as the normalized
frequency is generally less than 0.5, which can indicate why it
has the tendency to adopt the β-sheet conformation while on
the membrane surface. As shown in Figure 4, the contact
between peptides and GM1 is ranked in the order of Aβ42-
GLR29 > Aβ42-GLR33 > Aβ42-wt > Aβ42-GLR25. Contacts
observed at the N-terminus especially with Asp1 and Arg5
were driven by hydrogen bonds that formed between the
amino acid residues and the lipids. The propensity of hydrogen
bonds to form between Aβ42 and GM1 are on the order of
Aβ42-GLR29 > Aβ42-GLR33 > Aβ42-GLR25 > Aβ42-wt. The
hydrogen bond propensity with POPC was limited to residues
from the N-terminal metal-binding region, with Asp1 and Arg5
as the main hydrogen bond forming residues. This is expected
to be the cause that drives the N-terminus to be close to the
bilayer headgroup as can be seen from the insertion data in
Figure 3. Here, Aβ42-wt and Aβ42-GLR29 showed a higher
hydrogen bond propensity with POPC than Aβ42-GLR25 and
Aβ42-GLR33. It is not surprising that Aβ42 residues that form
a hydrogen bond with the bilayer were also shown to be the
strong energetic contribution to interactions between each
peptide and the lipid bilayer. The interactions between each

Aβ42 residue and the lipid bilayer were divided into their
Coulombic and Lennard-Jones contributions. Overall, it can be
seen from Figures 6 and S3 that the Aβ−bilayer interaction is
mostly hydrophobic in nature, since most residues interacted
with the bilayer via the Lennard-Jones interaction. However,
Coulombic interactions played a major role in the case of Asp1
and Arg5 residues in both Aβ42-wt and Aβ42-GLR29, which is
expected due to their tendency to form hydrogen bonds with
POPC.
The observation that Aβ42 formed the most contacts with

GM1 can be attributed to the large headgroup of GM1
containing five sugar groups (Figure S8) that tend to lie on the
membrane surface, thus providing a platform for hydrogen
bonding with Aβ42 through its sugar headgroups (Figure 4). It
should be noted that with 5% GM1 in the bilayer there were
only 7 GM1 lipids in each leaflet. Despite this low GM1
content, as can be seen from the most populated clusters
(Figures 9, S6, and S7), Aβ42 has a preference to bind to GM1
and in some cases even to two GM1 molecules at the same
time due to the possibility of hydrogen bonding to the
pentasaccharide GM1 headgroup. In order to further elucidate
the Aβ42-GM1 binding, we dissected these interactions into
their contributions per sugar ring. The representative snapshot
in Figure S9 and the contact probability in Figure S10 show
that independent of the oxidation state of Aβ42, the peptide
made the most contacts with the sugar groups furthest away
from the membrane surface, that is the terminal β-D-galactose
(Gal′), the N-acetyl-β-D-galactosamine (GalNAc), and the N-
acetyl-α-neuraminidate (Neu). Apart from Aβ42-GLR25, the
other three Aβ42 variants preferred binding to Neu, while
Aβ42-GLR25 formed more contacts with Gal′. The contact
probability of Aβ42-wt and Aβ42-GLR25 with GalNAc is also
considerably high, leading to some contacts with the adjacent
Gal, while Aβ42-GLR29 and Aβ42-GLR33 formed only a few
contacts with GalNAc. Figure S11 confirms that in all cases the
contacts between Aβ42 and the sugar groups are driven by
hydrogen-bond formation, which, however, does not only
involve Coulomb but also Lennard-Jones interactions (Figure
S12). The formation of hydrogen bonds of Aβ42 with GM1
prevents the peptide from forming intrapeptide hydrogen
bonds as needed for secondary structure formation, e.g., the
formation of β-sheets and α-helices. This is indeed the case as
the numerous snapshots in Figures 9, S6, and S7 reveal: at the
Aβ42−GM1 binding sites, no β-sheet or α-helix is found.
However, the binding of Aβ42 to GM1 keeps Aβ42, or at least
parts of it, somewhat above the membrane surface (Figure 3),
which in turn encourages β-sheet formation as seen for Aβ42-
GLR25 in Figure 9B or helix formation as observed for Aβ42-
GLR33 in Figure 9D. The higher amount of structure
formation of membrane-associated Aβ42 compared to the
solution state can thus be considered to be a consequence of
the reduction in conformational flexibility on the membrane
surface, while leaving Aβ42 enough conformational freedom
and also possibilities for intrapeptide hydrogen-bond formation
needed for β-sheet or helix formation.

2.3.2. Effect on Aβ42 Secondary Structure. The secondary
structure of Aβ42 has similar secondary structure elements in
each system, particularly in the helical central polar region
(Val12 to Ala21). This region remained helical in all peptides,
though it is extended to include residues Asp7 to Ala21 in
Aβ42-GLR33. As evidenced by the membrane contacts,
hydrogen bonding, and interaction energies, the conformation
of Aβ42 in the N-terminal region was not affected by the
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interaction with POPC. This is because Aβ42-GLR25 showed
higher contact frequency with POPC in the N-terminal
compared to Aβ42-GLR33; however, both peptides showed
no tendency to form β-sheets in the N-terminal region. The
same is applied to Aβ42-GLR29 and Aβ42-wt. On the other
hand, the interaction with GM1 affected the formation of β-
sheets. It was observed that Aβ42-GLR29 and Aβ42-GLR33
showed the highest number of contacts with GM1 when
compared to Aβ42-wt and Aβ42-GLR25, but these peptides
had a lower tendency to form β-sheets, which is in agreement
with the finding of Mandel et al. on Aβ40.73 This is also
confirmed by the insertion data (Figure 3) which shows that
Aβ42-wt and Aβ42-GLR25 behave differently with respect to
the bilayer, with both pepides having a lower tendency to bind
to GM1 (Figure 4) than Aβ42-GLR29 and Aβ42-GLR33 do.
The assignment of the secondary structure is shown in

Figure 7, and it mirrors what is seen in the most populated
clusters as shown in Figure 9. The intrapeptide backbone
hydrogen bonds indicate a structure that is very similar to that
of a β-sheet in the most populated clusters for these two
systems.
2.3.3. Comparison with Other Studies. It is known from

experimental findings and MD simulations that Aβ42 is an
intrinsically disordered protein, containing all possible
secondary structures.9,74−77 It has also been shown that the
C-terminal β-sheet is the seed for further Aβ aggregation into a
β-sheet rich structure.74 Moreover, the importance of the total
β-strand content for controlling the aggregation rates was
pointed out in an MD study by Man et al.78 In our study we
observed a C-terminal β-sheet in the case of Aβ42-wt and
Aβ42-GLR25 especially in two regions, Val39-Ile41 and Ala30-
Val36. We also found that there is a β-sheet forming propensity
in the regions of Leu17 to Glu22 and Tyr10 to Glu11 in Aβ42-
GLR25. However, the β-sheet forming propensity in the C-
terminal hydrophobic region was very low in the cases of
Aβ42-GLR29 and Aβ42-GLR33, which might be explained by
the findings of Fonte et al.53 and Harmeier et al.54 Fonte et al.
found experimentally that changes in the glycine zipper Gly29-
XXX-Gly33-XXX-Gly37 motif prevent the formation of toxic
oligomers as they observed a reduction in Aβ toxicity upon the
substitution of Gly37 with leucine.53 It was also found by
Harmeier et al. that the substitution of Gly33, which is both at
the end of one and at the start of the next GXXXG interaction
motif, causes the formation of less toxic oligomers. Based on
that, we suggest that the stability of the C-terminal β-sheet in
Aβ42-GLR25 might be attributed to the fact that Gly25 does
not disrupt the zipper motif.
According to our findings, the effect of radicalization of the

Gly residue on the structure of Aβ42 depends on the position
of the oxidized Gly residue within the C-terminal hydrophobic
region of Aβ. This is supported by the MD study of Owen and
co-workers on three fast folding miniproteins, where it was also
found that the denaturing effect of the Gly radicals depended
on the position of the radical.64 Structural changes in the
protein upon Gly oxidation were more pronounced in the α-
helix rich protein than in the β-sheet rich one due to the flat
geometry of the radical (Figure S1).64 This may even cause the
formation of a β-sheet as Owen et al. showed in an MD study
of a short helical peptide that underwent a transition to a β-
sheet conformation upon radical formation.63

It has been shown experimentally that Aβ interacts strongly
with lipid bilayers comprised of phosphatidylcholine head-
groups.79,80 In our study we found that this interaction is

mediated by hydrogen bonds with the positively charged N-
terminal Asp1 and the side chain of Arg5. Furthermore, we
found that such tight interactions have no effect on the Aβ
secondary structure, which is in agreement with the
experimental findings that binding of Aβ to PC-containing
bilayers does not affect the secondary structure of the Aβ
peptide at low concentrations.81,82 Our results showed how the
bulky GM1 headgroups cover a large area of the membrane
even with only 7 GM1 lipids in each bilayer leaflet, and the
peptide is more likely to bind to the GM1 headgroups,
especially to the terminal saccharide residues, than to the
POPC headgroups. This agrees with the findings by Manna et
al., who concluded that the GM1 headgroups act as a scaffold
for Aβ binding through sugar-specific interactions.83 They
further observed the formation of a C-terminal β-hairpin upon
binding of Aβ42 to GM1, which is also in line with our results.
However, it should be noted that another study found that the
binding of Aβ40 to GM1 headgroups induces the formation of
a helix on the C-terminal side of the peptide.84 We also
observed helix formation upon GM1 binding, which, however,
occurred preferentially between residues 10 and 21 of Aβ42.
This includes the region from 17 to 21 that was already
identified as helical for Aβ40 in solution.85 From an
experimental study it was followed that low concentrations
of GM1, i.e., physiological concentration of GM1 that ranged
from 2−4% of the total lipid content of the membrane,86

enhance the formation of β-sheets but prevent Aβ oligomeriza-
tion.87 Other experiments further showed that the higher the
concentrations of GM1 (but less physiologically relevant), the
higher the β-sheet content of Aβ becomes.88

3. CONCLUSION

Understanding the interplay between oxidative stress and Aβ
neurotoxicity requires exploring the conformation of oxidized
Aβ peptides. Based on our MD simulations of Aβ42 and its
oxidized variants in interplay with a model membrane bilayer,
we found that Aβ42-GLR25 is potentially as toxic as Aβ42-wt,
assuming that β-sheet formation in Aβ is connected to its
toxicity,12 whereas Aβ42-GLR29 and Aβ42-GLR33 showed
less β-sheet forming propensity. We also revealed that the
sugar moiety of GM1 affects the interaction between Aβ42 and
the membrane. Aβ has a high tendency to interact with GM1
(especially Aβ42-GLR29 and Aβ42-GLR33), and once this
happens the propensity of the peptide to form β-sheet is
greatly reduced as Aβ, instead of forming intrapeptide
hydrogen bonds, interacts with GM1 through hydrogen
bonds. Moreover, the interaction with GM1 also reduces the
number of contacts and hydrogen bonds that the peptide
makes with POPC. On the other hand, the insertion of the
peptide into the bilayer is enhanced by its interaction with
POPC; Aβ42-wt and Aβ42-GLR29 showed the highest
number of contacts with POPC, and therefore these peptides
interact most closely with the bilayer. Our results suggest that
the differences observed in Aβ conformation and interaction
with the bilayer upon the oxidation of different glycine residues
might be attributed in part to the position of these residues
within the C-terminal hydrophobic region of Aβ and its
subsequent interaction with GM1. Further studies should test
this observation and further determine the role of oxidation in
Aβ-mediated AD toxicity.
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4. METHODS
4.1. Model System and System Equilibration. The starting

structures for the wild-type (wt) and oxidized (Gly25, Gly29, Gly33)
Aβ peptides were obtained from 1 μs simulations, using the final
snapshots of these simulations (Figure S13). These simulations had
begun with the structure of Aβ42 as determined by NMR
spectroscopy (PDB ID: 1Z0Q).89 The N- and C-terminals were the
free amino (NH3

+) and carboxyl (COO−) groups, respectively, and
thus each peptide carried an overall charge of −3. The oxidized Aβ42
peptides will be henceforth referred to as Aβ42-GLR25, Aβ42-
GLR29, and Aβ42-GLR33. The four peptides were placed 3.5 nm
above a symmetric membrane composed of 202 POPC, 72 CHOL,
and 14 GM1 lipids. Each system was solvated with the TIP3P water
model90 and neutralized with 17 Na+ ions. In addition, 150 mM NaCl
was added to mimic the physiological concentration of these ions.
The exact numbers of each molecules present in each system are listed
in Table 1. All interactions among system constituents were described
using OPLS-AA force field parameters.66,91−93 All MD simulations
were carried out using the GROMACS 4.6 simulation package.94

