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ACADEMIC ABSTRACT

Aggregation of proteins into amyloid deposits is a common feature among dozens of diseases.
Two such diseases that feature amyloid deposits are Alzheimer’s disease (AD) and type 2
diabetes (T2D). AD toxicity has been associated with the aggregation and accumulation of the
amyloid B-peptide (AP); AP exerts its toxic effects through interactions with neuronal cell
membranes. A characteristic feature of T2D is the deposition of the islet amyloid polypeptide
(IAPP) in the pancreatic islets of Langerhans. It is currently unknown if IAPP aggregation is a
cause or consequence of T2D, but it does lead to B-cell dysfunction and death, exacerbating the
effects of diabetes. Characterizing the fundamental interactions between both Ap and IAPP with
lipid membranes and in solution will give greater insight into mechanisms of toxicity exhibited
by amyloid proteins. In this work, molecular dynamics (MD) simulations were used to study the
secondary, tertiary, and quatnary structure of AP and IAPP, in addition to peptide-membrane
interactions and membrane perturbation as independently caused by both peptides. Studies were
conducted to address the following questions: (1) what influence do solution conditions and
oxidation state have on monomeric AB; (2) how and in what way does monomeric Af interact
with model lipid membranes and what role does sequence play on these peptide-membrane
interactions; (3) can MD simulations be utilized to understand AP tetramer formation,
rearrangement, and tetramer-membrane interactions; (4) how does IAP interact with model
membranes and how does that vary from non-toxic (rat) IAPP peptide-membrane interactions.
These studies led to conclusions that showed variance in lipid affinity and degree of perturbation
as based on peptide sequence, in addition to insight into the type of perturbation caused to
membranes by these amyloid peptides. Understanding the differences in peptide-membrane
interactions of amyloidogenic and non-amyloidogenic (rat) peptides gave insight into the overall
mechanism of amyloidogenicity, leading to the detection of specific amino acids essential in
peptide-membrane perturbation. These residues can then be targeted for novel therapeutic design
to attenuate the perturbation and potential cell death as caused by these peptides.
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PUBLIC ABSTRACT

Aggregation of misfolded proteins into plaques is a common feature among dozens of diseases.
Two such diseases that feature plaques of misfolded proteins are Alzheimer’s disease (AD) and
type 2 diabetes (T2D). AD toxicity has been associated with the aggregation and accumulation of
the amyloid B-peptide (AP). T2D is exacerbated by is the deposition of the islet amyloid
polypeptide (IAPP) in and around pancreatic cells. Peptide-membrane interactions have been
hypothesized to be associated with neuronal (AD) and pancreatic cell death (T2D). By studying
both peptides at the atomistic (10"’ m) level, we can understand certain aspects relevant to their
folding and interaction with membranes that will provide insight into their toxicity. The structure
of these peptides is indicative of stage in the aggregation pathway and a measurable factor we are
interested in studying for this work. The following work was performed to determine how and in
what ways does AP and IAPP interact with various membranes that mimic the cellular
environment in which it is causing cell death. In addition, the rat version of these peptides does
not result in the disease state as observed in humans. The rat version of both peptides was also
studied to compare against the human peptides to determine any difference in interactions with
membranes that might cause differences observed in toxicity. The results of these studies showed
that membrane composition influenced degree and depth of insertion of these peptides in the
membrane. Cholesterol was found to attenuate the degree of membrane disruption.
Understanding the differences in peptide-membrane interactions of amyloidogenic (human) and
non-amyloidogenic (rat) peptides gave insight into the overall mechanism of these diseases,
leading to the detection of specific amino acids essential in peptide-membrane perturbation.
These residues can then be targeted for novel therapeutic design to attenuate the perturbation and
potential cell death as caused by these peptides.
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1 Introduction

1.1 Amyloid Diseases

Typically, misfolded proteins are degraded by proteases or refolded by chaperone activity.
Certain proteins (Table 1.1) are classified as amyloidogenic because they elude these processes
and accumulate into insoluble protein aggregates over time [1, 2]. These amyloidogenic proteins
form long, highly ordered B-sheet protein fibrils that are linked to incurable diseases [3]. While
the amyloid insoluble fibrils typically exhibit low toxicity in the presence of cells [4], the soluble
oligomeric forms of amyloidogenic proteins are extremely toxic, causing membrane disruption
and ultimately cell death [2]. For the research described in this dissertation, focus is on the
amyloidogenic peptide associated with Alzheimer’s disease (AD), amyloid B-peptide (ApB), and
the peptide associated with Type 2 diabetes mellitus (T2D), islet amyloid polypeptide (IAPP).

Table 1.1. Diseases associated with amyloidogenic

proteins
Disease Protein
Alzheimer’s amyloid B-peptide ( AB)
Atherosclerosis apolipoprotein Al
Dialysis-related . .
amyloidosis B.microglobulin
Huntington’s huntingtin
Parkinson’s a-synuclein
Prolactinomas prolactin (APro)
Rheumatoid arthritis serum amyloid A
Transmissible
spongiform PP
encelphalopathy

islet amyloid polypeptide

Type 2 diabetes mellitus (IAPP)

1.1.1 Alzheimer’s Disease

AD is the 6™ leading cause of death in the United States and until recently was considered a
normal part of the aging process [5]. AD is no longer considered a part of the normal aging
process, but rather is classified as a disorder/disease given the severity and progression of
symptoms as compared to “age-associated memory impairment” [6]. AD is a progressive,
neurodegenerative disease that is characterized by memory and motor skill impairment,



dementia, increased aggressive behavior, decreased ability to communicate, weight loss, and
susceptibility to infection [5]. These disease characteristics contribute to the overall mental and
physical health decline of AD patients, ultimately resulting in death. AD typically affects
individuals ages 65 and older, with one in nine individuals in the 65-75 age group and one in
three individuals ages 85+ developing the disease [5]. With individuals living longer due to
advances in health care and medicine, the average lifespan of individuals is increasing
worldwide. Therefore, the incidence of the disease is expected to increase in coming years, with
rates of individuals 65 and older tripling in the next 50 years [7].

Currently, the National Institute on Aging estimates that 5.2 million individuals in the United
States have AD. Direct costs paid annually by Medicare and Medicaid for health care, long-term
care, and hospice for people with AD and other associated dementias are projected to increase
from $200 billion in 2015 to $1.1 trillion by 2050, making AD a critical challenge for future
generations [5]. Worldwide, the Alzheimer’s Association estimates that 36 million individuals
are currently living with AD, with approximately 115 million expected to be diagnosed by 2050
[7, 8]. With over 65% of individuals suffering from AD living in low-to middle-income
countries, there is a lack of awareness and understanding of AD [7, 8]. AD impacts patients and
caregivers in a physical, psychological, and economic way, giving rise to a pressing need for
increased understanding of disease progression and development of therapeutics. Current
therapies, including the often-prescribed Aricept® (donepezil, Pfizer) and Namenda®
(memantine, Forest), only temporarily suppress Alzheimer’s disease symptoms. These drugs
cause substantial side effects and do not stop the continual deterioration and eventual death of
neurons [9]. AD is a fundamentally important problem to solve, requiring detailed insight into
the origins of the disease in order to deal with the expected drastic increase in sufferers in the
next forty years.

1.1.2 Type 2 Diabetes

Type 2 diabetes mellitus (T2D), classified as noninsulin-dependent diabetes, is a complex
metabolic disorder drastically increasing in prevalence worldwide. T2D is diagnosed by the
presence of high blood glucose levels caused by insulin resistance and eventually insufficient
insulin production. Health problems related to diabetes include heart disease, stroke,
hypertension, blindness, and kidney disease. Diabetes, including type 1 and type 2, is the
seventh-leading cause of death in the United States, with 8.3% of the U.S. population diagnosed
[10]. As of 2011, 285 million cases worldwide had been reported, equivalent to 6% of the
world’s population [11]. Direct and indirect costs in the United States, including medical costs,
work loss, and disability associated with diabetes, reached approximately $245 billion in 2012
[10]. T2D is increasing rapidly due to an aging global population, a decrease in exercise, and an
increase in obesity [10]. One element of T2D pathology is the death of B-cells, eventually
decreasing overall insulin production and compounding the effects of insulin resistance [12].
Understanding how B-cell death occurs can lead to the development of therapeutic compounds
that will ameliorate the compounded effects of insulin resistance and -cell death. With the rate
of diagnosis T2D increasing rapidly, there is a need to reduce P-cell death and maintain
production of insulin to aid in long-term management of the disease.



1.2 The Amyloid Hypothesis of Alzheimer’s Disease and AP

Hardy and Higgins first described and proposed what is now called the “amyloid hypothesis” of
AD [13]. Hardy and Higgins based their hypothesis on the work of Masters et al., whose work
described a protein known as A4 to be identical to an aggregated peptide found in individuals
with Down syndrome [14]. The connection between Down syndrome and AP is discussed in
1.2.1. During the same year, Wong et al. also published results on a peptide named “B-peptide”,
where immunohistochemical analysis was performed and showed the B-peptide presence in the
neuronal tissue of AD and Down syndrome patients, but not in healthy individuals [14].
Utilizing their own work and the work of Masters et al. and Wong et al., Hardy and Higgins
hypothesized that deposition of the amyloid B-peptide (AB) in and around neuronal tissue was
linked to the pathological events resulting in AD [15]. The naming for AP was a combination of
the naming set forth by Masters et al. (A4) and Wong et al. (B-peptide), resulting in the amyloid
B-peptide (AB). Herein, AP has been considered the principal toxic species in AD, with other
peptides such as Tau also contributing to the etiology of AD [16].