The systems were energy minimized using the steepest descent
algorithm to remove all atomic clashes.95,96 This was followed by an
equilibration under NVT conditions for 1 ns, where the reference
temperature of 310 K was regulated with the velocity-rescale
thermostat97 and the time constant was set to 0.1 ps. During
minimization and initial equilibration stages, the heavy atoms of
protein and lipids were subjected to position restraints with a force
constant of 1000 kJ/mol· nm2. Next, the system was equilibrated
under NPT conditions for 10 ns to obtain a pressure of 1.0 bar. The
pressure was regulated using a semi-isotropic Parrinello−Rahman
pressure coupling scheme98−100 with a time constant of 5 ps and
isothermal compressibility of 4.5e-5 bar−1. The temperature of 310 K
was maintained with a Nose−́Hoover thermostat101−104 with a time
constant of 0.5 ps, while the position restraints on the protein and
lipids were still on. The particle Mesh Ewald (PME)105,106 method
was used to account for the electrostatic interactions within the
system. Both the short-range interactions, with a van der Waals cutoff
of 1.0 nm (real space), and the long-range (Fourier) electrostatics
were used under the periodicity assumption, and the periodic
boundary conditions were set in all directions. All bonds were
constrained using the LINCS algorithm.107

4.2. Hamiltonian Replica Exchange MD (HREMD) Simu-
lations. For the final production run, the input parameters were the
same as those under NPT conditions, except that the position
restraints were switched off. To accelerate conformational sampling,
we employed the HREMD protocol for the systems described in the
previous section using the protocol introduced in ref 108. System
coordinates and input parameters (without restraints) from the NPT
equilibration served as the initial input to generate the postprocessed
topology files required for the HREMD simulations. The system was
split into hot (Aβ peptide) and cold (the rest of the system) regions,
where the interactions within the hot region and between the hot
region and the cold region were enhanced by scaling the force field
terms for the proper dihedrals, Lennard-Jones parameters, and
electrostatic interactions. HREMD simulations were performed
using 14 replicas with λ values ranging from 1 to 0.5, and replica

exchanges were attempted every 2 ps. Each system was simulated for
200 ns per λ value with the average exchange acceptance ratio of 0.13.
All simulations were carried out with GROMACS 4.6 patched to
PLUMED 2.2.109

4.3. Analysis Methods. 4.3.1. Bilayer-Peptide Interactions. The
analysis of each system began when Aβ was within 0.5 nm of the
bilayer. All analysis programs mentioned in this section are included
in the GROMACS 2018.2 program package.110−113 The “gmx traj”
program was used to measure the insertion distance of Aβ42 by
computing the center of mass (COM) of each residue, and the
average vertical position of the phosphorus atoms of phospholipids
was taken along the z-axis. The “gmx mindist” program was employed
to determine the number of contacts between each Aβ42 residue and
each POPC or GM1 lipid. A contact was recorded when the distance
between any two non-hydrogen atoms from the residue and lipid in
question was within 0.5 nm. Then the number of contacts was
normalized in the range of 0 to 1. The hydrogen bond propensity was
determined by the number of times a hydrogen bond was formed
between hydrogen bond donating and accepting atoms in Aβ42 and
each lipid type using the “gmx hbond” program. A hydrogen bond was
recorded when the angle between the donor and acceptor bonded
hydrogen was between 150 and 180 deg and the distance between the
two atoms was within 0.35 nm. The “gmx energy” program was used
to calculate the interactions energy between each Aβ residue and the
headgroup of POPC or GM1.

4.3.2. Aβ42 Structure. The secondary structure of each Aβ42
residue was determined using the def ine secondary structure program
(do_dssp).114 To facilitate a clear representation, the data of similar
secondary structures are grouped together; β-strand and β-bridge are
combined as β-strand/bridge, β-turn and bend are combined as β-
turn/bend, and helix includes α, π, and 310 helices. Hydrogen bonds
within the peptide backbone, between the backbone and side chains,
and between the side chains were counted by applying the same
method used for counting the peptide-lipid hydrogen bonds.
Representative Aβ42 structures were obtained by the “gmx cluster”
program using the method of Daura et al.115 and a cutoff of 0.25 nm
for clustering. The conformation and membrane interactions of the
central structure of the three largest clusters were rendered using the
VMD program.116
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Figure S1: Structure of (A) glycine (Gly) (B) radical glycine (GLR) residue taken from
Aβ42 peptide. The figure shows that oxidized glycine is missing H-atom at the Cα and the
backbone atoms lie in a plane. The carbon atoms are shown as cyan, hydrogen as white,
oxygen as red, and nitrogen as blue spheres.

Table S1: Average bilayer P-P thickness

System Average thickness (nm)

Aβ42-wt 4.522 ± 0.001

Aβ42-GLR25 4.515 ± 0.001

Aβ42-GLR29 4.497 ±0.001

Aβ42-GLR33 4.520 ±0.001
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Figure S2: Average bilayer thickness calculated when the protein is closely interacting with
the lipid bilayer (i.e., Aβ42 within 0.5 nm of the membrane). The x and y axes represent
the unit cell dimensions in nm. The thickness was calculated with a 0.4 nm resolution in
each dimension. The color box to the right shows the thickness range in nm.
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Table S2: Intrapeptide hydrogen bonds in the four membrane systems, Aβ42-wt, Aβ42-
GLR25, Aβ42-GLR29, Aβ42-GLR33.

Hydrogen Bonds Within Aβ42
system backbone to backbone backbone to side chain side chain to side chain

Donor Acceptor % Donor Acceptor % Donor Acceptor %
Aβ-wt His14(N) Glu11(O) 51.3 Phe4(N) Glu3(OE2) 47.9 Arg5(NE) Glu3(OE2) 75.8

Gln15(N) Glu11(O) 80.4 Arg5(N) Glu3(OE2) 72.8 Arg5(NH2) Glu3(OE1) 75.1
Lys16(N) Val12(O) 43.0 Ser8(N) Glu22(OE1) 49.6
Leu17(N) His14(O) 71.8
Val18(N) His14(O) 41.3
Ala21(N) Val18(O) 87.0
Leu34(N) Ile31(O) 66.5
Met35(N) Ile31(O) 44.0
Gly33(N) Met35(O) 42.9
Gly33(N) Ile41(O) 44.2
Val36(N) Val39(O) 84.7
Ile41(N) Leu34(O) 92.8

Aβ-GL25 Leu17(N) Gly33(O) 41.8
Gly33(N) Leu17(O) 44.9
Phe19(N) Ile31(O) 44.8
Ile31(N) Phe19(O) 44.2
Asn27(N) Val24(O) 68.6
Ile32(N) Val40(O) 41.3
Val40(N) Ile32(O) 41.5
Leu34(N) Gly38(O) 40.1

Aβ-GL29 Asp7(N) Gly9(O) 48.8 Phe4(N) Glu3(OE1) 59.2 Arg5(NE) Glu3(OE1) 61.5
Lys16(N) His13(O) 70.8 Arg5(N) Glu3(OE1) 63.9 Arg5(NH2) Glu3(OE2) 66.3
Leu17(N) His13(O) 49.2 Gly25(N) Asp23(OD1) 42.6
Val18(N) His14(O) 59.1
Phe19(N) Lys16(O) 43.2
Phe20(N) Leu17(O) 80.9
Ala21(N) Leu17(O) 58.3
GLR29(N) Glu22(O) 44.8
Val24(N) Asn27(O) 44.7
Ala30(N) Lys28(O) 44.0
Ile32(N) GLR29(O) 44.0
Val40(N) Ile31(O) 53.5

Aβ-GL33 Val12(N) Gly9(O) 58.4 Phe4(N) Glu3(OE2) 67.4 Arg5(NE) Glu3(OE2) 72.1
His13(N) Gly9(O) 40.7 Ser8(OG) Phe4(O) 44.2 Arg5(NH2) Glu3(OE1) 71.1
Ala21(N) Val18(O) 46.2 Arg5(N) Glu3(OE2) 71.0 Ser26(OG) Asp23(OD2) 78.8
Ala30(N) Val40(O) 60.6 Gly25(N) Asp23(OD2) 75.8
Leu34(N) Ile32(O) 62.6 Ser26(N) Asp23(OD1) 65.0
Val39(N) Ala30(O) 46.6 Ser26(N) Asp23(OD2) 52.2

Asn27(N) Asp23(OD1) 70.6
lys28(N) Asp23(OD1) 71.1
Gly29(N) Asp23(OD1) 64.9
Met35(N) His16(ND1) 62.1
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Figure S6: Central structure of the second largest cluster: (A) Aβ42-wt (23.7%), (B) Aβ42-
GLR25 (18.4%), (C) Aβ42-GLR29 (19.3%), and (D) Aβ42-GLR33 (16%). In each rendered
image the lipids are colored by orange. The phosphate atom of POPC is in orange, the N-
and C- terminals of Aβ42 are shown in pink and tan spheres, respectively. The protein β
sheet is shown in red, the helix is shown in blue, and coil and turn are shown in silver.
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Figure S7: Central structure of the third largest cluster: (A) Aβ42-wt (9.5%), (B) Aβ42-
GLR25 (9.4%), (C) Aβ42-GLR29 (3.8%), and Aβ42-GLR33 (5.2%). In each rendered image
the lipids are colored by orange. The phosphate atom of POPC is in orange, the N- and C-
terminals of Aβ42 are shown in pink and tan spheres, respectively. The protein β sheet is
shown in red, the helix is shown in blue, coil and turn are shown in silver.
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Figure S8: Sugar residues of GM1; β-D-glucose (Glc), β-D-galactose (Gal), N-acetyl-β-
D-galactosamine (GalNAc), β-D-galactose (Gal’) N-aceytl-α-neuraminidate (Neu). CER
represents the lipid ceramide moiety connected to Glc. The oxygen atom is shown in red,
the nitrogen atom is shown in blue and the carbon atom is shown in cyan.
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Figure S9: (A) Schematic representation of protein interaction with GM1 residue. (B) Zoom
in to the region where protein interacting with sugar moiety of GM1 lipid.
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Figure S11: Hydrogen bond propensity (and standard deviation of the mean) of each sugar
residue with Aβ42 peptide.
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Figure S12: Coulombic (left) and Lennard-Jones (right) interaction energy of each sugar
residue (and standard deviation of the mean) with Aβ42 peptide.
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Figure S13: Starting structure of Aβ42 peptide obtained from the final snapshots of a 1 μs
simulation. (A) Aβ42-wt, (B) Aβ42-GLR25, (C) Aβ42-GLR29, and (D) Aβ42-GLR33. The
N- and C- terminals of Aβ42 are shown in pink and tan spheres, respectively. The protein
β sheet is shown in red, the helix is shown in blue, and coil and turn are shown in silver.
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1 Abstract

Amyloid-β peptide aggregation occurs in cellular environments that are densely
crowded by other macromolecules. However, the extent of how such crowded
environments affect the peptide aggregation is not fully explored. Here, atom-
istic molecular dynamic simulations applied to a peptide/crowder system are
used to investigate how macromolecular crowding affects the aggregation ki-
netics of Aβ16−22 using simple hard sphere crowders at a crowder volume
fraction of 0.3. Our simulations show that the macromolecular crowding en-
hances the aggregation kinetics of Aβ16−22 both on the dimer and hexamer
formation. Moreover, the presence of the crowders enhances the formation
of an energetically favorable state by the excluded volume effect.

2 Introduction

It is becoming increasingly evident that the aggregation of amyloid-β (Aβ)
peptide is strongly linked to the progression and development of Alzheimer’s
disease, especially the Aβ40 and Aβ42 alloforms [1, 2]. It has been longstand-
ing that the amyloid oligomers rather than the matured fibrils are responsi-
ble for the disease progression and severity [3, 4, 5]. Importantly, progress
in a better understanding of disease development inspires further research
toward understanding the details of its aggregation mechanism. However,
most studies applied to probe the assembly process of Aβ peptide have been
performed in a diluted aqueous solution, which doesn’t correspond to the
actual complexity of the real cellular environment. In fact, the intracellular
and extracellular environments in the human brain are quite crowded with a
variety of macromolecules that occupy (7-40)% of the total volume [6]. Thus,
in vitro investigations of Aβ don’t capture the influence of biomolecules, that
would occur in vivo, on its assembly [7, 8]. This was further supported by
the findings that the extent to which Aβ forms oligomer/fibril in a crowded
environment differs by orders of magnitude from that in vitro [9].