Another interesting aspect of AP is the dynamic nature of its structure and its structural
relationship to the amyloidogenic pathway. Secondary structure changes within AP are a driving
force for aggregation [17, 18] and the hydrophobic C-terminal region (residues 29—40) of AP is
particularly important for AP oligomerization and the formation of higher-order aggregates in
solution [19-21]. By studying AP in the presence of multiple environments (salt, pH, membrane,
oxidation state), we can begin to understand the effect of these environmental factors on the
secondary structure of AP and the amyloidogenic pathway in relationship to both the amyloid
hypothesis and the etiology of AD.

1.2.1 Production and Function of Af

AP is produced after sequential proteolysis of the human amyloid precursor protein (APP) [22].
APP is a type I transmembrane protein with three predominant isoforms consisting of 695, 751,
and 770 amino acids. These isoforms are expressed at varying levels in tissues throughout the
body; however, the 695-residue isoform is predominantly expressed in neuronal cells [22].
Interestingly, the APP gene is located on chromosome 21, which is present in triplicate in Down
syndrome. This additional copy of chromosome 21 and increased expression of APP in Down
syndrome aids in explaining similarities between the AD phenotype and the Down syndrome
phenotype as linked to excess AP production [23].

Sequential proteolysis by secretases (o~ or B- and y-secretase) is carried out as APP is trafficked
through the endoplasmic reticulum (ER) and Golgi apparatus to the plasma membrane [24, 25].
During these cellular trafficking and cleavage events, production of an extracellular domain
protein called sSAPP (sAPPa or sAPPP depending on secretase) and an APP intracellular protein
domain (AICD) occurs [26]. The cleavage product sAPPa/f is considered essential given its
function in synaptic development and cell differentiation [27, 28]. AICD has been suggested to
act as a transcription factor, interacting with several DNA-binding domains [29].

B-secretase cleavage of APP results in multiple alloforms, varying in total residue numbers of,
(38-43) of AP being produced, with the most prevalent alloforms containing 40 (AP40)) or 42
(APB42)) residues. The sequence of APy is as follows:
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B-secretase activity is primarily carried out by the protease classified as B-site APP cleaving
enzyme 1 (BACE-1) [30], located in the endosome and late trans Golgi [31, 32]. y-secretase
activity is largely attributed to protein complexes consisting of presenilin, nicastrin, APH-1, and
PEN-2 [33]. A third secretase, a-secretase, can preclude B-secretase processing by cleaving APP
in the middle of the AP sequence to create a non-amyloidogenic peptide, p3 [26]. P3 is
considered to be an off-pathway product of amyloidogenesis as related to cleavage of APP and
relevance to the etiology of AD [34].

The function of AP is unknown [35] but experimental studies propose that AB maintains metal
ion homeostasis [36] and decreases synaptic activity to prevent excitotoxicity associated with
seizures [37]. In addition, recent studies have hypothesized that AP functions as a part of the
immune system by acting as an antimicrobial agent against numerous types of bacteria, including
Staphylococcus and Streptococcus species [38]. This putative function of A is particularly
interesting, since antimicrobial peptides like polymyxin typically work by causing disruption of
the cell membrane [39].

1.3 The Role of Islet Amyloid Polypeptide in Type 2 Diabetes

When first recognized in the early twentieth century, islet amyloids were not originally attributed
to any pathological event related to T2D [40] and derived from a protein known as islet amyloid
polypeptide (IAPP) [41]. Conflicting evidence currently questions if [APP is a cause or
consequence of B-cell dysfunction and death. However, it has been determined that there is a
clear linkage of islet amyloids to T2D [42]. Experimental studies have focused on the
fundamental mechanism by which human IAPP aggregates affect B-cells by membrane
perturbation and how the aggregation process can be modulated by therapeutic intervention [43,
44].

IAPP is a regulatory peptide that contributes to glycemic control by acting locally in the islets to
inhibit insulin and glucagon secretion and by binding to receptors in the brain to slow gastric
emptying and provide satiety regulation [12, 45, 46]. Insulin and IAPP are co-secreted from (-
cells, found in the pancreatic islets of Langerhans. IAPP is a 37-residue peptide that is cleaved
from an 89-residue preproprotein, which contains a 22-residue signal peptide and a 67-residue
proislet amyloid polypeptide (prolAPP) [47]. The signal peptide directs the preproprotein to the
ER where it is cleaved. Subsequent cleavage of IAPP from prolAPP occurs in secretory vesicles.
ProlAPP is processed by prohormone convertases 2 and 1/3 (PC2 and PC1/3), which are the
same proteases that process proinsulin. PC1/3 cleaves IAPP at the N-terminus and PC2 cleaves
at the C-terminus [48]. Following this cleavage event, carboxypeptidase E (CPE) removes a
lysine and arginine at the C-terminus, exposing a glycine residue that is amidated. A disulfide
bond is formed between two cysteine residues in the N-terminal region (Cys2 and Cys7),
resulting in biologically active IAPP [42, 48]. With residues 20-29 (SNNFGAILSS) being
classified as one of the most amyloidogenic sequences known, this residue section of IAPP is of
particular interest in the proposed work. IAPP is natively unfolded in its monomeric state in
solution and has helical characteristics in the presence of a membrane [42]. These structural
elements of IAPP are essential in understanding the mechanistic details of IAPP toxicity.



1.4 The Importance of Protein-Membrane Interactions

The disruption of the plasma membrane by amyloidogenic peptides has been identified as a
principal cause of toxicity in amyloid diseases [1, 49]. Understanding the mechanism by which
AP and IAPP compromise the structural integrity of the membrane and promote ion leakage is
crucial to understanding how AD and T2D progress. The structure and aggregation state of
human IAPP and human AP have been found to be critical in the mechanism of toxicity and
interaction with phospholipid membranes [50, 51].

It has been proposed that AP inserts into the lipid bilayer, leading to membrane thinning,
increased membrane conductance, calcium influx, and the triggering of apoptoptic pathways in
neuronal cells [51][52]. Electron microscopy studies show that oligomeric IAPP disrupts
membranes in three possible ways: the formation of transmembrane pores, nonspecific ion
permeation, or membrane fragmentation through the growth of amyloid fibrils on the membrane
surface [50, 51]. While hypothesis of mechanisms of membrane interaction vary for both AP
and IAPP, fibrillation of hIAPP and AP is known to be accelerated in the presence of anionic
membranes in vitro [53]. Herein, understanding the degree and type of binding and insertion of
AP or IAPP to multiple membranes is of interest, in addition to studying the effect of the
membrane environment on AP or IAPP. Are there similar mechanisms of insertion and
membrane perturbation as caused by both A and IAPP?

Currently, the mechanism of toxicity within a membrane environment is unclear for both
peptides. Interestingly, the rat forms of Af} and IAPP do not exhibit the toxicity seen with the
human forms. There are only three and six amino acid differences between the homologous
human and rat forms of AP and IAPP, respectively. These residue differences may provide
insight into the reduced aggregation, membrane perturbation, and cell death that is seen in rats
[12, 54, 55]. Comparing the membrane interactions and binding events of human Af, hIAPP, rat
AP and rat IAPP (rIAPP) will lead to a greater understanding of the mechanism and specific
residue interactions that lead to membrane perturbation and cell death.

1.5 Role of MD Simulations in Studying Amyloidogenic Peptides

Studying the interactions of AP and IAPP in solution and in the membrane environment
experimentally is challenging. Af and IAPP are prone to rapid aggregation in an aqueous
solution, a process that interferes with techniques such as NMR, circular dichroism, and neutron
and x-ray diffraction [12, 43, 53, 56, 57]. Typically, organic solvents are added to the solution to
aid in peptide solubilization; however, these solvents may also affect interactions between the
peptide and the membrane [58-61]. Thus, it is difficult to experimentally characterize the
interactions of AP and IAPP with the membrane, as a monomer, or as a low-molecular weight
oligomer, leading to uncertainties about amyloidogenicity as caused by these two peptides.

Secondary structure is indicative of aggregation potential for both AP and IAPP, which can
provide insight into the influence of solution conditions, oxidation state, and a membrane
environment on secondary structure evolution given the microenvironment. Understanding the
influence of microenviroments on both peptides can provide insight into on-pathway aggregation
events and relate to the toxicity manifested by these two peptides. MD simulations have been
widely used to study peptide-membrane interactions, ultimately producing insights with



atomistic resolution and producing mechanistic details to explain experimental results [62-65]. In
addition, MD simulations add a level of detail and control on peptide species studied (monomer,
tetramer, etc.) and can provide insight into the degree and type of membrane perturbation as
caused by peptide binding. The most relevant parameters that MD can examine are the
conformations and the orientations of peptides and lipid membrane properties such as order,
diffusion, packing, and thickness. These parameters, taken together, can then aid in
understanding the extent of perturbation as linked to toxicity as caused by A to neuronal or B-
cells. Currently, there are only four studies that have simulated IAPP in the presence of a
membrane [52, 53, 66, 67]; however, none of the simulations have been performed using a
physiologically representative membrane. AB-membrane simulations have also been successful
in providing insight into the underlying molecular mechanism of membrane perturbation [63,
65]. Prior to completion of this dissertation, no all-atom MD studies had been performed on a
peptide unit larger than a dimer in the presence of a model membrane.