The effect of macromolecular crowding on protein aggregation has been
the subject of a number of experimental studies. In the laboratory, macro-
molecular crowding have been replicated using concentrated solutions of var-
ious synthetic (polyethylene glycol (PEG), sugar-based polymers such as Fi-
coll and dextran) and biological (such as lysozyme, bovine serum albumin,
sucrose) polymers as model crowding agents to investigate their effect on
different protein aggregation/fibrillation mechanisms such as apolipoprotein
C-II (apo-CII), human insulin, α-synuclein, Aβ40 and Aβ42. Overall, these
studies revealed that the volume excluded effect is the most relevant that
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plays a key role in affecting protein behavior. In agreement with the theo-
retical models that have been pioneered by Minton and accounting for the
excluded volume effects [10, 11]. Accordingly, the crowders behave as inert
molecules that do not interact with proteins and rather limit the accessible
space, thus reducing the conformational entropy and favoring the formation
of folded proteins [12, 13, 14, 15, 16]. However, recent experiments showed
that inert crowders can also interact with proteins, affecting their stability,
yielding varied results depending on the crowder type and size [17, 18, 19].
For example, It has been reported that the synthetic PEG crowders are less
inert than dextran and glucose crowders, as a destabilization of ubiquitin
protein was observed in its presence compared to enthalpy stabilization by
the other two [20]. To this end, crowders have been recognized with a dual
nature when it comes to their effect on protein aggregation. On the one hand,
it can enhance the protein aggregation via the excluding volume effect but
on the other hand, it can also form soft interactions with the solute protein
making it difficult to predict the final result of the crowding. In spite of that,
research on IDPs in a cell-like crowded environment is rare. Experimental
investigations in this regard give an oversimplified view of macromolecular
crowding effects on IDPs, as the effect is impeded by the dynamic and tran-
sient nature of IDPs that is difficult to capture experimentally. Theoretical
calculations, particularly molecular dynamics (MD) simulations can comple-
ment the experiment [21, 22], especially with the power of MD simulations in
giving direct access to molecular-level details in a carefully controlled envi-
ronment. Applications of this approach to study the effect of macromolecular
crowding on protein aggregation have been performed by O’Brein et al. us-
ing atomistic MD simulations [23], Mango et al. using coarse-grained (CG)
simulations [24], and Co et al. [25] using Monte Carlo simulations applied to
study the oligomerization of a 10-residue fragment of transthyretin (TTR),
10-bead coarse-grained polypeptide and a toy model, respectively. The over-
all emerged picture from these studies revealed that proteins in a crowded
environment have high energy penalties associated with forming aggregates
that are not highly compact so the number of kinetic pathways will be smaller
compared to proteins in a diluted solution. The same idea applies to amy-
loidogenic proteins, as they are expected to be sensitive to the presence of
crowding agents that promote their folding and compaction. This was re-
ported by discontinuous molecular dynamic (DMD) simulations applied to
192 Aβ16−22 at the CG-level [26]. It has also been pointed out using Langevin
dynamics simulations of a 10 beads amyloid peptide that the net effect of
crowding on peptide assembly is the result of competition between oligomer
stabilization and solution viscosity [24].

In this study, we focus on the small Aβ oligomers as they have been
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identified as toxic agents in AD, particularly the dimer and the hexamer of
Aβ16−22 fragment, which has been shown to be a key sequence in the for-
mation of Aβ oligomers and fibrils, and has the ability to form fibrils on its
own [27, 28, 29]. To this end, we perform all-atom MD simulations to inves-
tigate the crowding effect on the hexamer formation of Aβ16−22 in a crowded
and diluted aqueous solution. Additionally, we perform metadynamics simu-
lations to study the crowding effect on the free energy profile and the kinetics
of Aβ16−22 dimerization in a crowded and diluted aqueous solution. All was
done using a spherical model of repulsive spherical crowders of diameter 1.3
nm at 30% volume concentration together with the short fragment Aβ16−22.
We believe that the unique contribution of this simulation study is that it
provide atomistic insight into the molecular crowidng effect on Aβ, which to
the best to our knowledge has not been done yet. Previous simulation studies
used coarse-grained model (CG) and performed discontinuous molecular dy-
namics (DMD) [26] or Langevin dynamics simulations [24]. Our simulations
revealed that the presence of crowders tends to enhance hexamer formation
by forcing the peptides to collapse into oligomeric conformations quickly,
which then evolve to hexameric conformation toward the end of the simula-
tion. Moreover, our metadynamics simulations of the two Aβ16−22 peptides
shed light on the role played by crowders in enhancing the aggregate forma-
tion, as it reflects that the presence of crowders enhances the formation of
the energetically favorable dimer.

3 Results

3.1 Crowding effect on the hexamer formation

We investigate the effect of the crowder on the hexamer formation of Aβ16−22

using unbiased all-atom classical molecular dynamics simulations. To this
end, we have simulated two systems: six Aβ16−22 peptides in crowded solution
with crowder volume fraction of 30%, and six Aβ16−22 peptides in diluted
solution without crowders. For each system, we have run three independent
molecular dynamics simulations, each of which is 1.5 μs long. The system
with Aβ16−22 in diluted solution serves as a reference, to unravel the effect
of the crowder presence on the aggregation process.

3.1.1 Effect of crowders on oligomerization kinetics

Our simulations of the six Aβ16−22 peptides in the crowded solution revealed
that the presence of crowders enhances the formation of the hexamer com-
pared to simulations without crowders, as revealed by the time evolution of
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the oligomerization state in Fig. 1. The figure also shows that the peptides
with crowders evolve to hexamer after 500 ns of the simulation time, in
all three simulations (see Fig. 1b), such that the resulting hexamer is stable
with no further dissociation to a small size oligomers. On the other hand, the
peptides without crowders do not evolve smoothly into hexamer, some dis-
sociation events can still be seen toward the end of the simulation as shown
from the three different runs. In run 1 and 3 the six peptides assemble into
a hexamer at 1.0 μs and 750 ns respectively, upon which they remain in the
hexameric form but this is not seen from run 2, where peptides experience
more association and dissociation events (see Fig. 1a). This observation high-
lights that the assembly process take longer to occur in the diluted solution
but once a hexamer forms then it is more preferable state, in which peptides
likely to remain without further dissociation.
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Figure 1: The time evolution of the oligomerization state from each of the
triplicate simulations of six Aβ16−22 without crowders (a), and with crowders
(b). The color of each run as indicated by the color code.

It is evident that the presence of crowders not only dramatically decreases
the time scale of aggregation (see Fig. 1) but also affect the aggregation
mechanisms. In the simulations without crowders, a hexamer forms through
nucleation mechanism. In contrast, the simulations with crowders results in a
rapid formation of hexamer that was preceded by the formation of small sized
oligomers. Even these oligomoers seem to be formed through fast collapse
of peptides being rapidly forced together such that they quickly arrange into
tetramer or pentamer but not dimer.

Fig. 2 shows snapshots summarizing the aggregates that we observe as
final configuration in our simulations of Aβ16−22 without crowders (top row)
and in the presence of crowders (bottom row). The snapshots with crowders
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revealed hexamer with nice β-sheets in Fig. 2c, whereas β-sheet with a small
number of peptides per sheet or peptides with a random coil is seen in snap-
shots Fig. 2a and b. In contrast, with no crowders the snapshots revealed
hexamer with β-sheets that contain a small number of peptides per sheet or
peptide with random coil is seen in all snapshots Fig. 2(d-f).

N
o 

cr
ow

de
r

C
ro

w
de

r

run1 run2 run3

a b c

d e f

Figure 2: Representative snapshots of the last frame from the simulation of
six Aβ16−22 with no crowders (top row a-c), and the system with crowders
(bottom row d-f). Aβ peptides are shown as cartoon and colored as indicated
in the figure, with the crowders indicated by light pink spheres.

3.1.2 Effect of crowders on β-sheet formation

Next, we analyze the effect of crowders on the formation of β-sheets, which
results from the association of monomers. To this end, we calculate the time-
averaged secondary structure for the peptides with crowders (Fig. 3) and
compare the results to the findings for peptides without crowders. The time-
averaged data revealed that the presence of crowders enhances the β-sheet
formation at the expense of random coil and turn conformation compared to
simulations without crowders. The helical content is negligible in both cases.
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Figure 3: The average secondary structure content in the case of simulation
without crowders (pink) and simulation with crowders (green). From left
to right, the coil, the β-sheet, the bend-turn and the α-helical contents are
shown.

3.1.3 Crowders-Aβ16−22 interaction

To figure out how the peptide and the crowder interact during the simulation,
the number of contacts is evaluated and shown as average results from each
monomer (Fig. 4a). The figure shows that almost all peptides bind the
crowder to the same level. However, looking at the contact with peptide
residues (Fig. 4b) one see that highest contact is made with residues Leu3 -
Phe 6, with slight differences among different monomers.

3.2 Crowding effect on the dimer formation

In order to interpret the change in the free energy associated with the transi-
tion form a monomer to an oligomer in the presence of the spherical crowders,
we simulated two Aβ16−22 peptides in solution with and without the presence
of crowders. Similar to hexamer simulations, the system without crowders
serves as our reference. For each system, we run metadynamics MD simula-
tion each of 3 μs. The metadynamics bias was applied to two configurational
collective variables (CVs): the distance between the center of mass of the
peptides rcom and the number of peptide-peptide contacts Ncontacts.
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Figure 4: The average number of contacts between Aβ16−22 monomers and
the crowder (a), and between Aβ16−22 residues and the crowder (b). The
legend show monomers color.

3.2.1 Effect of crowders on the free energy landscape

The ability to compute the free energy (FES) as a function of multiple CVs
is the most important practical advantage of metadynamics with respect to
other enhanced simulation methods. Therefore, we took the advantage and
analyze the 2-dimensional 2D-FES (Fig. 5a and b) and the 1-dimensional
1D-FES (Fig. 5c and d) as a function of the respective CVs, rcom and Ncontacts.
A major finding is that the presence of crowders encourages dimer formation,
which can be deduced from the deep energy minimum as a function of the
CVs.

The 2D-FES of the dimerization process as a function of rcom and Ncontacts

is reported in Fig. 5a and b. The free energy landscape revealed a deep basin
at rcom < 0.5 nm for both dimerization process, with and without crowders,
however the basin extension along the Ncontacts is different. It is clear that
the position of the basin indicates that peptide-peptide interaction is favored
but its extension along the Ncontacts suggests that several conformations are
likely to be thermodynamically accessible by the dimer in the presence of
crowders compared to it without crowders, i.e. the presence of crowders drive
dimerization with a broad basin of structural ensemble compared to dimer
formation without crowders (see Fig. 6). The figure shows the structural
ensemble selected from a time window in the phase space at which rcom = 0.5
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nm, which is of lowest FES. The figure reflects different snapshots from the
beginning of the selected time window (t0), passing the first observation of
the β-sheet (tstart), to the middle of the time window (tmid), reaching the end
of the time window (tend). It is clear, that the structural ensemble for the
dimer in the presence of crowders (Fig. 6 (a-d)) is more diverse (with parallel
and anti-parallel β-sheets) than it for dimer without crowders (Fig. 6 (e-
h)). Moreover, the dimer with crowders reveals β-sheet that contains more
residues compared to the no crowder case.
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Figure 5: The 2D dimensional free energy surface (FES) (top row) calculated
from metadynamics simulation of Aβ16−22 simulated without (a) and with
crowder (b). The one dimensional FES (bottom row) is shown as a function
of collective variables; the center of mass distance between peptide units
(rcom(nm)) (c), and the number of contacts between the peptide (Ncontacts)
(d).

Furthermore, our analysis of the 1D-FES indicated that FES (rcom) for
the dimer with crowders explores the deepest energy minimum at rcom ≈ 0.5
nm with FES of -43 kJ/mol compared to a less well-defined minimum with
FES ≈ -28 kJ/mol for the dimer without crowders (Fig. 7c). Similarly, a
deep energy minimum at Ncontacts ≈ 170 is seen for the dimer with crowders
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compared to a less well-defined minimum without crowders (Fig. 7d). A
part from the deepest energy minimum of FES (rcom), both the dimer with
and without crowders explore another energy minima at rcom ≈ 2.2 nm (see
Fig. 7c).
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Figure 6: Snapshots of the dimer formed in solution without crowders (top)
and with crowders (bottom), the dimers are shown in cartoon representation
and colored in red and blue, respectively. The snapshots are taken from the
energy basin with the lowest FES(rcom) at r=0.5 nm. The snapshot with t0
represents the peptide conformation at the starting of the time window, tstart
represents the first observation of β-sheet, tmid represents a snapshot from
the middle of the time window and lastly tend represents a snapshot at the
end of the time window.