1.6 MD System Construction and Validation

All simulations were conducted with the freely available GROMACS package, which at the start
of simulation construction was version 4.6.1 [68, 69]. Peptide force field parameters used in all
cases came from the GROMOS96 53A6 parameter set [70], while force field parameters of
Berger et al. were applied to all lipids [71]. The GROMOS96 53A6 force field was selected
given its ability to adequately simulate monomeric AP relative to experimental information [72,
73]. Given that a long term goal of this work was to compare in-solution and peptide-membrane
simulations of AP and IAPP, the GROMOS96 53A6 force field was used for all simulations
presented to allow for this comparison. A physiologically representative environment was
utilized in all simulations by maintaining temperature for all systems at 310 K using the Nosé-
Hoover thermostat [74, 75] and regulating pressure at 1 bar with the Parrinello-Rahman barostat
[76, 77]. Water was represented by the SPC model [78] and the aqueous phase included 150 mM
NaCl in all simulations expect for those in chapter 2, where the influence of salt concentration on
the secondary structure of AP was tested. Long-range electrostatics were calculated with the
smooth Particle Mesh Ewald (PME) method [79, 80]. Three-dimensional periodic boundary
conditions were applied to all simulations. Analysis of simulations was conducted using
programs incorporated in the GROMACS package or by software written in-house.

For the presented work, determination of which alloform of AP to use was essential.
Experimental studies commonly use either the 40-residue alloform (AP4o) or the 42-residue
alloform (AP42) of AP. After an extensive literature review, comparable amounts of literature on
both AP and A4 were found. APay, classified as the “more toxic” alloform of AP, was chosen
as the peptide to be used in the peptide-membrane simulations. In the diseased state, both A4
and A4, accumulate in the brain, with A4, being present at a 9:1 ratio with respect to AB4o [81,
82]. Oligomer formation has been experimentally reported to be initiated by plasma membrane-
bound AP4, [82]. The prevalence of A4, in the AD brain makes A4, an appropriate choice for
modeling the toxic effects of Af on the membrane [82, 83], in addition understanding the
oligomerization of this peptide. In addition to membrane-bound A4, promoting the formation of
oligomeric and fibril forms of AP, it is reasonable to hypothesize that when monomeric Aa;
inserts into the membrane to facilitate plaque formation, it also disrupts and compromises the
integrity of the membrane. This insertion event is thought to be the primary mechanism by which



AP, causes neuronal cell death [4]. For the AP oxidation and solution condition study, the A4
version was utilized given the corresponding experimental work.

There is only one relevant full-length alloform of IAPP and an NMR-derived structure of the
peptide determined in a neutral pH will be used for this study [60]. This structure was amidated
at the C-terminus and all disulfide bonds were retained during simulations to mimic the
biologically active form of IAPP.

In all peptide-membrane simulations conducted, the following lipids are found in eukaryotic
plasma membranes were utilized as indicated in the individual chapters:
palymitoyloleoylphosphatidylcholine (POPC), palymitoyloleoylphosphatidylserine (POPS),
palymitoyloleoylphosphatidylethanolamine (POPE), a lipid raft composed of POPC,
palmitoylsphingomyelin (PSM), and cholesterol, and the raft with galactosyl-N-
acetylgalactosaminyl-(sialyl)-galactosylglucosylceramide (GM1). In the simulations, the peptide
center of mass (COM) was placed 3 nanometers (nm) away from the model membrane in order
to produce an unbiased starting point for the simulations. Placing the peptide 3 nm away from
the model membrane ensures nonbonded interactions are not influencing the dynamics of the
peptide at the start of the simulation. Peptide binding to the membrane was defined as the peptide
inserting into the phospholipid head group and glycerol region of the membrane. Peptide-
membrane binding was further characterized by the number and types of interactions between
the phospholipid moieties (headgroups, glycerol esters, acyl chains) and the peptide. Depth of
insertion into the membrane was monitored over time by measuring the COM distance between
the peptide and the core of the membrane or phospholipid headgroups, as appropriate. The depth
of insertion was characterized by describing the sidechain residues responsible for binding
interactions.

1.7 Organization of the dissertation

This dissertation is compiled as a collection of a published peer-reviewed paper (Chapter 2), two
submitted manuscripts (Chapter 3, Chapter 4), and a manuscript in preparation for submission
(Chapters 5). Chapter 1 serves as a general introduction to amyloid proteins, with specific focus
on A and IAPP as relevant to AD and T2D. Chapter 1 also provides background information on
peptide-membrane interactions and the general set-up of MD simulations performed for this
dissertation work. Chapter 2 is a published paper on the effects of methionine oxidation and
solution conditions on the structure and dynamics of AP, giving insight into the role of these
conditions on the secondary structure of the peptide. The citation for Chapter 2 is provided on
the title page. Chapter 3 is a submitted article detailing simulations that examined human A-
peptide membrane interactions in the presence of five membrane compositions to determine the
role of lipid type on AP membrane interactions. In addition, simulations with the rat AB-peptide
in the presence of the same membranes were performed to determine the influence of sequence
on peptide-membrane interactions. Chapter 4 is a manuscript prepared for submission that details
the formation of an AP tetramer and subsequent AP-tetramer membrane interactions. Chapter 5
is a manuscript prepared for submission that details human and rat IAPP-membrane interactions
in order to determine the influence of sequence on secondary structure and degree and type of
membrane perturbation caused by IAPP-membrane interactions. Chapter 6 contains concluding
remarks that tie all of the chapters together and address goals of the dissertation in determining
the influence of solution conditions on amyloid proteins and subsequent peptide-membrane



interactions. Chapter 6 is followed by the bibliography of references cited. The dissertation ends
with appendices that contain executive summaries of other publications completed during the
PhD process and parameter files used in MD simulations.
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2.1 Abstract

The amyloid B-peptide (AP) is a 40-42 residue peptide that is the principal toxic species in
Alzheimer’s disease (AD). The oxidation of methionine-35 (Met35) to the sulfoxide form
(Met35°) has been identified as potential modulator of AP aggregation. The role Met35” plays
in AP neurotoxicity differs among experimental studies, which may be due to inconsistent
solution conditions (pH, buffer, temperature). We applied atomistic molecular dynamics (MD)
simulations as a means to probe the dynamics of the monomeric 40-residue alloform of AP
(AP4o) containing Met35 or Met35°" in an effort to resolve the conflicting experimental results.
We found that Met35 oxidation decreases the B-strand content of the C-terminal hydrophobic
region (residues 29-40), with a specific effect on the secondary structure of residues 33-35, thus
potentially impeding aggregation. Further, there is an important interplay between oxidation state
and solution conditions, with pH and salt concentration augmenting the effects of oxidation. The
results presented here serve to rationalize the conflicting results seen in experimental studies and
provide a fundamental biophysical characterization of monomeric ABs dynamics in both
reduced and oxidized forms, providing insight into the biochemical mechanism of A4 and
oxidative stress related to AD.
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2.2 Introduction

Alzheimer’s disease (AD) is a progressive, neurodegenerative disease that is characterized by
memory and motor skill impairment, dementia, increased aggressive behavior, decreased ability
to communicate, weight loss, and increased susceptibility to infection [5]. These disease
characteristics contribute to the overall mental and physical health decline of AD patients,
ultimately resulting in death. Currently, the National Institute on Aging estimates that 5.2 million
individuals in the United States have AD [5]. AD has been associated with the aggregation and
accumulation of the amyloid B-peptide (A) in neural tissue, with AP believed to be the principal
toxic species of AD [13]. AP is cleaved from a larger, transmembrane protein known as the
amyloid precursor protein (APP) [26, 84]. Multiple alloforms of AP are produced, ranging in
length from 38 — 43 residues, with the most common alloforms containing 40 (A4o) or 42 (APa42)
residues.

Currently, there are two principal hypotheses that aim to explain the role of Ap in AD. While AD
is a complex disease, the prevailing theory, the “amyloid hypothesis” [13], states that AP
oligomers are the primary toxic entity in AD [4]. These oligomers exert toxicity via interactions
with the cell membrane [49], which lead to increased membrane conductance and calcium influx,
ultimately triggering apoptotic pathways in the neuronal cell [85]. The “oxidation/inflammation
hypothesis”, states that AD occurs due to increased oxidative stress from age-dependent
increases in amounts of Cu®’, Fe*’, and Hg*" in the brain [86-90], which catalyze reactions that
produce free radicals that are toxic to neural cells. The accumulation of metals and concomitant
increase in free radicals and decrease in antioxidant presence lead to a harmful, highly oxidative
environment in the AD brain. In addition, autopsy studies of AD brains show extensive oxidative
damage, as determined by protein oxidation, lipid peroxidation, and advanced glycation end
products [91-95]. It is in the scope of this study to understand the effects of oxidation of
monomeric AP4 to better understand how this oxidation contributes to either or both of these
hypotheses.