3.2.2 Assessing metadynamics

The time evolution of the metadynamics CVs revealed that rcom and Ncontacts

looks diffusive in the entire CVs space as shown in Fig. 7c and d. The
evolution of rcom, which correspond to the center of mass distance of peptides
with crowders, revealed that the simulation starts in the minimum on the left
(rcom = 2 nm) (Fig. 7d). The first minimum is filled until ≈ 500 ns, and then
the system moves to the second minimum (rcom = 0.5 nm). After the second
minimum is also filled at around 1 μs, the system oscillates with equivalent
probabilities between the two minima, until the simulation is completed.
In the same way, the figure further shows the diffusivity of the other CVs
for dimer with and without crowders. This reflects that the metadynamics
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simulations allow exploring new reaction pathways as the system tends to
escape the minima passing through the lowest free energy saddle point.
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Figure 7: The time evolution of the collective variable. Results from dimer
simulated without crowders are shown top whereas those with crowders are
bottom. The left column shows the Ncontacts, and the right one shows rcom
(nm).

4 Discussion and Conclusions

Using the combination of unbiased all-atom MD simulations and metady-
namics simulations, we have been able to shed light on the macromolecular
crowding effect on small Aβ16−22 oligomeric species, that have been identified
as the toxic agents in Alzheimer’s disease, at the atomistic level. Although
previous studies on similar systems but with larger number of Aβ16−22 pep-
tides have been performed, they were performed at the coarse-grained level
using discontinuous molecular dynamics (DMD) or Langevin dynamics sim-
ulation. We are not aware of any simulation that match the realism of the
species involved in this simulations at the atomistic level.

10



The oligomerization mechanism observed in our simulations of six Aβ16−22

peptides in the presence of spherical crowders deviates from the step-wise
growth mechanism, that is well reported for Aβ peptides, in which monomers
comes together one by one forming the nucleus (i.e. forming dimers, trimers,
tetramers etc) that can further elongate to form amyloid fibrils. Additionally,
our results revealed that the aggregation mechanisms with crowders differ
from it without crowders, such that in the former a fast collapse of peptide
into tetramer or pentamer is first encountered after which a stable hexamer is
formed. We speculate that the presence of the crowders affects the interstitial
space available for the peptides in away that force them to come together
quickly in the form of oligomeric species that later assemble into hexameric.

We have also presented a free energy analysis of dimers in the presence and
absence of crowders. Our simulations revealed that the presence of crowders
drives the formation of the dimer that is more energetically favorable as
compared to simulations without crowders. The structural conformation of
such favorable dimer is characterized by high number of contacts and low
com distance between the peptides revealing its compactness.

Summarizing thus far, the presence of crowders tends to enhance hexamer
formation through forcing the peptides to collapse into oligomeric conforma-
tions quickly, which then evolve to hexameric conformation to the end of the
simulation. Based on our findings from metadynamics, we suggest that the
presence of crowders enhances the formation of energetically favorable state
by the excluded volume effect. This could be the scenario beyond its en-
hancing effect on the aggregation kinetics. In this regard, our findings agree
with Munishkina et al. experimental findings [30] that, in the presence of
crowders, specific oligomer and fibril aggregation pathways are preferred be-
cause of the favorability of specific peptide structures and the fact that they
maybe more energetically favorable than others. Moreover, our observations
are in agreement with a large and diverse set of simulation studies. Of note,
is the simulation study by O’Brien et al. who reported that the addition
of crowders of any size or concentration will enhance aggregation and as
the crowder size increase the level of enhancement diminishes [23]. Another
study by Latshaw et al. [26] revealed that at the CG level, the crowder
increases the rate of oligomer formation and that small sized crowder of 5 Å
enhances hexamer formation of Aβ16−22.

In this study, we have limited ourselves to spherical crowders but future
studies with crowders represented as polymer chains or more real crowding
molecules might increase the relevance of our simulations.
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5 Methods

5.1 Crowder model

The crowders in our simulations are modeled as neutral spherical particles
with a diameter of 1.3 nm, that interacts with peptides and with each other
by mean of the Lennard-jones potential. The interaction between crowders
is modeled being repulsive so that they do not self-assemble during the sim-
ulation. For this, force field parameters for the crowder were developed and
implemented into GROMACS.

5.2 Simulation setup and protocol

The systems modeled are composed of two Aβ16−22 peptides, which were
simulated in the aqueous phase and in the presence and absence of crowders.
The initial Aβ16−22 structures were taken from the most populated clusters
from a preceding MD simulation of Aβ16−22 in solution.

The simulated system also contained TIP3P water model with sodium
and chloride ions at the physiological concentration of 150 mM. The two
Aβ16−22 peptides were placed randomly in water layer at a distance of >1 nm
between the closest atoms from the two peptides. All distances from the pep-
tides to any of the simulation box edges was at least 1.2 nm to avoid inter-
actions between the peptides with their periodic images. The total number
of atoms in the modeled dimer system was ≈ 33,400 atoms and the box size
was about 6.99× 6.99× 6.99 nm3. The setup of the hexamer system in the
aqueous phase was similar, but wit six Aβ16−22 monomers, resulting in a sys-
tem size of about 9.8× 9.8× 9.8 nm3and contained ≈ 97,583 atoms.

The metadynamics simulation were performed using GROMACS MD
code [31] with plumed plugin [32]. The all-atom MD simulations were per-
formed using GROMACS/2018.2[31] along with the CHARMM36m force
field [33, 34]. Each system was first energy minimized using the steepest
decent algorithm to remove atomic clashes. This was followed by equilibra-
tion under NV T conditions where a temperature of 310 K was regulated
with the velocity-rescale thermostat [35]. Next, the system was equilibrated
under NpT conditions to obtain a pressure of 1.0 bar, where the pressure
was regulated using isotropic Parrinello-Rahman pressure coupling scheme
[36]. Periodic boundary conditions were set in all directions. Both the van
der Waals and Coulomb force cutoffs were set to 1.2 nm in real space. The
particle mesh Ewald (PME) method was applied for calculating the electro-
static interactions. For Aβ16−22 hexamer systems, an initial simulation was
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run for 1.5 μs, then another two simulations with different starting velocity
were run each for 1.5 μs. For the subsequent analysis, we combined the data
from the three independent simulations and derived the results presented in
this study. For metadynamics simulation of Aβ16−22 dimer, simulations were
run for 3 μs for dimers with and without crowders.
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The islet amyloid polypeptide (IAPP) is the main constituent of the amyloid fibrils found in
the pancreas of type 2 diabetes patients. The aggregation of IAPP is known to cause cell
death, where the cell membrane plays a dual role: being a catalyst of IAPP aggregation and
being the target of IAPP toxicity. Using ATR-FTIR spectroscopy, transmission electron
microscopy, and molecular dynamics simulations we investigate the very first molecular
steps following IAPP binding to a lipid membrane. In particular, we assess the combined
effects of the charge state of amino-acid residue 18 and the IAPP-membrane interactions
on the structures of monomeric and aggregated IAPP. Distinct IAPP-membrane
interaction modes for the various IAPP variants are revealed. Membrane binding
causes IAPP to fold into an amphipathic α-helix, which in the case of H18K-, and
H18R-IAPP readily moves beyond the headgroup region. For all IAPP variants but
H18E-IAPP, the membrane-bound helix is an intermediate on the way to amyloid
aggregation, while H18E-IAPP remains in a stable helical conformation. The fibrillar
aggregates of wild-type IAPP and H18K-IAPP are dominated by an antiparallel β-sheet
conformation, while H18R- and H18A-IAPP exhibit both antiparallel and parallel β-sheets
as well as amorphous aggregates. Our results emphasize the decisive role of residue 18 for
the structure and membrane interaction of IAPP. This residue is thus a good therapeutic
target for destabilizing membrane-bound IAPP fibrils to inhibit their toxic actions.

Keywords: islet amyloid polypeptide, type 2 diabetes mellitus, amylin, amyloid aggregation, peptide-membrane
interactions

1 INTRODUCTION

The formation of amyloid fibrils is involved in various human diseases, such as Alzheimer’s disease,
Parkinson’s disease, or type 2 diabetes mellitus (T2DM). Amyloid forming proteins are often
intrinsically disordered proteins (IDPs) or are proteins that contain one or more intrinsically
disordered regions. The structure of those amyloid fibrils are very heterogeneous but they are all
composed of arrays of cross β-sheets (Selkoe, 2004; Knowles et al., 2014; Willbold et al., 2021).

The human islet amyloid polypeptide (hIAPP), also known as amylin, is a 37-amino acid peptide
hormone that is the main constituent of the islet amyloid mainly found in the pancreatic islets of
T2DM patients, but also in many organs including the brain, the heart, and the kidney (Westermark
et al., 1987; Cooper et al., 1988; de Koning et al., 1995; Despa et al., 2012; Srodulski et al., 2014).

Edited by:
Javier Oroz,

Spanish National Research Council
(CSIC), Spain

Reviewed by:
Philippe Derreumaux,

UPR9080 Laboratoire de Biochimie
Théorique (LBT), France

Ling-Hsien Tu,
National Taiwan Normal University,

Taiwan

*Correspondence:
Lucie Khemtemourian

lucie.khemtemourian@u-bordeaux.fr
Birgit Strodel

b.strodel@fz-juelich.de

Specialty section:
This article was submitted to

Protein Folding, Misfolding and
Degradation,

a section of the journal
Frontiers in Molecular Biosciences

Received: 06 January 2022
Accepted: 18 February 2022
Published: 15 March 2022

Citation:
Khemtemourian L, Fatafta H, Davion B,
Lecomte S, Castano S and Strodel B
(2022) Structural Dissection of the First
Events FollowingMembrane Binding of

the Islet Amyloid Polypeptide.
Front. Mol. Biosci. 9:849979.

doi: 10.3389/fmolb.2022.849979

Frontiers in Molecular Biosciences | www.frontiersin.org March 2022 | Volume 9 | Article 8499791

ORIGINAL RESEARCH
published: 15 March 2022

doi: 10.3389/fmolb.2022.849979



hIAPP is produced and secreted together with insulin by the
pancreatic β-cells, and it plays a role in the control of glucose
homeostasis and satiety by acting on the liver, gut, brain and
pancreas (Lutz, 2010; Westermark et al., 2011). Under normal
conditions, monomeric hIAPP lacks a well-defined structure as
typical for an IDP, and mainly adopts a random coil
conformation. However, in T2DM patients, hIAPP starts to
aggregate into amyloid fibrils and the formation of these
amyloid aggregates has been associated with the dysfunction
and death of β-cells (Opie, 1901; Höppener et al., 2000).

While the toxic activity of hIAPP is still not completely
understood, a link between hIAPP fibril formation at the
membrane interface and hIAPP-induced cell death was
observed, highlighting the relevance of the membrane (Gao
and Winter 2015). A few putative mechanisms of cell
membrane-disruption by hIAPP have been described and have
been the subject of several studies (Mirzabekov et al., 1996; Janson
et al., 1999; Engel et al., 2008; Hebda and Miranker, 2009; Martel
et al., 2016). It has been suggested that the amyloid fibrils are not
the primary toxic species, but oligomers formed by hIAPP are
thought to be cytotoxic, either by forming membrane channels or
by inducing bilayer disorder (Mirzabekov et al., 1996; Kayed et al.,
2004; Quist et al., 2005). In agreement with these studies,
molecular dynamics (MD) simulations demonstrated that
membrane permeability was induced by oligomeric hIAPP
(Poojari et al., 2013). Further experimental studies have
indicated that the formation of hIAPP fibrils at the membrane
causes membrane disruption by forcing the curvature of the
bilayer to unfavorable angles or by the uptake of lipids by the
fibrils (Sparr et al., 2004; Engel et al., 2008). Moreover, the
composition of the membrane plays a role in the amount of
membrane damage that can be caused by hIAPP (Zhang et al.,
2017), and that by blocking hIAPP-membrane interactions by
small-molecule ligands such as resveratrol, the membrane-
induced toxicity of hIAPP can be alleviated (Evers et al.,
2009). Even if the mechanism is not yet fully understood,
altogether these studies revealed the importance of the
membrane in hIAPP-induced cell death.

Along with these results, it has been recognized that the
various amino acids of hIAPP are crucial in hIAPP fibril
formation and in hIAPP-membrane disruption. The
N-terminal residues are mainly responsible for membrane
binding, the middle core drives amyloid fibril formation, while
the C-terminal residues are also involved in amyloid fibril
formation, yet to a lesser extent (Skeby et al., 2016; Engel
et al., 2006; Brender et al., 2008a,b). The sequence of IAPP is
highly conserved across different species (Cao et al., 2013; Caillon
et al., 2016), however key differences, that play important roles in
modulating the propensity of the peptide to aggregate, have been
identified. The non-amyloidogenic, and non-toxic mouse IAPP
differs from hIAPP by six residues out of 37; interestingly, five of
the six residues are located in the amyloid-prone region 20–29
and mice do not develop T2DM. For that reason, it is essential to
explore the sequence-structure relationship. While the region
20–29 is of relevance (Choi et al., 2021), it is not the sole region
governing IAPP fibril formation, since proline mutations at
positions 14, 15, 16, and or 17 can also induce a loss of fibril

formation (Abedini and Raleigh, 2006; Fox et al., 2010; Tu and
Raleigh, 2012). Recent studies on residue 18, that is highly
variable among species (Caillon et al., 2016), indicate that this
residue is important in modulating 1) IAPP fibril formation in
solution and in the presence of membranes (Khemtemourian
et al., 2017; Hoffmann et al., 2018a), 2) membrane interaction and
damage (Hoffmann et al., 2018a), 3) cell toxicity
(Khemtemourian et al., 2017), and 4) hIAPP-zinc, and hIAPP-
insulin affinity (Wineman-Fisher and Miller, 2016;
Khemtemourian et al., 2021; Miller, 2022). The main findings
from these studies are summarized in Table 1.

The characterization of the aggregation pathways and of the
structure at a molecular and an atomic level at the membrane is
thus a key step to understanding hIAPP cellular toxicity and its
role in disease states. While the structure of hIAPP in solution
was extensively studied (Goldsbury et al., 2000; Williamson and
Miranker, 2007; Wiltzius et al., 2009; Camargo et al., 2017), only a
few studies were performed in a membrane environment. These
studies mainly used spectroscopic techniques such as circular
dichroism (CD) or nuclear magnetic resonance (NMR)
spectroscopy (Jayasinghe and Langen, 2005; Patil et al., 2009;
Nanga et al., 2011; Caillon et al., 2013; Camargo et al., 2017;
Milardi et al., 2021), which yield information on structural
averages of the conformational ensemble, yet are not time-
resolved enough to provide information on individual
structures. A complicating aspect for NMR spectroscopy of
hIAPP in the presence of lipid bilayers is the fast aggregation
speed of hIAPP. To overcome this challenge, approaches have
been adopted to reduce the fibrillation process, such as the use of
low temperatures and/or detergent micelles that stabilize the
monomeric form of hIAPP (Jayasinghe and Langen, 2005;
Patil et al., 2009; Nanga et al., 2011; Caillon et al., 2013;
Camargo et al., 2017). Here, we address this problem by
employing a combination of two techniques that offer the
possibility of obtaining time-resolved structural information of
hIAPP in a membrane environment, namely attenuated total
reflection Fourier-transform infrared (FTIR) spectroscopy and
MD simulations. This allows us to provide structural information
for both monomeric hIAPP as well as the first aggregation steps of
hIAPP at the membrane. Previous simulation studies examined
the membrane interactions of monomeric and oligomeric hIAPP
(Martel et al., 2016; Dignon et al., 2017a; Dong et al., 2018; Press-
Sandler and Miller, 2018; Qian et al., 2018; Qiao et al., 2019). The
results from these simulations indicate that wild-type hIAPP
interacts with the membrane by forming interactions between
the anionic lipids of the membrane and the N-terminal part of
hIAPP, which is in agreement with experimental data (Engel
et al., 2006; Skeby et al., 2016). Stabilization of the α-helical state
following the binding to a membrane was also observed in both
experimental and simulation studies (Caillon et al., 2013; Dignon
et al., 2017a; Christensen et al., 2021). FTIR spectroscopy has
been previously used to provide insights into the membrane-
bound monomeric and fibril structures of hIAPP (Mishra et al.,
2008; Mishra andWinter 2008; Radovan et al., 2008). The studies
indicated that a transition from unordered structures to β-sheet
structures occurs on a time scale characteristic for amyloid fibril
formation. Possible structures for membrane-bound hIAPP
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aggregates were suggested by MD simulations (Liu et al., 2020;
Nguyen et al., 2021; Sepehri et al., 2021).

The purpose of this study is to reveal the structures of hIAPP
directly after its binding to a lipid-membrane interface and to
determine how these structures are influenced by histidine 18. To
this end, both experiments and simulations were performed as
they provide information on the structural evolution for different
length and time scales and with different resolutions, thereby
complementing each other. To study the effects of residue 18 on
the hIAPP-membrane interactions and the emerging peptide
structures, all the experiments and simulations were performed
with wild-type hIAPP and four mutated peptides where histidine
18 has been replaced by arginine (H18R-IAPP), lysine (H18K-
IAPP), glutamic acid (H18E-IAPP), and alanine (H18A-IAPP) to
achieve variations in charge, shape, volume, and hydrophobicity.
To evaluate the interaction of hIAPP and the mutated peptides
with the membrane, we worked with a 1, 2-dioleoyl-sn-glycero-3-
phosphocholine/1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPC/DOPS) lipid mixture (ratio 7:3) to mimic eukaryotic β-
cell membranes. These cells contain typically between 1 and 10%
of negatively charged lipids; however in the case of T2DM, the
high concentration of glucose increases the amount of negatively
charged lipids up to 30% (Rustenbeck et al., 1994). We performed
attenuated total reflection (ATR) FTIR spectroscopy at different
incubation times to apprehend the initial structure of the peptides
at the membrane and the evolution of structural changes. The
putative perturbation of the lipid membranes after addition of the
peptides was also investigated. We observed differences for the
wild-type and the mutated peptides not only in the initial
structures but also in the variation of secondary structure in
time, highlighting the role of the residue histidine 18 in the
membrane interactions of hIAPP and in the process of fibril
formation. The ATR-FTIR results are complemented on either
side of the length and time scales, by MD simulations to provide
mechanistic insight into the structural transitions and peptide-
membrane interactions and by transmission electron microscopy
(TEM) to obtain images of the final fibrils.

2 MATERIALS AND METHODS

2.1 Sample Preparation
Peptide solutions were prepared as described previously
(Khemtemourian et al., 2017; Hoffmann et al., 2018a). Briefly,
stock solutions were obtained by dissolving the peptide powder at
a concentration of 1 mM in hexafluoroisopropanol (HFIP) and
by letting them incubate for an hour. HFIP was then evaporated
under a stream of dry N2 and further dried by vacuum in a

desiccator for at least 30 min. The resulting peptide film was then
rehydrated with 100 μl of buffer containing 10 mM
tris(hydroxymethyl)aminomethane and 100 mM NaCl (pH
7.4) and 2 μL of a 20 μM CaCl2 solution.

2.2 Preparation of Phospholipid Vesicles
DOPC and DOPS lipids were purchased from Avanti Polar
Lipids. Lipid powders were dissolved in chloroform and mixed
at the desired ratio. The solvent was evaporated under a stream of
dry nitrogen and further dried under high vacuum in a desiccator
for at least 30 min. Lipid films were then rehydrated for 1 h with a
buffer of 10 mM Tris, 100 mM NaCl, pH 7.4 in 100% D2O,
obtaining large, and multilamellar vesicles (LMVs). Small,
unilamellar vesicles (SUVs) were then prepared from the
LMVs by tip sonication. The SUVs were burst onto a
germanium ATR crystal to form a single bilayer which is
controlled by the measurement of the absolute IR intensity.
For the subsequent measurements, we added hIAPP (or its
mutants) at 50 μM concentration to the membrane and then
rinsed the non-binding peptides off.

Large, unilamellar vesicles (LUVs) for the TEM were prepared
using the same buffer conditions as for the LMVs, but containing
100% H2O, which was subjected to 10 freeze-thaw cycles with
alternating temperatures of about −190°C and 50°C. The lipid
suspension was subsequently extruded 19 times through a mini-
extruder (Avanti Polar Lipids) equipped with a 200 nm
polycarbonate membrane. The phospholipid content of both
lipid stock solutions and vesicles was determined as inorganic
phosphate according to Rouser et al. (Rouser et al., 1970).

2.3 ATR-FTIR Spectroscopy
ATR-FTIR spectra were recorded on a Nicolet 6,700 spectrometer
Thermo Scientific equipped with anMCT detector cooled at 77 K.
A Ge-crystal was used as internal reflection unit. Since ATR-FTIR
spectroscopy is sensitive to the orientation of the structures
(Goormaghtigh et al., 1990; Goormaghtigh et al., 1994;
Goormaghtigh et al., 1999), spectra were recorded with
parallel (p) and perpendicular (s) polarizations of the incident
light with respect to the ATR plate. 200 scans were recorded at a
resolution of 8 cm−1. All the orientation information is then
contained in the dichroic ratio RATR = Ap/As, where Ap and
As represent the absorbance underlying the band at p and s,
respectively, polarization of the incident light. After subtraction
of a spectrum of the lipid membrane with the buffer and
subtraction of noise from water, the spectra were baseline-
corrected between 1700 and 1,600 cm−1 corresponding to the
amide I band area. Finally, a smoothing has been applied. To
derive the secondary structure from the bands, the spectra were

TABLE 1 | Biophysical and biological characteristics of wild-type and mutated hIAPP as determined in previous studies.

hIAPP H18R-IAPP H18K-IAPP H18E-IAPP H18A-IAPP

Fibril formation in solution +++ ++ + + +
Fibril formation at membranes +++ +++ ++ + +
Membrane leakage +++ +++ +++ +++ +++
Cell toxicity +++ + + + +
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analyzed with an algorithm based on a second-derivative function
and a self-deconvolution procedure (GRAMS and OMNIC
software, Thermo Fisher Scientific) to determine the number
and wavenumber of the individual bands within the spectral
range of the amide I band.

2.4 Transmission Electron Microscopy
TEM was performed at the “Institut de Biologie Paris Seine”
(IBPS, Sorbonne Université, Paris, France). Peptides and LUVs
were incubated for 2 days at room temperature. Aliquots (20 μl)
were adsorbed onto a glow-discharged carbon coated 200 mesh
copper grid for 2 min and then negatively stained with saturated
uranyl acetate for 45 s. Grids were examined using a ZEISS 912Ω
electron microscope operating at 80 kV.

2.5 Computational Methods
2.5.1 Setup of the Simulated Systems
The modeled systems are composed of the full-length (37
residues) hIAPP monomer (either wild-type or mutated at
residue 18) and a DOPC/DOPS lipid bilayer in a 7:3 ratio
mimicking the lipid composition of the experiments. As initial
peptide structure, the most populated conformation from a
preceding 1 μs simulation of wild-type hIAPP as a monomer
and with a disulfide bond between C2 and C7 in the aqueous
phase was used. The mutated peptides were generated from this
structure by replacing the neutral H18 residue (protonated only at
Nϵ) by its positively charged counterpart (denoted by H18+), the
neutral residue alanine, the negatively charged glutamate, or the
positively charged lysine or arginine using the CHARMM-GUI
interface (Lee et al., 2016). These peptides will be referred to as
hIAPP, hIAPP(H18+), H18A-IAPP, H18E-IAPP, H18K-IAPP,
and H18R-IAPP, respectively. CHARMM-GUI was also used to
set up and equilibrate the DOPC/DOPS lipid bilayer as a
symmetric membrane composed of 88 DOPC and 40 DOPS
lipid molecules. The peptides were placed above the lipid bilayer
(one peptide per simulation) at a distance of ≈3 nm from the
bilayer surface. Each system was then solvated with water using
the TIP3P model (Jorgensen et al., 1983) and NaCl was added at
physiological concentration of 150 mM, while also neutralizing
the system. The total number of atoms N in each system was
≈54,000 atoms and the simulation box size was about 6.5 × 6.5 ×
12.0 nm3.

2.5.2 MD Simulation Conditions
The MD simulations were carried out using the GROMACS
2018.2 simulation package (Abraham et al., 2015), along with
CHARMM36 (Klauda et al., 2010) as force field for the lipids and
CHARMM36m (Huang et al., 2017) for the IAPP peptides. Each
system was first energy minimized using the steepest descent
algorithm to remove initial atom clashes that may have resulted
during the setup. This was followed by an equilibration using MD
simulations under NVT conditions, where the reference
temperature T of 302 K (which was chosen to be close to the
temperatures used in the experiments) was regulated with a
velocity-rescale thermostat (Bussi et al., 2007). Then, the
system was equilibrated under NpT conditions to obtain a
pressure p of 1.0 bar, which was realized by regulating the

pressure using a semi-isotropic Parrinello-Rahman pressure
coupling scheme (Berendsen et al., 1984). The particle mesh
Ewald (PME) method was used to calculate the electrostatic
interactions in combination with periodic boundary
conditions set in all directions. The electrostatic interactions
in real space as well as the van der Waals interactions were cut
at 1.2 nm. All bonds were constrained using the LINCS
algorithm (Hess et al., 1997). For each of the six systems
the MD simulations were run in triplicate and for 1 μs per
simulation (i.e., 3 × 1 μs per system).