Several studies suggest that the methionine residue in AP (Met35) is prone to oxidation and
contributes to AD oxidative stress and neurotoxicity [91, 96-98]. Met35 can undergo 2-electron
oxidation to form methionine sulfoxide (Met35%) or 4-electron oxidation to form methionine
sulfone [96]. In addition, it has been proposed that the close proximity of the carbonyl backbone
group of isoleucine-31 (Ile31) relative to the sulfur of Met35, can lead to the formation of an S-O
bonded radical cation intermediate [99]. Moreover, theoretical calculations have shown that a
free radical on the sulfur atom of Met35 could attack glycine 33 (Gly33) on an adjacent peptide,
creating a free radical on Gly33 that would form a peroxyl free radical upon binding oxygen
[98]. This peroxyl radical formation could contribute to neurotoxicity and lipid peroxidation that
is seen in autopsied AD brains.

The oxidation of Met35 to Met35° has been reported to alter the rate of AR aggregation, but the
outcomes of these studies disagree. Some groups report that aggregation is attenuated in the
presence of oxidized AP [61, 100-102], while others report an increase in aggregation [103] or
free radical production following oxidation of Met35 [104]. An NMR study by Hou et al.
established that oxidation impedes AP aggregation and fibrillation, and their results suggested a
reduced propensity for B-strand structure in AP [101]. Conversely, the work of Snyder et al.
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found that oxidation of Met35 increased the rate of Af} aggregation [103]. In addition, a study by
Kou et al. found that post-mortem AD plaques contain approximately 10-50% oxidized AP
[105]. The Kou et al. study and other studies on AD plaque composition have led to the
assumption that oxidation leads to aggregation [105-107]; however, it has not yet been
determined if oxidation occurs before or after plaque formation. Manipulation of solution
conditions is commonplace when working with A, given its propensity to aggregate. The
conflicting results of the experimental work on AB-Met35°* may be attributed to differences in
experimental conditions used to perform these studies, including pH, temperature, buffer, use of
organic solvents and/or detergents, and peptide length (AP4o or AB42).

In the current study, we performed molecular dynamics (MD) simulations to provide atomistic
insight into the structural dynamics of monomeric AP in varying solution conditions and
oxidation state to determine the main driving force for potential aggregation and to resolve
discrepancies in the literature. Secondary structure changes within A are the driving force for
aggregation [17, 18] and the hydrophobic C-terminal region (residues 29-40) of AP is
particularly important for AP oligomerization and the formation of higher-order aggregates in
solution [19-21]. A transition from helix to B-sheet in this region is believed to be necessary for
aggregation, given that fibrils are characterized by parallel, in-register B-strands [17, 108].
Monomeric AP enriched in B-strand structure typically undergoes rapid aggregation, whereas
random coil forms of AP aggregate more slowly [101, 108, 109]. Thus, it was of particular
emphasis in this study to understand secondary structure changes of AP and relate these changes
to varying experimental conditions that have been used. The present work is the first to
systematically analyze the effects of both pH and salt concentration on the structural transition of
monomeric AP. This study provides insight into the dynamic structure of monomeric AP in a
physiologically relevant environment, one that is devoid of organic solvents and detergents that
can influence secondary structure and thus aggregation.

2.3 Methods

2.3.1 System Construction

The coordinates of AP were taken from PDB entry 1BA6, a solution NMR structure for
monomeric, oxidized ABso (AP4o-Met35°) [102]. Reduced A4y (AP4o-Met35) was produced by
removing the oxygen from the sulfoxide moiety of Met35° of 1BA6. The influence of different
pH values was modeled by protonating all titratable groups according to their predominant forms
at either pH 5 or pH 7. The only difference between these two pH values occurs with respect to
histidine residues (pK, = 6.5), which can either bear no charge or a net +1 charge, depending on
the pH of the surrounding medium. There are three histidine residues in the A4 sequence, at
positions 6, 13, and 14. At pH 5, these histidine residues were treated as fully protonated (net +1
charge on each), while at pH 7 they were protonated only on the e-nitrogen in the imidazole ring
(net charge of zero on each). AB4o has 3 Glu and 3 Asp residues, which, based on canonical pKa
values, remain charged (-1) at both pH 5 and 7. We note that pK, values in Af4 may differ from
canonical values, but experiments have only established pK, values for the AB;.,s fragment, not
the full-length peptide [110]. Given that fact, as well as the lack of pK, information about Af4o-
Met35%, we built our models based on canonical pK, values in order to concentrate on more
defined differences. While experiments examining the effect of oxidation of Met35 on AP were
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performed at pH 4 [102], simulating A at pH 4 is difficult due to the mixture of protonated and
deprotonated sidechain forms of Asp and Glu. Therefore, we assigned protonation states
according to dominant forms at pH 5, a condition that approximates the pH 4 experiments. pH 5
is also significant in that it is the pH at which AP aggregates the most rapidly [111, 112],s0 our
simulations serve as a useful model of experiments conducted at pH 4 and 5. AB4o termini were
protonated such that the C-terminal carboxylate group bore a charge of -1 and the N-terminal
amine had a charge of +1. Thus, in our simulations, ABs and APs-Met35° bore a -3 charge at
pH 7 and no net charge at pH 5. All protein parameters were assigned from the GROMOS96
53A6 force field [70]. Charges for the Met35°* sulfoxide moiety of the sidechain were taken
from dimethyl sulfoxide [113], as shown in Figure 2.1.
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Figure 2.1. Diagram of Met35 and Met35°* sidechains showing the charges on atoms of the
thioether and sulfoxide moieties.

Systems were constructed in the following way. Reduced and oxidized A4y were centered in a
dodecahedral box with a minimum solute-box distance of 1.0 nm, which was subsequently
solvated with SPC water [114]. Na' counterions were added to balance the net charge of Ap (-3
at pH 7), while no counterions were added in the case of pH 5 systems since A carries no net
charge at this pH value, in accordance with our method of assigning charges to side chain
residues. These systems will be referred to as containing “0 mM NaCl,” otherwise representative
of minimal or no salt present. For systems denoted “150 mM NaCl,” additional Na" and CI ions
were added for a final concentration of approximately 150 mM NaCl, including any counterions
already present. The following condition sets were tested for reduced and oxidized AB4: 0 mM
NaCl-pH 5, 150 mM NaCl-pH 5, 0 mM NaCl-pH 7, and 150 mM NaCl-pH 7. Five replicates
were performed for each condition set for reduced and oxidized Apso, resulting in 40 total
simulations.

2.3.2 MD Simulations

After system construction, energy minimization was performed using the steepest descent
method and equilibration was performed in two steps, NVT and NPT. All simulations were
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performed using the GROMACS software package, version 4.5.3 [68, 115]. During
equilibration, position restraints were imposed on all protein heavy atoms. NVT was first applied
to the system for 100 ps and utilized the Berendsen weak coupling method [116] to maintain
temperature at 310 K. NPT was then applied to the system for 100 ps, using the Nosé-Hoover
thermostat [74, 75] and Parrinello-Rahman barostat [76, 77] to maintain temperature (310 K),
and pressure (1 bar), respectively.

All MD simulations employed three-dimensional periodic boundary conditions. All bond lengths
were constrained using P-LINCS [117], allowing an integration time step of 2 fs. A short-range
cutoff of 1.4 nm was applied to all nonbonded interactions, and long-range electrostatic
interactions were determined with the smooth particle mesh Ewald (PME) method [79, 80] using
cubic interpolation and a Fourier grid spacing of 0.16 nm. Simulations were then allowed to run
until backbone root-mean-square deviation (RMSD) and peptide secondary structure stabilized
for 100 ns, as determined by block averaging. These criteria were the first indicator of
convergence, which is explored more thoroughly below. Simulation times ranged from 200 to
375 ns, and each simulation condition set contained 5 independent trajectories, initiated with
different random starting velocities at the outset of NVT. Analysis was conducted using
programs in the GROMACS package or scripts written in-house. Secondary structure was
determined according to the DSSP algorithm [118]. Backbone RMSD clustering was performed
using the method of Daura et al., employing a cutoff of 0.2 nm [119]. Intrapeptide contacts were
also assessed, with a contact being defined as any two heavy (non-hydrogen) atoms being
separated by no more than 0.6 nm. PyMOL was used for visualization [120]. Results were
subjected to statistical analysis using a two-tailed #-test, with statistical significance determined
if p <0.05.

2.4 Results

2.4.1 Selection of Force Field and Conditions

The solution conditions modeled here were designed to mimic experimental studies and provide
insight into the effects of pH and solution ionic strength on the dynamics of monomeric A4,
especially with respect to which factor, pH or salt concentration, has a greater influence on the
conformational dynamics of AP4o. In this regard, we identified parameters that we could measure
from the MD simulations to assess differences in structure and dynamics. For example, we
examined the overall secondary and tertiary structure of monomeric AP4o, focusing on certain
areas including the hydrophobic C-terminal region (residues 29-40), which plays a critical role in
aggregation [19-21, 121, 122]. Given this information, we focused our analysis of secondary
structure, hydrophobic contacts, and solvent-accessible surface area (SASA) of residues 29 — 40
in light of properties of AP4o as a whole.