2.5.3 Analysis of the MD Simulations
All analysis programs mentioned are available via the GROMACS
2018.2 program package (Abraham et al., 2015). Only the MD
snapshots were IAPP is within 0.5 nm of the bilayer were included in
the analysis of the system in question. The peptide-lipid interactions
were then determined by calculating the interaction energy between
each IAPP residue and the DOPC and DOPS lipids, respectively,
using “gmx energy”. The “gmx mindist” program was employed to
determine the number of contacts between each IAPP residue
and DOPC/DOPS. A contact was recorded when the distance
between any two non-hydrogen atoms from a residue and a lipid
was within 0.5 nm. The hydrogen bond propensity was
determined as the ratio of the number of MD snapshots
where one or more hydrogen bonds were formed between
peptide and lipid and the total number of MD snapshots per
system. The secondary structure of the peptides was determined
using the ‘define secondary structure program’ (DSSP) (Kabsch
and Sander, 1983) invoked via the GROMACS tool “do dssp”.
To facilitate a clear representation, the data of similar secondary
structures are grouped together: β-strand and β-bridge are
combined as β-sheet, β-turn and bend as turn, and helix
includes α-, π-, and 310-helices.

3 RESULTS

3.1 hIAPP and theMutated Peptides Adopt a
Mixture of Structures Upon Initial Binding to
the Membrane
We first investigated, using ATR-FTIR spectroscopy, the
structural behavior of wild-type and mutant hIAPP when
interacting with a (supported) lipid bilayer composed of
DOPC/DOPS (7:3). These phospholipids represent the most
abundant zwitterionic phospholipid species (PC) and the
dominant negatively charged phospholipid species (PS) in
eukaryotic cells, and the 7:3 ratio is similar to the one of
zwitterionic lipids to negatively charged lipids of the
membrane of pancreatic islet cells (Rustenbeck et al., 1994).
We performed polarized ATR-FTIR experiments in order to
analyze the initial structures of the peptides at the membrane
and to determine if the mutation at residue 18 could induce some
structural changes. Figure 1 shows the ATR-FTIR spectra in the
amide I region of hIAPP and the mutated peptides interacting
with DOPC/DOPS bilayers. Based on the amide I band analysis,
hIAPP and H18K-IAPP exhibit two peaks at around 1643 ±
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1 cm−1 and 1623 ± 1 cm−1 assigned to random coil and β-sheet
structure, respectively. The mutated peptides H18R-IAPP, H18E-
IAPP, and H18A-IAPP display predominantly an amide I band at
around 1643 ± 1 cm−1 that can be attributed to unordered
secondary structures. The secondary structure content of the
peptides bound to the DOPC/DOPS bilayers has then been
evaluated from the analysis of the amide I band shape and
curve fitting (Table 2). The bands at 1686 ± 1 cm−1, 1632 ± 1
cm1−1, 1624 ± 1 cm−1, and 1615 ± 1 cm−1 were assigned to β-
sheets (parallel and antiparallel), the band at 1654 ± 1 cm−1 to α-
helices, the band at 1643 ± 1 cm−1 to random structures, and the
one at 1674 ± 1 cm−1 to β-turns. The results show that hIAPP is
mainly unstructured (40%) with a contribution of β-sheets (31%),
which is in agreement with previous studies (Khemtémourian
et al., 2010; Seeliger et al., 2012). The peptides H18R-IAPP and
H18K-IAPP adopt unstructured conformations with about the
same probability as hIAPP (41 and 37%, respectively) but have
different amounts of β-sheets (27 and 36%). The initial structure
of H18E-IAPP differs substantially from the wild-type peptide
with less β-sheet content and more random coil conformation.
The peptide H18A-IAPP has the highest content of α-helical
structure and the lowest amount of random coil, which is likely
due to the inherent preference of alanine to adopt a helical
conformation; in fact, alanine is regarded as the most
stabilizing residue in helices. Such change in the initial
structure may modify the kinetics of fibril formation as shown
previously (Hoffmann et al., 2018a). Overall, the data indicate
that at the membrane interface, hIAPP is initially largely
unstructured, but depending on the kind of mutation at
residue position 18, the peptides also adopt β-sheet, and α-
helical structures to different extents. In order to determine if
these mutations do also influence the kinetics of structural
changes, the ATR-FTIR experiments were carried out during
the course of a few hours.

3.2 Residue 18 is Decisive for the
Conformational Rearrangements of
Membrane-Bound IAPP
To evaluate the changes in secondary structure of the IAPP
peptides at the DOPC/DOPS membrane interface, we collected
ATR-FTIR spectra for 2 h in intervals of 30 min. Figure 2A shows
that the maximum of the amide I band of hIAPP undergoes a
pronounced shift from 1643 cm−1 to 1624 cm−1. This shift
corresponds to a structural transition from an unstructured
conformation to a structured one with antiparallel β-sheets,
indicating the start of the peptide aggregation process. The
maximum at 1624 cm−1 is reached at 120 min. However, a
shoulder at around 1650 cm−1 remains, for which there are
two possible explanations: 1) not all of the amino acids are
involved in the intermolecular β-sheet formation, or 2)
monomers and/or oligomers are still present after 2 h of
incubation. In two previous studies, we observed that the
monomeric hIAPP is fully consumed within 2 h and that low-
molecular weight hIAPP oligomers were not detected Hoffmann
et al. (2018a,b). doi: 10.1039/c7cp07516b.) The first explanation is
thus the more probable. The secondary structure content of the
membrane-bound hIAPP at different incubation times (from 0 to
120 min) resulting from the analysis of the amide I band shape
and curve fitting is given in Figure 2B. The bar chart clearly
indicates that the β-sheet content increased from 31 to 50%, while
the random coil content decreased from 37 to 26%, meaning that
hIAPP started to aggregate, in agreement with previous studies
(Mishra et al., 2008). Nonetheless, some of the residues remained
in an α-helical conformation, as this contribution dropped to ony
about 15%, starting from 18% at time zero.

The same kind of experiments were performed for themutated
peptides. While they all undergo structural rearrangements,
different behaviors are observed. As for hIAPP, the antiparallel

FIGURE 1 | ATR-FTIR spectra for the amide I range of (A) hIAPP and the mutated peptides (B) H18R-IAPP, (C) H18K-IAPP, (D) H18E-IAPP, and (E) H18A-IAPP
interacting with a lipid bilayer composed of DOPC/DOPS (7:3).

TABLE 2 | Secondary structure content derived from ATR-FTIR spectra of hIAPP and its mutants interacting with a DOPC/DOPS membranes.

Secondary structure element Wavenumber (cm−1) Percentage of structural elemnt

hIAPP H18R-IAPP H18K-IAPP H18E-IAPP H18A-IAPP

β-sheet (‖ and anti-‖) 1615, 1624, 1632, 1686 31 27 36 23 34
Random coil 1643 40 41 37 49 34
α-helix 1654 18 19 19 12 20
Turn 1674 11 13 8 16 12
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β-sheet content of H18K-IAPP increases over time, thereby
reducing the amount of random coil conformations, which
suggests a self-assembly of the peptide (Figure 2D). It should

be noted that already the structure of H18K-IAPP at the
beginning of the experiment contains considerable amounts of
antiparallel β-sheet, indicating that the aggregation of this peptide

FIGURE 2 | (A) Time-evolution (from 0 min, black, to 120 min, and red) of the ATR-FTIR spectra of hIAPP. Secondary structure analysis for (B) hIAPP and the
mutated peptides (C) H18R-IAPP, (D) H18K-IAPP, (E) H18E-IAPP, and (F) H18A-IAPP. The bars show the averaged content of secondary structures including
antiparallel and parallel β-sheets, random coil, α-helices, and turns.
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is immediate. Also in the cases of H18R-IAPP and H18A-IAPP
there are β-sheets present at t = 0, yet they include both parallel
and antiparallel arrangements, suggesting the presence of two
structural populations (Figures 2C,F). These two populations are
largely stable over time; only for H18R-IAPP some increase in
antiparallel β-sheet content is observed at t = 120 min. In the case
of H18E-IAPP, on the other hand, the amount of both parallel
and antiparallel β-sheet decreases, whereas α-helical structures
are increasingly formed (Figure 2E), reaching helical contents of
more than 20%. This suggests that the DOPC/DOPS membrane
promotes an α-helical conformation in membrane-bound H18E-
IAPP. It should be mentioned that also in the case of H18A-IAPP
the initial α-helix that formed remained stable, with population
values of about 20%, whereas in H18K-IAPP and H18R-IAPP the
helical content decreased somewhat to about 15%, which is
similar as for hIAPP. In order to corroborate these results and
validate the presence of one or two β-sheet populations, we then
performed TEM in the presence of DOPC/DOPS membranes.

3.3 Electron Microscopy Images Validate
the Structural Differences Between the
Peptides
TEM was applied to assess the presence of amyloid fibrils and/or
amorphous aggregates interacting with themembrane. In the case
of hIAPP, fibrils were obtained that exhibit a classical and mature
amyloid-fibril morphology with widths of 6–10 nm (Figure 3A).
It seems reasonable to assign these fibrils to the antiparallel β-
sheets structure observed in the ATR-FTIR experiments. The
same result is found for H18K-IAPP, where long and twisted
fibrils are observed by TEM (Figure 3C), and which mainly
harbor antiparallel β-sheets as revealed by the ATR-FTIR
spectrum. For H8R-IAPP and H18A-IAPP, two aggregate
morphologies are present in the TEM images, one
corresponding to short fibrils, and the other one being small
amorphous aggregates (indicated by yellow arrows in Figures
3B,E). These results correlate with the ATR-FTIR experiments of
both peptide variants that display two β-sheet populations:
parallel and antiparallel β-sheets. Based on the observation
that in the cases of hIAPP and H18K-IAPP the fibrils are
correlated with the appearance of antiparallel β-sheets, we
assume that also for H18R-IAPP and H18A-IAPP the
antiparallel β-sheets give rise to fibrils, and while the parallel

β-sheets are most likely present in the amorphous aggregates.
This suggests that amorphous aggregates and fibrils can not only
be distinguished from each other, but they also arise from
different secondary and tertiary structures. For H18E-IAPP, no
fibrils were detected in the TEM images, only small aggregates
occurred (Figure 3D). The β-sheet content (both parallel and
antiparallel) was also low; instead, the amount of random coil is
rather high, suggesting that the amorphous H18E-IAPP
aggregates are mainly unstructured while involving some
helices. The current findings correlate with previous results
that the substitution of the histidine 18 by an arginine, an
alanine, or a glutamate stabilizes the oligomeric species and
slows down the fibril formation (Hoffmann et al., 2018a). To
gain more insights into the impact of residue 18 on the initial
structure of the peptides and on the membrane interactions of
IAPP and resulting structural changes, we performed all-atom
MD simulations.

3.4 MD Simulations Provide Atomic Insight
Into the Different Behaviors of the
Membrane-Bound IAPP Peptides
In order to elucidate the structure of membrane-bound hIAPP in
its monomeric form, which cannot be captured by experimental
means as it is in equilibrium with aggregated peptide species at
the temporal resolutions of the experimental techniques, we
performed MD simulations. Moreover, to unravel the effects
of residue 18 on the peptide-membrane interactions and their
joint consequences on the peptide structure, we simulated hIAPP
(with neutral H18 and positively charged H18, denoted as H18+)
and its mutants H18A, H18E, H18R, and H18K. For each peptide
variant, we performed 3 × 1 μs MD simulations studying the
binding of the peptides to a DOPC/DOPS (7:3) lipid bilayer.

3.4.1 Membrane Adsorption
To follow the association of the peptide with the membrane, we
calculated the average distance between the center of mass of each
residue and the average position along the bilayer normal of the
phosphorus atoms of DOPC, which was used as a reference, and
therefore set to zero (Figure 4). It can be seen that the peptides
interact differently with the membrane. Similar distance profiles
are observed for hIAPP, hIAPP(H18+), H18R-IAPP, and H18K-
IAPP, while those of H18E-IAPP and H18A-IAPP are similar with

FIGURE 3 | TEM image of (A) native hIAPP and themutated peptides: (B)H18R-IAPP, (C)H18K-IAPP, (D)H18E-IAPP, and (E)H18A-IAPP incubated with DOPC/
DOPS liposomes. The yellow arrows indicate the amorphous aggregates found for H18R-IAPP and H18A-IAPP. Scale bars represent 500 nm.
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each other yet differ from the other four. The smallest distances are
witnessed for H18R-IAPP and H18K-IAPP, followed by
hIAPP(H18+), which indicates that a positive charge at position
18 is key for its interaction with the membrane. The peptides
generally approach the membrane with their N-terminus, with
close contacts being formed between region K1–R19 and the lipids,
while residues S20–Y37 are further away from the membrane.
However, this does not apply to H18K-IAPP and H18R-IAPP,
where almost all residues are within ≈1.0 nm of the membrane
surface. In particular in the latter case, also the C-terminus is close
to the membrane, indicating a parallel alignment of the peptide to
the membrane surface, and which is not as strongly visible for the
other peptides. The profiles of the distance plots are characterized
by a zigzag pattern, which suggests that the peptides adopt a helical
structure on the membrane, and that especially involves the first
half of the peptides.