In order to effectively perform an in-depth analysis on structural properties of monomeric A4,
we set a strict standard to determine if the duration of the simulation was long enough to achieve
convergence and equilibrium sampling. In order to determine convergence of each simulation,
we utilized block averaging of the backbone RMSD and RMSD clustering. Block averaging of
the backbone RMSD was a preliminary step to determine if any significant conformational
changes of AP were occurring. When there was no systematic change among four overlapping
blocks of time (final 25 ns, final 50 ns, final 75 ns, and final 100 ns) covering the last 100 ns, the
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simulation was terminated and RMSD clustering was carried out. The first 5 clusters of each
replicate were analyzed to assess the homogeneity between all clusters, which serves as an
indicator of how effective the sampling was during the last 50 ns of each trajectory (Supporting
Figures 2.S1 — 2.S4). The first 5 clusters of each replicate represented at least 85% of the
structures contained in the final 50 ns of each trajectory, indicating that sampling during this time
was reasonably homogeneous and that our analysis reflects equilibrium sampling. Among the
first five clusters of a given replicate, secondary structural features were all very similar. These
outcomes gave us confidence that our simulations were sufficiently converged. Finally, it is
important to note that statistically significant differences are difficult to achieve in MD
simulations of a disordered peptide like A, thus we focus the interpretation of our results in
terms of general features and trends, drawing comparisons with all available experimental
evidence, giving us confidence that our results aid in explaining the effect of oxidation and
solution conditions of monomeric AP. It should be noted that many quantities presented in the
Results bear large standard deviations. While our assessments indicate that each individual
trajectory has converged and represents equilibrium sampling, it is clear that there is
considerable homogeneity in the structure of AP across replicates. This outcome reflects the
intrinsically dynamic nature of the AP peptide, which is a challenge to simulate.

2.4.2 Secondary and Tertiary Structure of AB4-Met35 and Ap4-Met35*

In simulations at pH 7 and 0 mM NaCl (neutralizing counterions only), ABs-Met35°* showed
decreased formation of f-strand in both the C-terminal region and the whole peptide, as
compared to reduced APso-Met35 (Table 2.1, Figure 2.S1). The coil content in AB4o-Met35°* was
higher than in APs-Met35 in both the full peptide and the C-terminal region (Table 2.S1). In
AP4o-Met35, extended p-strands formed more readily than in ABs-Met35%, in which shorter,
transient B-strand structures were observed (Figure 2.S1).

Table 2.1. Average (3-strand content (shown in %) in the C-terminal region (residues 29 — 40) of

ABa.”
Solution Conditions AB4o-Met35 (%) AB4o-Met35% (%)
0 mM NaCl, pH 5 36 £31 9+4
150 mM NaCl, pH 5 26+ 17 19+ 15
0 mM NacCl, pH 7 39+ 15 23+ 11
150 mM NacCl, pH 7 32+ 14 26+ 5

“ Percentages represent averages over the final 50 ns of simulation time, with corresponding
standard deviations.

RMSD clustering of AP4-Met35 showed a substantial amount of B-strand in the central structure
of the most populated clusters. ABs-Met35° RMSD clustering results indicate that all replicates
in the first two clusters are populated by at least 35% of all structures in the last 50 ns and
visually show substantially less B-strand content in the C-terminal region, with only one replicate
(Replicate 5) involving Met35° in a B-strand (Figure 2.S1). In addition, ABs-Met35°* RMSD
clustering showed reduced B-strand content and showed that Met35°* was not involved in B-
strand structures, but rather coil (Figure 2.2, Figure 2.S2, and Table 2.S1). In the structure
clustering data, it was also observed that in ABs-Met35, the Met35 residue tended to be directed
toward the interior of the peptide, while Met35°™ in ABs-Met35°* was more solvent-exposed
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(Figure 2.S1). Ramachandran plots of individual residues for the C-terminal region (residues 29
— 40) of AP were analyzed in order to determine which residues were most likely causing
localized changes in secondary structure. Free energy values were calculated by generating
histograms from backbone f and y dihedral angles according to the equation

AG(CI)' llj) = _kaln[P(¢r l/)) — Brax]

where Py s the (fly) pair with maximum probability, thus corresponding to a free energy value
of zero.

Ramachandran plots confirmed the observed shift in secondary structure at 0 mM NaCl, pH 7
(Figure 2.3, third column), with Gly33, Leu34, and Met35 being the most strongly affected. The
secondary structure shift was especially prominent in Gly33, which is normally involved in a
bend connecting B-strands when Met35 is in its reduced form, but converts to a random coil
when Met35 is in its sulfoxide form (Figure 2.S1).

We next examined the effects of increased salt concentration (150 mM) while keeping pH fixed
at 7. In simulations of AP4o-Met35, the initial a-helical structure was largely lost during the first
100 ns of the simulation in favor of random coil and B-strand structures in the C-terminal region;
some small amounts of helicity transiently broke and re-formed over time (Table 2.S2). The p-
strand content in both the total peptide and the C-terminal region was decreased in the
simulations of ABso-Met35% relative to APso-Met35 (Table 2.1). This outcome was similar to the
simulations at 0 mM NaCl, pH 7, though the decrease in -strand content attributed to oxidation
of Met35 was reduced as compared to the simulations at low ionic strength.
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AB4-Met35 AB4o-Met35%

0 mM NaCl, t\ , @
pH 5 ANy
38.3%

150 mM NacCl,
pH 5

0 mM NaCl, =
pH7

51.8%

150 mM NacCl,
pH7

Figure 2.2. Dominant morphologies from RMSD clustering Met35 and Met35°*. The structures
shown are the central structures of the first cluster of a representative replicate. Representative
replicates were chosen based on secondary structure similarity of the C-terminal region to the
average. The percentages represent the number of frames during the last 50 ns of simulationthat
belong to each cluster. The peptide is shown as a cartoon, colored as a rainbow gradient from N-
terminus (blue) to C-terminus (red), with Met35 highlighted in stick representation.
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0 mM NaCl, 150 mM NacCl, 0 mM NaCl, 150 mM NacCl,

AB,,-Met35

180 -180  -90

0 G (kJ/mol) 20.7

|-

Figure 2.3. Free energy surfaces constructed from Ramachandran plots of C-terminal residues
29-40. Backbone @ and ¥ dihedral angles are plotted on the x- and y-axes, respectively.

Secondary structure propensities were confirmed in the clustering results, with ABs-Met35
producing more B-strand than ABs-Met35” (Figure 2.2, Figure 2.S2). Whereas APso-Met35
configurations were characterized by a single antiparallel $-sheet involving central (residues 16-
22) and C-terminal residues, the simulations of APs-Met35°* showed B-strands at numerous
positions along the AP4 sequence, including N-terminal, central (residues 11-14), and C-
terminal residues. Interestingly, there was no change in coil secondary structure propensity
between AB4-Met35 and APso-Met35%, though bend and turn content were increased in Apa-
Met35°* relative to AB4-Met35 (Table 2.S2). In addition, Met35°* was not involved in any -
strand structures. Ramachandran plots of each residue in the C-terminal region confirmed a shift
from B-strand to coil, turn, and helix at 150 mM NaCl, pH 7 (Figues 2.2 and 2.3, fourth column).
From the Ramachandran plots, it was determined that Gly33, Leu34, and Met35 had the greatest
shifts in their secondary structure, from bend and B-strand to coil (Figures 2.4 and 2.5). The
change from bend to coil for Gly33 and Leu34 represent a destabilization of B-strand formation
caused by Met35°* becoming more solvent-accessible and interacting less with the hydrophobic
C-terminal region. These findings are similar to the results at 0 mM NaCl, pH 7 discussed above.
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Gly33

Leu34

Met35

9 180  -180 -90
0 G (kJ/mol) 16

Figure 2.4. Free energy surfaces generated from Ramachandran plots of the residues indicated.
Data are from simulations under the 150 mM NaCl, pH 7 conditions. Backbone ® and ¥
dihedral angles are plotted on the x- and y-axes, respectively.
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AB4o-Met35 AB 4o-Met350x

Gly33 % *\QQ\

Leu34

Met35

Figure 2.5. Selected residues that show the greatest shifts in secondary structure propensity in
simulations conducted in the presence of 150 mM NaCl, pH 7. Images are rendered as in Figure
2.2, with the selected residue being highlighted in stick representation.

Having examined the dynamics of AP4o at a physiologically relevant pH, we next considered a
solution pH of 5. Acidic conditions are often used to control the ability of AP to aggregate to
facilitate data collection [61], and thus it is important to consider the effects that pH may have on
APs0-Met35%, as well. In simulations at 0 mM NaCl, pH 5, APs-Met35 showed substantial
amounts of B-strand in the C-terminal region, while ABs-Met35°* had minimal amounts of B-
strand structure and substantially more coil (Figure 2.2 and Table 2.S3). Ramachandran plots
also show a shift from B-strand structure to more bend and turn in this region at 0 mM NaCl, pH
5 (Figure 2.3, first column) for APB4o-Met35°*. Gly33 had the most substantial shift, populating -
strand configurations in AP4-Met35 and coil configurations in APs-Met35°*. This same
outcome was observed in the rest of the C-terminal region, which showed a measurable shift
from B-strand and bend to coil and turn (Table 2.1). In these simulations, ABs-Met35°* had the
lowest amount of B-strand (9 = 4%) of all the conditions tested, whereas APs-Met35 showed
similar amounts of B-strand (36 + 31%) as other Af4-Met35 data sets.

In the final simulation set we considered, solution conditions were set at 150 mM NaCl, pH 5.
For AB40-Met35, the principal secondary structure element in the C-terminal region was f-
strand, which was observed in 4 replicates (Figure 2.S4). B-strand was observed in AB4-Met35*
between residues 3 — 12 rather than the C-terminal region. Overall, a decrease in C-terminal
region B-strand structure was observed in AP4-Met35” compared toABs-Met35 (Table 2.1);
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however, both reduced and oxidized A4 showed substantial heterogeneity in results. This
observation suggests that many conformations are sampled at 150 mM NaCl, pH 5 and that A4
is highly dynamic. Ramachandran plots also showed a shift from B-strand and bend in Afa4o-
Met35 to coil in APs-Met35° at 150 mM NaCl, pH 5 (Figure 2.4, second column). In Afao-
Met35%, Gly33 participated in fewer bend configurations in favor of random coil, while Leu34
and Met35 were more frequently found in random coils than B-strand. In ABs-Met35° at pH 5,
Val36 and Gly37 shifted toward coil structures rather than turn or bend, as compared to APao-
Met35, in contrast to observations at pH 7. This coil involving residues Gly33, Val36, and Gly37
is easily observed in RMSD clustering results of ABs-Met35°* (Figure 2.5, Figure 2.S4). There
are bends in this same region that are observed in ABs-Met35, enhancing the ability of this
region to form B-strand as compared to APs-Met35°". It should be noted that there was a
difference in the location of the coil structural elements between AB4-Met35 and ABso-Met35%,
though the total coil content of AP4 remained very similar overall (Table 2.S4). For example,
there was a change in location of coil, such that more coil was found in the C-terminal region of
ABgo-Met35” (46 + 8%) than APs-Met35 (39 + 16%), indicating an increase in coil content of
N-terminal residues 1 — 29 in AP4-Met35 such that the overall coil content was unaffected at
150 mM NaCl, pH 5. The absence of any change in coil propensity was also observed at pH 7,
indicating that the effect of salt on coil formation and secondary structure of A4y acts
independently of pH.

2.4.3 Hydrophobic Contacts and Solvent Accessible Surface Area

At 0 mM NaCl, pH 7, oxidation of Met35 substantially reduced the number of hydrophobic
contacts in the C-terminal region (Table 2.2). There was a significant (p < 0.05) difference in
SASA of residues 26, 28, and 34 such that they were more solvent-exposed in AB4p-Met35".
Our results confirm that oxidation of Met35 perturbs this region, especially with respect to
Leu34, which is very hydrophobic and is normally shielded from solvent in the absence of
oxidation. There was also a significant (p < 0.05) difference between the C-terminal region
SASA of reduced and oxidized AP, with APs-Met35°* having a higher hydrophobic SASA
(Table 2.3). The larger SASA represents greater solvent exposure of residues 29 — 40, which
indicates fewer intra-peptide interactions and greater affinity of the peptide for the solvent, an
outcome that is driven by oxidation of Met35. The increased solvent exposure consequently
disrupted B-strand formation by disturbing backbone hydrogen bonding that otherwise favors (-
strand formation and sidechain interactions that give rise to a hydrophobic nucleus that is
shielded from solvent. These findings suggest that Met35°* drives the solvent exposure of the
hydrophobic C-terminal region, counteracting the unfavorable nature of water-hydrophobic
residue interactions, concomitant with a destabilization in the bend structure in Gly33 normally
found in the C-terminal region, resulting in a localized loss of B-strand structure. This
observation and explanation can be used for each condition set tested, given the similar trends in
comparison of reduced and oxidized A. This effect on ABs-Met35” is greater at 0 mM NaCl
than it is at 150 mM NaCl (discussed below), contributing to the lower occurrence of B-strand
and higher SASA seen in the C-terminal region (Tables 2.1 and 2.3).
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Table 2.2. Heavy atom hydrophobic contacts within C-terminal residues 29 — 40.”

Solution Conditions ABso-Met35 AB4so-Met35™
0 mM NaCl, pH 5 121 £ 15 100+ 9
150 mM NaCl, pH 5 134 £ 22 81+6
0 mM NacCl, pH 7 120+ 9 99 +7
150 mM NaCl, pH 7 132+ 26 97+ 14

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard
deviations.

Table 2.3. Hydrophobic solvent-accessible surface area (nm?) in C-terminal residues 29 — 40.°

Solution Conditions ABso-Met35 AB4so-Met35™
0 mM NaCl, pH 5 5.0+0.3 5.9+0.7
150 mM NaCl, pH 5 54+0.6 6.1+£04
0 mM NacCl, pH 7 49+0.2 6.1 0.3
150 mM NacCl, pH 7 49+0.8 52+04

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard
deviations.

At 150 mM NaCl, pH 7, oxidation also resulted in a decrease in hydrophobic contacts (Table
2.2) and a slight increase in SASA (Table 2.3) relative to AP4o-Met35. It is also important to note
that there was a decrease in SASA between APs-Met35” upon increasing the solution ionic
strength, indicating Ap40-Met35°" interacts more with the solvent when there is no salt present,
preventing collapsed structure formation. At pH 5, an increase in SASA and decrease in
hydrophobic contacts in AB4-Met35°* (Tables 2.2 and 2.3) were observed relative to Apao-
Met35 for both 0 mM NaCl and 150 mM NaCl. However, it is clear that independent of pH, at 0
mM NaCl, AB4-Met35 had similar amounts of B-strand (39 + 15% at pH 5 and 36 + 31% at pH
7), whereas the results for ABs-Met35° were very different (9 + 4% at pH 5 and 23 + 11% at pH
7). This observation leads us to propose that solution conditions affect AB4-Met35°* in a more
pronounced way than AP4-Met35, ultimately explaining the different results and conclusions
gathered from experimental studies that use varying buffer conditions.

2.5 Discussion

The paradigm of oxidized AP causing neurotoxicity has been present for decades; however,
experimental studies focusing on oxidized AP and its relationship to aggregation have produced
conflicting results [4, 13, 49, 85]. Inhibiting or otherwise modifying the aggregation pathway is
likely to be beneficial to AD patients. Understanding different components that affect
aggregation, like oxidation state of Met35, can provide a better understanding of the properties of
AP that affect aggregation, as influenced by the surrounding environment.

An important indicator of potential for aggregation is secondary structure. A} proceeds through
many intermediate forms as it transitions from helix to B-strand in the aggregation of monomeric
AP to fibrillar AP. This transition of secondary structure is especially prominent in the
hydrophobic C-terminal region of AP, and parallel B-strand formation is a characteristic of Af
fibrils. NMR studies have observed changes in secondary structure and aggregation rates
between reduced and oxidized AP, with the Met35”* form aggregating more slowly [101, 102].
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The present work utilizes this transition of secondary structure as a predictor of aggregation at
the level of the monomer to explain these experimental studies. We modeled the experimental
solution conditions of Watson et al. (0 mM NaCl, pH 5), Hou et al. (0 mM NaCl, pH 7), and
Snyder et al. (150 mM NacCl, pH 7) to resolve the conflicting outcomes of these experimental
studies, and we also modeled conditions of 150 mM NaCl, pH 5 that would help to determine if
pH or salt concentration was more influential on the dynamics of AP4g. Of particular interest are
results at 150 mM NaCl, pH 7, which is most representative of physiological conditions. This
study is unique in that we have systematically studied monomeric A4 in multiple solution
conditions in order to determine influencing factors on AP aggregation in relation to oxidation
state.

In addition to modeling experimental studies and a physiologically relevant environment, we
took special care in deciding which force field would be best suited for studying a disordered
peptide like AB. Common atomistic force fields, such as the AMBER parameter sets [44, 123-
128], CHARMM [120, 129], OPLS-AA [130], and GROMOS96 [70, 131, 132], have been
developed with different parameterization techniques and are calibrated against different criteria.
Thus, the outcome of a simulation under a given force field is not necessarily the same as a
simulation carried out under a different force field. Secondary structure propensity is crucial in
our analysis and it was important to choose a force field that compares well with experimental
results. AMBERO3 and CHARMM22+CMAP have been shown to over-stabilize a-helical
secondary structure, whereas GROMOS96 53A6 under-stabilizes helices in favor of extended
configurations [133], an outcome that motivated the development of the newer GROMOS96
54A7 parameter set [132]. There is a unique challenge in modeling AP, an intrinsically
disordered peptide, and studies have shown that GROMOS96 43A1 and OPLS-AA modeled AR
well, in terms of reproducing NMR J-coupling constants [134]. More recent work by Olubiyi and
Strodel has indicated that GROMOS96 53A6 reproduces NMR chemical shifts effectively for
AP [135]. Recent work from our group has indicated that GROMOS96 53A6 performs well in
reproducing a variety of structural features of monomeric AP [72], thus in conjunction with
existing studies by other groups, GROMOS96 53A6 was chosen as the force field used in this
work.