Figure 5 shows representative snapshots for the membrane
association of IAPP, which confirms that the peptides tend to
adopt a helical conformation in the N-terminal half. However,
the wild-type peptides hIAPP and hIAPP(H18+) also involve a
β-sheet in the C-terminal region (S20–G33), which was not adopted
by the other peptides. In agreement to the distance plot one can see
that hIAPP(H18+) inserts more deeply into the membrane than
hIAPP, while hIAPP is only on, but not in the membrane.

Nonetheless, in both cases the β-sheet interacts with the
membrane, suggesting it to play a role in the subsequent
aggregation when several peptides are membrane-adsorbed. These
structures could even represent the α-to-β intermediate that was
suggested to exist along the amyloid aggregation pathway of hIAPP,
especially when this aggregation is assisted by the presence of lipid
membranes (Abedini and Raleigh, 2009; Ling et al., 2009). Peptides
H18R- and H18K-IAPP are seen to be immersed in the membrane.
The helix, which reaches fromT6 to G24 in both cases, lies below the
lipid headgroup, and is parallel to the membrane surface. In the case
of H18R-IAPP, also the C-terminal residues are close to the
headgroups, whereas the C-terminus of H18K-IAPP points away
from the membrane surface, which explains the slight difference in
their distance profiles shown in Figure 4. In the case of H18E-IAPP,
the helix is least developed and all residues that are not part of the
helix point away from the membrane. With the H18A mutation, on
the other hand, a helix is formed, and which however is not
membrane-adsorbed. Only a few residues from the N- and
C-terminal region make contact with the membrane, whereas the
helix is several Angstrom above the membrane surface. The
observation of a well-developed helix for H18A-IAPP is in line
with the experimental findings and derives from the helix-
promoting alanine introduced into the sequence. There are furter
findings from the simulations that agree with the experimental

FIGURE 4 | The average distance (and standard error, shown as shaded area) between each IAPP residue and the DOPC/DOPS membrane surface, which is
defined by the average z-position of the P atoms of DOPC (shown as black line).
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results in Table 2. For instance, both simulations and experiments
found that the α-helical content is smallest and that of random coil is
largest for H18E-IAPP.

3.4.2 Secondary Structure
To quantify the effect of the peptide mutation and membrane
adsorption on the peptide secondary structure, we determined
the propensity of each peptide to adopt a helical conformation,
to be part of a β-sheet (β-strand or β-bridge), or be in a turn or
bend conformation. Figure 6 shows that random coil and α-
helices are the dominating structures, with probabilities
between 30 and 40%, or even above. Turn conformations are
populated with a probability of 20–25%, while the β-sheet
content is < 1%, apart for hIAPP where it is ≈5%. All of the
mutants have a higher amount of helix than hIAPP. For H18K-
IAPP it even reaches 45%, which correlates with its close
interaction with the membrane. However, while for H18R-
IAPP the interaction with the membrane is similar, the
increase in helix is not as pronounced (35%). The second
highest amount in helix is observed for H18A-IAPP (38%),
which agrees to the increase in helical propensity seen for this
mutant in experiment (Table 2). Nonetheless, there are also
certain differences between the secondary structures
determined by the ATR-FTIR experiments and by the
simulations, which can be explained with the different lenth,

and time scales that are probed by these techniques. In the MD
simulations, we model the very first peptide–membrane
interaction of the IAPP monomer, whereas with the ATR-
FTIR experiments the structural evolution occurring at later
times can be assessed. However, at the time when the first ATR-
FTIR spectrum is recorded, there are already small IAPP
oligomers present in addition to monomers. The application
of simulations besides ATR-FTIR spectroscopy therefore allows
to extract the characteristics of the IAPP monomers which are
hidden in spectroscopic signals of the monomer-oligomer
mixtures. The presence of monomers only in the simulations
explains the generally low amount of β-sheet that is present in
the simulated systems, as this is expected to increase upon IAPP
aggregation. Only for hIAPP, an average β-sheet content of 5%
is observed that results from an intrapeptide β-hairpin that
formed towards the end of the simulation. For hIAPP(H18+) it
formed even later, therefore the average β-sheet content is
lower, even though for this system a β-hairpin is clearly
visible in Figure 5.

3.4.3 Peptide–membrane Interactions
To rationalize the driving force for IAPP to interact with the
DOPC/DOPS lipid bilayer, the interaction energy of each peptide
residue with each component of the lipid bilayer was calculated
and partitioned into its electrostatic (ECoul) and Lennard-Jones

FIGURE 5 | Representative IAPP structures interacting with the DOPC/DOPS membrane. The peptide is shown as cartoon (with helix, β-sheet and coil being
shown in blue, red and white, respectively), with their N- and C-termini being indicated as blue and red spheres, respectively. DOPC and DOPS lipids are shown as pink
and gray sticks, respectively, with their P atoms indicated by spheres of the corresponding color.
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(ELJ) contributions (Supplementary Figure S1). The results show
that the major driving force for the peptide–membrane
association are electrostatic attractions, especially between the
negatively charged DOPS lipids, and the positively charged
residues K1 and R11. These interactions occur in all cases and
explain why IAPP approaches the membrane always via its
N-terminus. This observation agrees with those from previous
MD studies that highlighted the importance of anionic lipids
like POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol),
POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine),
and or DOPS in driving hIAPP–membrane interactions (Zhang
et al., 2012; Dignon et al., 2017b; Mei et al., 2020). Supplementary
Figure S2 reveals that a positive charge at position 18 generally
increases the tendency of the peptide to interact with themembrane.
Almost all residues of the three peptides hIAPP(H18+), H18R- and
H18K-IAPP form contacts with the membrane, whereas these
contacts are mainly limited to K1–R11 in the other three cases.
In the cases of H18R- and H18K-IAPP, the interaction between the
positive charge of residue 18 and DOPS particularly enhances the
association of the peptide with the membrane, which explains their
deeper insertion into themembrane. This suggests that the size and/
or flexibility of the side chain is important too. The electrostatic
interactions partly involveH-bond formation in the regionK1–R11,
which extends to the C-terminal residues for hIAPP(H18+), and
H18R- and H18K-IAPP (Supplementary Figure S3). Again, the
positively charged residues are most involved in H-bond
formation. The propensity of residue 18 to form an H-bond
with DOPS or DOPC is particularly pronounced for H18R-
IAPP, which is accompanied by further H-bonds between
C-terminal residues and especially DOPC. Interestingly, in

the experiments this peptide appeared to form fewer fibrils
and more amorphous aggregates compared to hIAPP and
H18K-IAPP. Its tendency to form H-bonds with the lipids
may explain why H18R-IAPP has a reduced propensity to
form fibrils, which requires H-bonds to be formed between
the peptides in order to enable β-sheet formation.

3.4.4 Membrane Insertion Pathways
All-atomMD simulations allow to unravel the steps leading to the
different peptide–membrane interactions in detail. An important
aspect here is the high amount of hydrophobic residues present in
IAPP, which give rise to an amphipathic helix when residues Q10
to L27 adopt an α-helix (Figure 7A). When such a helix binds to a
membrane, it orients itself parallel to the membrane surface, with
the hydrophobic side of this helix inserting into the hydrophobic
core of the membrane, and the hydrophilic residues of the other
side interacting with the lipid headgroups or the aqueous solvent
(Christensen et al., 2021). This situation is visible for H18R-
IAPP (Figure 7B). However, as the helix formed in this peptide
only extends to S19, residues F23, I26 and L27 are not inserted
into the membrane. Figure 7B further shows that the initial
binding to the membrane is clearly driven by electrostatic
interactions between the N-terminus and K1, which is
followed by membrane insertion of the hydrophobic side of
the amphipathic helix. This binding pattern is stabilized by
interactions between R18 and the lipid headgroups, which is
facilitated due to the length and flexibility of this side chain. For
H18K-IAPP, the situation is similar, whereas in the case of
hIAPP(H18+) the side chain is too short to enable strong
interactions with the lipid headgroups. Figure 7C shows that
this residue tends to be oriented toward the solvent. The
interaction of hIAPP(H18+) with the membrane is
dominated by K1, but the hydrophobic residues of the
C-terminal side (F23, I26, and L27) can also insert into the
membrane, yet without forming a helix. Alternatively, these
three residues can form a hydrophobic cluster, which can give
rise to a β-hairpin as seen for both hIAPP and hIAPP(H18+)
(Figure Figure5).

3.5 The Peptides Have No Noteworthy
Effects on the Membrane Properties
With polarized ATR-FTIR spectroscopy, not only the secondary
structure of the peptides can be probed, also the effect of the
peptides on the organization of the lipidic membrane can be
determined. This is possible by measuring the position of the
bands corresponding to antisymmetric and symmetric stretching
modes of the methylene groups of the lipid tails, ]as (CH2) and ]s
(CH2) in the absence and in the presence of the peptides as well as
the dichroic ratio (RATR) of the ]s (CH2) bands (Table 3)
(Goormaghtigh et al., 1999). The wavenumbers of these bands
are known to be sensitive to changes in the configuration of the
acyl chains, in chain mobility, and packing. For the bilayer alone,
]s (CH2) and ]as (CH2) are 2854 and 2945 cm

−1, respectively, and
the value of RATR is 1.28, which is characteristic for fluid and
packed acyl chains. The addition of hIAPP to the bilayer does not
significantly change the wavenumbers, while there is a slight

FIGURE 6 | The average secondary structure content (and standard
error) in IAPP in the presence of a DOPC/DOPS membrane as obtained from
MD simulations.
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increase in RATR for the ]s (CH2) bands, which indicates a minor
increase in disorder in the lipid chains. In contrast, in the
presence of the mutated peptides, the wavenumbers are not
modified, suggesting that these peptides do not or hardly
affect the organization of the lipid bilayers. Thus, our results
show that the mutated peptides do not alter the membrane
properties during the first peptide–membrane interaction
events, while hIAPP slightly increases the disorder in the
membrane resulting from initial peptide insertions into the
membrane.

This conclusion is supported by the analysis of the membrane
bilayer properties from the MD simulations. From the mass
density profiles of the DOPC and DOPS headgroups along the
membrane z-axis we determined the average bilayer thickness as
≈ 4 nm. In order to assess whether the peptides affect the
membrane properties, we analyzed the bilayer thickness
around the membrane-associated peptides (Supplementary
Figure S4). In these areas, reductions in the bilayer thickness
of up to ≈0.1 nm are detected. However, hIAPP and H18A-IAPP

have only small to no effects on the bilayer thickness, suggesting
that a charged amino acid at position 18 plays a role in causing
membrane perturbations, especially when it enables
membrane insertion. This is best seen for H18R- and
H18K-IAPP that triggered the largest changes in membrane
thickness, which are the same two peptides that inserted into
the membrane during the simulations. For further
characterization of the membrane properties, we calculated
the order parameter of the C–H bonds in the lipid acyl chains
(denoted as SCH) for both DOPC and DOPS lipids. Here, we
distinguished between lipids that are in the vicinity of the
peptides (i.e., within 0.5 nm) and all other lipids, to observe
whether the peptides can cause lipid disorder (Supplementary
Figure S5). Similar SCH profiles along the acyl chains
(characterized by carbon number) are observed for DOPC
and DOPS, with the order parameters of the latter being
slightly higher. A strong drop in order is present at the
double bonds positioned at carbon atom 10 of both
palmitoyl and oleoyl chains of either lipid type. Most
importantly, no notable change in lipid order due to the
presence of any of the peptides is observed. This suggests
that changes to the lipid thickness resulted only from the
interactions between the peptides and the lipid headgroups,
while the acyl chains are not affected as none of the peptides
did insert deeply into the membrane core, maximally just
below the headgroup region in the cases of H18R- and
H18K-IAPP. Apart from hIAPP this agrees to the
observations from the experiments, as also there the lipid
tail packing was not affected by the peptides, suggesting that
also in the experiments the peptides did not penetrate into the

FIGURE 7 | (A)Helical wheel of residues Q10 to L27 of hIAPP. Hydrophobic residues are highlighted by yellow, positively charged ones by blue, and polar residues
by green. The orientation of the wheel was chosen such that the residues that insert into the membrane are located at the bottom. (B) This situation can be seen for IAPP-
H18R. The initial membrane association is driven by electrostatic interactions between K1 and the lipid headgroups (left). Next, the hydrophobic residues (side chains
shown in yellow) start inserting (middle) until their side chains are within the hydrophobic membrane core (right). This interaction is further stabilized by H-bonds
between R18 and the lipid headgroups. (C) In the case of hIAPP(H18+) the side chain is too short for stable interactions between this residue and themembrane. Instead,
this interaction is dominated by K1 (left and middle) or the hydrophobic residues F23, I26, and L27, while being in a non-helical state, insert into the hydrohpobic
membrane core (right). The lipid headgroups are shown as spheres and in (B) the lipid heads close to the peptide are shown as sticks.