A recent MD study on AP with and without Met35 oxidation at 150 mM NaCl, pH 7 showed
Asp23 — Lys28 salt bridge stabilization and turn formation between residues 24 — 27 were
essential in stabilizing a B-hairpin structure [136], a finding that was not observed. In addition, in
our simulations we observed greater -strand content in both reduced and oxidized forms of AP,
especially in the C-terminal region, which can be correlated with propensity for aggregation.
These differences can be attributed to several factors. First, the work of Triguero et al. employed
short (50 ns) simulations and did not utilize replicate simulations. In addition, no assessment of
convergence was conducted so it is possible that the results presented are not reflective of
equilibrium sampling. Further, the force field employed by Triguero et al., GROMOS96 53A5
[70], was designed for simulations of amino acids and proteins in nonpolar media, not water.
Thus, the structures they observed may not reflect the true conformational ensemble of Af in
physiological conditions, or even the in vitro conditions that have been used experimentally.

In our simulations, when Met35 was oxidized, C-terminal B-strand content and hydrophobic
contacts decreased, while SASA increased (Tables 2.1 — 2.3) relative to APso-Met35. This
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outcome was independent of solution conditions and thus reflects the influence of the sulfoxide
moiety, which is strongly attracted to water. We explain this phenomenon by noting the change
in dipole around the sulfur atom when oxidized; the partial negative charge of the sulfoxide
oxygen atom interacts favorably with the polar solvent (water). In Met35, when the thioether is
not oxidized, the hydrophobicity of the neighboring CH, and CHj; groups shield the sulfur atom
(which bears a partial negative charge in our model) from water (Figure 2.1). The favorable
interaction of the sulfoxide moiety with water provides the driving force for exposing residues 29
— 40 to water, ultimately modulating the secondary structure propensities in this region. The
decrease in hydrophobic contacts and increase in SASA represent a change in the dynamics of
the C-terminal region such that Met35” impedes the formation of a collapsed structure.

Having determined the effect of the sulfoxide moiety on nearby residues, we sought to determine
how solution conditions affected both reduced and oxidized AB. Our results suggest that solution
conditions affected APs-Met35° in a more pronounced and consistent way by influencing C-
terminal B-strand content across solution conditions, whereas there were only slight differences
in C-terminal B-strand content in AB4p-Met35 under the various solution conditions. This concept
is best illustrated by comparing C-terminal B-strand propensity for APs-Met35 at 0 mM NaCl,
pH 5 and pH 7 (36 + 31% and 39 £15%, respectively) and APsp-Met35° at pH 5 and pH 7 (9 £
4% and 23 + 11%). These results show that with varying pH, B-strand formation in APs-Met35
remained similar, whereas, when APs was oxidized, pH did affect secondary structure
propensity. Changes in overall secondary and tertiary structure between APso-Met35 and APao-
Met35° were minimal, but when focusing on the C-terminal region, which is critical for
aggregation, greater differences became clear. In a physiologically relevant environment (150
mM NaCl, pH 7), AB4-Met35°* produced less B-strand structure in the C-terminal region when
compared to ABs-Met35 for reasons described above. Our results are in good agreement with
the experimental work of Snyder et al., who found an increase in aggregation rate for Apao-
Met35° [103] above 200 mM NaCl. Our results agree with respect to secondary structure (as a
predictor of aggregation) and the finding that SASA is influenced by salt and pH. Similar to our
study, Snyder et al. found that aggregation was accelerated by increasing salt concentration and
decreased with lower pH, an outcome that was due to changes in secondary structure. They noted
that below approximately 200 mM NaCl (which encompasses all of our simulations, which were
conducted at either 0 mM or 150 mM NaCl), they saw a decrease in aggregation directly
proportional to salt concentration, while above 200 mM NacCl, aggregation increased. Ultimately,
this finding confirms that solution conditions do affect AP, especially when Met35 is oxidized,
and hopefully helps clarify the overall effect of oxidation of Met35 on AP from varying
experimental studies. Our results indicate that Met35 oxidation impedes aggregation across
different solution conditions

Based on the results shown in Table 2.1, pH was a greater influence on B-strand formation than
salt concentration, especially on AP4-Met35%, indicating that the protonation state of His6,
His13, and Hisl4 influences the dynamics of the peptide more than surrounding salt
concentration, though these histidine residues do not interact directly with Met35 (data not
shown). Experimental studies on the effect of pH on AP found a decrease in AP aggregation at
acidic pH (pH 3.5) by stabilizing helix formation [137] and changes to the electrostatic surface in
the N-terminal region [135, 138]. Atomic force microscopy studies have indicated that at a lower
pH, AP displays rod-shaped aggregates that are not as cytotoxic as aggregates formed at pH 7
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[139]. In addition, pH affects APso-Met35 in a similar way, which indicates an intrinsic change in
the overall nature of monomeric A4 that is independent of oxidation state. In our study, this
difference was caused by the change in charge state of the histidine residues, influencing a
reduction in the amount of B-strand structure in the C-terminal region.

Greater solution ionic strength caused the C-terminal region of AB4-Met35°* to become less
solvent-exposed at pH 7, thus causing an increase in B-strand when a higher concentration of salt
was present, since Met35°" was not as strongly driven towards the solvent. This difference is
most likely due to charge screening that arises from the presence of salt, thus reducing the
influence of the change in dipole between ABso-Met35°* and ABsp-Met35. This phenomenon aids
in explaining why there was not as much of a difference in secondary structure composition
between APBao-Met35°* and ABso-Met35 with 150 mM NaCl present compared to the simulations
containing 0 mM NaCl. Greater ionic strength did not cause the C-terminal region of AP4o-
Met35°* to become more solvent exposed, as there was not much difference between SASA
between 0 mM NaCl and 150 mM NaCl with AB4-Met35°*; however, there was a substantial
decrease in [-strand content. Ultimately, solvent accessibility decreases the hydrophobic
interactions of Met35° with nearby residues in the C-terminal region and disrupts the bend that
normally forms involving Gly33 and Leu34. This phenomenon causes a reduction in B-strand in
the C-terminal region, a behavior that should ultimately slow aggregation.

Overall, oxidation of Met35 in monomeric Af4 resulted in a decrease in C-terminal B-strand
formation, a behavior that was influenced by solution conditions. Across all conditions,
irrespective of peptide protonation state or solution ionic strength, oxidation of Met35 resulted in
a decrease in B-strand content in the C-terminal region of A4, indicating that it is a global
property of Met35°. While f-strand content of monomeric AP4-Met35 did not change
significantly between pH 5 and pH 7 conditions, additional salt produced small decreases in (3-
strand content, irrespective of pH. The opposite was true for ABs-Met35°*, with increased salt
giving rise to increased (3-strand content. Thus, it is important to interpret experimental studies in
light of the different outcomes that arise simply by virtue of differences in solution pH and ionic
strength. Our simulations have provided insight into the conflicting body of literature on this
topic. The reduced p-strand content produced as a result of oxidation of Met35 is consistent with
a decrease in aggregation rate that was observed experimentally [101, 103]. Our findings fit well
within the experimental model that oxidative stress in the AD brain likely induces toxicity in a
manner independent of Af fibril formation, since our findings are consistent with oxidized AP
having attenuated aggregation capacity. The simulation results we present here provide
mechanistic insight into this dynamic process. Understanding properties like oxidation state of
AP will allow for further investigations to determine which molecular events give rise to the
devastating characteristics of AD.
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2.7 Supporting Information

Table 2.S1. Secondary structure percentages for 0 mM NaCl, pH 7 systems.”

A|340-MC‘[35 A[340-Met3 5%%
Coil 33+ 6 44 +7
B-Strand 27+ 14 17+8
Bend 20+ 8 26+ 11
Turn 8+6 10£9
Helix 3+£5 3£ 6

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard

deviations.

Table 2.S2. Secondary structure percentages for 150 mM NaCl, pH 7 systems.”

A[340-Met35 A[?)4o-M€t3 5%
Coil 37+5 37+ 6
B-Strand 27+7 19+£3
Bend 27+ 10 32+ 7
Turn 8+4 12+6
Helix 1+3 0+0

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard

deviations.

Table 2.S3. Secondary structure percentages for 0 mM NaCl, pH 5 systems.”

A[340-Met35 A[?)4o-M€t3 5%
Coil 38+ 8 52+9
B-Strand 24 £20 7+4
Bend 22+9 30+ 5
Turn 9+3 8+5
Helix 7+13 3+6

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard

deviations.

Table 2.S4. Secondary structure percentages for 150 mM NaCl, pH 5 systems.”