TABLE 3 | Wavenumbers and dichroic ratio for the methylene groups of the lipid
chains in the absence and presence of IAPP peptides.

νas (CH2) (cm
−1) νs (CH2) (cm

−1) RATR (νs (CH2))

Supported lipid bilayer 2924 2854 1.28 ± 0.07
+ hIAPP 2919 2851 1.34 ± 0.07
+ H18R-IAPP 2927 2855 1.29 ± 0.07
+ H18K-IAPP 2927 2855 1.27 ± 0.07
+ H18E-IAPP 2925 2854 1.26 ± 0.07
+ H18A-IAPP 2926 2855 1.20 ± 0.07
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membrane core. Only in the case of hIAPP some minor changes in
the acyl packing were recorded, indicating that in the experiments
this peptide was able to notably reach beyond the headgroup
region. Interestingly, this is the same peptide that formed the
largest amounts of (antiparallel) β-sheets, suggesting that β-sheet
formation and membrane insertion take place concurrently.

4 CONCLUSION

In the present study, ATR-FTIR and TEM experiments as well as
all-atom MD simulations on the microsecond time scale have
been performed to unravel the first structural changes of the islet
amyloid polypeptide following its interaction with a lipid
membrane. Moreover, the influence of residue 18 in this
process was assessed by studying wild-type hIAPP and
variants of it with mutations H18A, H18E, H18K, and H18R.

The secondary structure profiles from simulations suggest that
initially the membrane-bound IAPP is mostly in a random coil
conformation (≈30–40%) with some α-helices. All mutants show
higher amounts of helix than hIAPP, especially H18K-IAPP
(≈45%) and H18A-IAPP (≈38%). While alanine is commonly
known to be a helix-promoting amino acid, also lysine has a high
helix-forming propensity. The notably lower amounts in β-sheet
in the simulations compared to what is observed experimentally is
due to the different length and time scales that are assessed. The

simulations are limited to one peptide and one microsecond and,
hence, focus on exploring the structural preferences of the IAPP
monomers following membrane binding. On the time scale and
with the temporal resolution of the experiments, on the other
hand, peptide aggregation takes place to a certain extent; they
therefore provide information on a changing mixture of
monomers, oligomers and fibrils. The analysis of the ATR-
FTIR spectra demonstrates that at the beginning of the
experiments, the peptides are predominantly unstructured
(35–50%) with contributions from α-helical structures (12%
for H18E-IAPP and ≈20% for the other peptides) and β-sheets
(12–35%). During the course of 2 h of incubation, the ATR-FTIR
spectra of hIAPP revealed an increase in the antiparallel β-sheet
content and a reduction in the α-helical and random coil
contents, and which is in agreement with the TEM images
that revealed fibrils with typical amyloid morphology. Similar
data as for hIAPP were obtained for H18K-IAPP that also
experienced an increase in anti-parallel β-sheet content and
exhibited typical amyloid fibrils. For H18R-IAPP and H18A-
IAPP, both the ATR-FTIR spectra and TEM images indicate the
presence of two species, one of them being structured in
antiparallel β-sheets, and the other one involving parallel β-
sheets. The TEM images further revealed two different
supramolecular structures, thin and short fibrils as well as
amorphous aggregates. We propose that the fibrils are
composed of the antiparallel β-sheets, as seen for hIAPP and
H18K-IAPP, while the amorphous aggregates contain parallel β-
sheets. In all four peptides, the formation of β-sheets was
accompanied by reductions in random coil, which was
especially the case for hIAPP. The reductions in α-helix
content were minor, with the helical amount remaining at
15–20%. H18E-IAPP is the only peptide for which no
transitions into β-sheets were observed, neither in the ATR-
FTIR spectra nor did fibrils occur in the TEM images. Instead,
the amount of helix increased with time.

Based on these observations we suggest an aggregation scheme
of membrane-adsorbed IAPP peptides as summarized in
Figure 8. Considering that the amount of helix remains
almost constant, or even increases in the case of H18E-IAPP,
we assume that the initial membrane-anchoring helix in the
N-terminal half of the peptide is very stable and resists the
transformation into β-sheets. The simulations revealed that for
all peptide variants this helix is located between residues Q10 and
S19, but it generally does not involve all of these ten residues as
this would amount to a helical content of more than 27%. The β-
sheet formation is thus expected to take place in the C-terminal
peptide region from residue S20 onwards. For several fragments
of that region it has been shown that amyloid-fibril formation is
possible. This especially applies to the region S20–S29, which is
also considered the amyloid-core region of hIAPP. Solid-state
NMR spectroscopy (Griffiths et al., 1995) and X-ray
crystallography of microcrystals formed by hexa- or
heptapeptides from that region (PDB entries 3DG1, 3DGJ,
5E61, and 5E5V) (Wiltzius et al., 2008, 2009; Soriaga et al.,
2016) showed that these segments can form both antiparallel
and parallel β-sheets, while for the fibrils formed in solution by
full-length IAPP (Figure 8), only parallel β-sheets have been

FIGURE 8 | Summary of the different IAPP-membrane interaction
modes. (Top) In solution, IAPP is mainly intrinsically disordered and can
aggregate into amyloid fibrils, which are characterized by parallel β-sheets
(blue cartoon, produced from PDB entry 6Y1A (Röder et al., 2020).
(Bottom) On the membrane, IAPP adopts initially a helix (green), which is of
amphipathic nature and hence tethers the peptide to the membrane.
Following membrane binding, the peptides start aggregating where the
structure, and size of the aggregates depend on the nature of residue 18.
Wild-type hIAPP as well as H18R-, H18K-, and H18A-IAPP form fibrils with
antiparallel β-sheets. However, there is also some helix and random coil
present in these fibrillar structures, suggesting that the N-terminal and
membrane-bound helix remains, while residues from S20 onward form an
antiparallel β-sheet. This arrangement allows the fibrils to grow. In the case of a
parallel β-sheet, on the other hand, the helices are too close to each other for
fibril formation to take place. Instead, oligomers which appear as amorphous
aggregates are formed, as observed for H18R- and H18A-IAPP. In the case of
H18E-IAPP, no β-sheet formation takes place. Instead, random coil and helix
are the prevailing secondary structures.

Frontiers in Molecular Biosciences | www.frontiersin.org March 2022 | Volume 9 | Article 84997912

Khemtemourian et al. IAPP Structures after Membrane Binding



reported (Röder et al., 2020; Gallardo et al., 2020; Cao et al.,
2020). We thus conclude that for membrane-bound IAPP,
the decision whether parallel β-sheets are formed in
addition to antiparallel ones depends on the characteristics
of the membrane-bound helix involving residue 18. In the
case of antiparallel β-sheets, the helices are far enough
away from each other (see Figure 8) that the nature of
residue 18 does almost not matter, as this structure is
adopted for all peptides but H18E-IAPP. In the latter case,
the electrostatic repulsion arising from the interplay of E18
and the negative membrane-surface charges prevents an
alignment of the helices for β-sheet formation to take
place. For the occurrence of parallel β-sheets, the helices
need to get even closer, as Figure 8 shows. Such an
arrangement seems only be possible for A18 and R18.
While the former is not surprising given its small volume
and neutral charge, the latter is more remarkable, especially
when considering its similarity with K18 that did not yield
parallel β-sheets. However, Lys and Arg are known to interact
differently with lipid membranes: Arg attracts more phosphate
and water in the membrane, and can form extensive hydrogen
bonding with its five H-bond donors that stabilize Arg-
phosphate clusters (Li et al., 2013). This should lead to an
effective charge screening between the neighbored helices of
H18R-IAPP. Nonetheless, it should be noted that, at the
current stage, this is a hypothesis, which will be tested by
our future studies.

Previous reports revealed that hIAPP and H18K-IAPP are
toxic to β-cell lines (Khemtemourian et al., 2017). Based on our
current observations, we suggest that the toxic hIAPP and H18K-
IAPP species are those that are structured with antiparallel β-
sheets, as different behaviors are observed for the other peptides.
In the case of hIAPP, the joint analysis of the experimental and
simulation data suggests that the β-sheet aggregates even started
to insert into the lipid bilayers, causing membrane disorder, and
which would explain their toxicity. The absence of pronounced β-
sheet formation in the case of H18E-IAPP concurs with the
previous finding that this peptide is the least toxic H18 mutant
(Khemtemourian et al., 2017) and reinforces our hypothesis
that cytotoxicity and the presence of antiparallel β-sheet
structures are correlated in IAPP. For other amyloid proteins
such correlation has already been demonstrated. Using a
yeast amyloid from the HET-s prion domain of Podospora
anserina, Cullin and coworkers showed that mutations within
the HET-s prion domain give rise to antiparallel β-sheet
structures and, at the same time, enhance the cytotoxicity
(Berthelot et al., 2011). Other toxic amyloid-forming proteins
also adopt an antiparallel β-sheet conformation, such as the
amyloid-β peptide involved in Alzheimer’s disease, and α-
synuclein related to Parkinson’s disease (Cerf et al., 2009; Celej
et al., 2012), suggesting that the antiparallel β-sheet is a signature
of amyloid toxicity.

Earlier studies indicated that hIAPP and the mutated peptides
are able to induce membrane permeability (Hoffmann et al.,
2018a). Here, we tested for possible membrane disorder induced
by the peptide using both ATR-FTIR and MD simulations.

Consistent with previous MD studies, the peptides approach
the membrane via their N-terminal residues (K1–R19) (Engel
et al., 2006; Skeby et al., 2016). This interaction between
peptide and membrane is mainly driven by electrostatic
attractions between the positively charged residues K1 and
R11 and the negatively charged lipid DOPS, which is
strengthened when there is a third positive charge at position
18, as seen for H18K- and H18R-IAPP. However, hIAPP(H18+)
did not interact more strongly with the membrane,
suggesting that, in addition to the charge at residue 18, and
also the size and/or flexibility of the side chain plays a role in
affecting peptide–membrane interactions. In the simulations,
the helical regions of H18K- and H18R-IAPP were able to
insert into the membrane, adopting a parallel orientation with
respect to the membrane surface where the hydrophobic side
chains entered the hydrophobic membrane core and the
hydrophilic side chains point in the opposite direction
towards the aqueous phase. This orientation is stabilized by
the long and flexible side chains of K1, R11, and K18 or R18.
The ATR-FTIR results reflect that the mutated peptides H18R-,
H18K-, H18E-, and H18A-IAPP do not alter the membrane
properties during the initial peptide–membrane interactions,
while hIAPP was able to slightly change the membrane
properties. Since this is the peptide with the largest amount
of β-sheets being formed, this suggests that β-sheets are
needed for membrane disturbances. This conjecture is further
supported by our MD data which revealed that the initial
insertion of IAPP as a helix is only just below the headgroup
region, which, apart from small effects on the membrane
thickness around the peptide, does not change the lipid tail
order. This agrees to the findings from the ATR-FTIR spectra.
Hence, we conclude that apart from hIAPP, no deep insertions
of the peptides into the membrane occurred in the current
experiments. Various membrane damage mechanisms
caused by hIAPP have been proposed and described in
detail, which implicate the presence of large oligomers or
fibrils and involve pore formation or lipid uptake (Engel,
2009). Our experimental and simulation results indicate
that the initial IAPP aggregate species are not able to inflict
such membrane destabilization.

In summary, the results of this study provide valuable
molecular level insight into understanding of the initial
IAPP–membrane interactions and demonstrate how mutations
at residue 18 can affect this interaction and fibril formation of
IAPP (Figure 8). We demonstrated that a single mutation of
histidine 18 can yield vastly different results in terms aggregate
morphology, membrane damage, and resulting toxicity,
highlighting once again the importance of this residue in
amyloid formation by hIAPP.
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Figure S1:  The average interaction energies (and standard error) of IAPP interacting with DOPC (left)
and DOPS (right) lipids. Electrostatic and Lennard-Jones energies are shown in red and blue,
respectively. Negative energies indicate attractive forces, positive energies correspond to repulsion.
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Figure S2: The average number of IAPP-lipid contacts (and standard error) for DOPC (pink) and DOPS
(gray) lipids.
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Figure S3: The average hydrogen bond propensity (and standard error) between IAPP and DOPC (pink)
and DOPS (gray) lipids.
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Figure S4: Average bilayer thickness calculated for the MD frames where the peptide is within 0.5 nm of
the membrane. The x- and the y-axes represent the unit cell dimension in nm. The color bar shows the
thickness range in nm.
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Figure S5: Average order parameters of the acyl chains (top: palmitoyol chains; bottom: olyeol chains) of
DOPC (left) and DOPS (right) lipids.
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Höppener. Membrane damage by human islet amyloid polypeptide through fibril

growth at the membrane. Proceedings of the National Academy of Sciences, 105

(16):6033–6038, 2008.

[58] Helen Watson. Biological membranes. Essays in biochemistry, 59:43–69, 2015.
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