APso-Met35 AP4o-Met3 5%%
Coil 43 +£3 44 + 5
B-Strand 16 £3 177
Bend 26+ 6 27+3
Turn 11+4 9+3
Helix 4+5 3+£5

“ Averages are shown over the last 50 ns of simulation time, with corresponding standard

deviations.
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Figure 2.S1. Dominant morphologies from RMSD clustering for 0 mM NaCl, pH 7 reduced and
oxidized AP for (A) APs-Met35 and (B) APs-Met35°". The structures shown are the central
structures of the cluster for each replicate. The percentages shown represent the number of
configurations during the last 50 ns of simulation that differ by no more than 0.2 nm RMSD from
the central structure. The peptide is shown as a cartoon, colored by secondary structure (blue =
B-strand, red = helix, and yellow = coil) with N- and C-termini indicated by blue and red spheres,
respectively. Met35 is highlighed in stick representation.
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Figure 2.S2. Dominant morphologies from RMSD clustering for 150 mM NaCl, pH 7 reduced
and oxidized AP for (A) ABs-Met35 and (B) AP4o-Met35°*. The structures shown are the central
structures of the cluster for each replicate. The percentages shown represent the number of
configurations during the last 50 ns of simulation that differ by no more than 0.2 nm RMSD from
the central structure. The peptide is shown as a cartoon, colored by secondary structure (blue = f3-
strand, red = helix, and yellow = coil) with N- and C-termini indicated by blue and red spheres,
respectively. Met35 is highlighted in stick representation.
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Figure 2.S3. Dominant morphologies from RMSD clustering for 0 mM NaCl, pH 5 reduced and
oxidized AP for (A) AP4-Met35 and (B) AP4-Met35°* The structures shown are the central
structures of the cluster for each replicate. The percentages shown represent the number of
configurations during the last 50 ns of simulation that differ by no more than 0.2 nm RMSD from
the central structure. The peptide is shown as a cartoon, colored by secondary structure (blue = f3-
strand, red = helix, and yellow = coil) with N- and C-termini indicated by blue and red spheres,
respectively. Met35 is highlighed in stick representation.
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3.1 Abstract

The hallmark characteristics of plaque formation and neuronal cell death in Alzheimer’s disease
(AD) are caused principally by the amyloid B-peptide (AP). Current research focuses on
understanding the interactions between A and neuronal cell membranes, given the relationship
between membrane perturbation and neurotoxicity. AP sequence and lipid composition are
essential variables to consider when elucidating the impact of the biological membrane on AP
structure and the effect of AB on membrane integrity. Atomistic molecular dynamics simulations
testing two AP sequences (Human A4y (HAB) and Rat A4y (RAP)), five lipid types, and
totaling 9 ps in simulation time, were performed in order to explain the effect of these variables
on membrane perturbation and to assess the potential link to AD toxicity. All metrics used to
assess membrane perturbation agree insomuch that it can be concluded that HAB and RAP
contribute to membrane perturbation by causing a more rigid, gel-like lipid phase. The presence
of cholesterol in a model raft membrane was found to moderate the amount of perturbation
caused by HAP and RAP. Differences between HAPB and RAP membrane perturbations were
seen based on lipid headgroup charge and hydrogen bonding capacity. The position of arginine
in the N-terminal region was determined to be the mediating factor in these differences in lipid
affinity and disruption between HAP and RA. Overall, this work increases our understanding of
the influence of sequence and lipid type on AP-membrane interactions, providing mechanistic
insight into the etiology of AD.
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3.2 Introduction

Alzheimer’s disease (AD), a progressive, neurodegenerative disease, is currently estimated to
affect 5.3 million individuals in the United States and is expected to increase in prevalence by
forty percent by the year 2025 [5]. AD is the sixth leading cause of death in the United States
and currently cannot be prevented or cured. Current therapies focus on temporarily slowing
symptoms of AD and preserving neurotransmitters by inhibiting cholinesterase or by
antagonizing N-methyl-D-aspartate (NMDA) receptors [140]. Development of novel
therapeutics to prevent or cure AD requires further insight into the principal mechanisms of
toxicity related to AD.

AD toxicity is typically classified by the aggregation and accumulation of the amyloid B-peptide
(AP) in and around neuronal cells [15]. A is cleaved from the amyloid precursor protein (APP)
by sequential proteolysis by a- or B-secretase and y-secretase [26, 84]. a-secretase cleavage
results in a product named p3, which consists of residues 17-40/42 of AP [141]. B-secretase
cleavage of APP results in multiple alloforms of AP being produced, with the most prevalent
alloforms containing 40 (AB40)) or 42 (AP2)) residues. This study focuses on AP»), given that it
is found in the disease state at a 9:1 ratio as compared to AP [81, 82, 142].

One of the main theories of AP toxicity, the “amyloid hypothesis™ [13], states that Af can exert
toxic effects through aggregation and interactions with neuronal cell membranes [4]. These AP
interactions with the cell membrane [49] can result in increased membrane permeability and
calcium ion leakage, activating apoptotic pathways [85, 143, 144]. In addition, the influence of
non-Ap factors, like membranes, have been implicated to play a major role in the toxicity exerted
by AP [145]. Experimental studies show that monomeric AP can interact with neuronal
membranes and then seed the aggregation pathway [57], cause membrane destabilization of a raft
membrane [146], and bind electrostatically to the polar headgroups of a phosphatidylcholine
(PC) membrane [147]. Computational studies suggest that AP forms aggregates in the membrane
and does not exit the membrane [148] and that dimerization can occur in the membrane and
prevent AP release [149]. In addition, experimental and computational studies show that
secondary structure of AP can also influence type and degree of interaction with various
membrane environments [150-152], in addition to membranes influencing the secondary
structure of AP [153-155]. Taken together, it becomes evident that the starting structure, species
(monomer, dimer, trimer, etc.), and position of AP relative to model membranes can critically
influence aggregation of A and its interaction with membranes. Lipid type and composition of
the membrane can also greatly affect these protein-membrane interactions.

Lipid type and composition have often been variables in studies that detail the interaction of A
with membranes, making it hard to compare between studies with different experimental design
and conditions. Some studies focus on a specific membrane composition (zwitterionic or
anionic) [156-158] or the role of cholesterol or ganglioside-GM1 [67, 150, 159-162] related to
AB-membrane interactions. In order to assess the influence of lipid type on AP membrane-
interactions, a variety of model membranes were utilized in the present study to systematically
compare effects of lipid type under the same conditions and parameters. Lipids most commonly
found in eukaryotic cell membranes were utilized to mimic peptide-membrane interactions that
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may be physiologically relevant [163, 164]. In addition, since the focus of this study is to assess
the influence of AP toxicity, lipid types and domains most frequently found in neuronal cells
were utilized [165, 166]. Model membrane systems used in this study included single component
phospholipid bilayers (zwitterionic palmitoyloleoylphosphatidylcholine (POPC) and anionic
palmitoyloleoylphosphatidylserine  (POPS)), a two component bilayer (1:1 POPC:
palmitoyloleoylphosphatidylethanolamine (POPE)), a raft bilayer (Raft) containing 1:1:1
POPC:cholesterol:palmitoylsphingomyelin (PSM), and the previously mentioned raft bilayer
containing 6.67% ganglioside-GM1 on one leaflet (Raft + GM1). These model membranes are
comparable to those used in a previous study, allowing for comparison with those results [65].

Finally, in order to assess AP-membrane interactions and their relationship to toxicity, both
human and rat versions of AP were studied in the presence of the model membranes discussed
above. Studies have indicated that the hallmark characteristics of AD are absent in wild-type
rodents [167-169]. Moreover, transgenic mice and rats expressing the human A variant are used
to study AD and they are observed to form plaques and exhibit symptoms characteristic of
cognitive dysfunction. Murine and rat (Rattus norvegicus) AP display high sequence identity to
human AP, with only three amino acid differences (R5G, Y10F, and HI13R) (Figure 3.1), but
murine/rat AP exhibits decreased fibril formation with age [170-172]. A notable difference
between rat Ap and human A sequences is the positioning of an arginine residue. The role of
electrostatics influencing the protein-membrane interactions has been briefly discussed [147] and
provides an interesting avenue for deepening our understanding of mechanistic details of AD. By
studying both the human and rat variants of AB»), assessment and comparison based on position
of a positively charged residue can be performed. It is hypothesized that the position of arginine
is influential in AB-membrane interactions given the role of electrostatics in peptide-membrane
interactions. From here, assessment on the role of sequence and lipid type on membrane
perturbation and the influence of the membrane on A can be performed.

The use of molecular simulations to study the atomistic detail of AB-membrane interactions and
complement experimental work has greatly increased. Molecular dynamics (MD) simulations are
well-suited to explore peptide-membrane interactions and determine the degree of influence of
lipid types on AP-membrane interactions as well as to also assess key residues of AP that are
dictating the interaction [173]. In this study, particular care was taken in selecting the starting
structure of AP and its initial position relative to the model membranes. It is in the scope of this
report to show the interactions of monomeric human or rat ABuz (HAPwu2) and RABuy),
respectively) in what might mimic the events after proteolytic cleavage and release from the
membrane, without bias related to peptide placement on the model membranes. This simulation
system follows the generally accepted progression of the aggregation pathway, in that
monomeric A4z can progress to form oligomers and fibrils or interact with the neuronal cell
membranes as monomers or higher order structures [174]. The center of mass (COM) of each
equilibrated A4 starting structure was placed at least 3.0 nm away from each model membrane
to provide non-biased interactions with the membrane (Figure 2). Herein, this study seeks to
comparatively assess how HAP42) and RAB4,) interact with various model membranes and the
role of electrostatics on peptide-membrane interactions, ultimately providing insight into the
molecular mechanisms of toxicity leading to AD.
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3.3 Methods

3.3.1 System Construction and MD Simulations - Starting Structures of A4,

The starting structure of APuz) utilized in MD simulations can greatly influence peptide-
membrane interactions. To mimic the structure of AP in solution, molecular dynamics
simulations were performed on human (Homo sapiens) and rat (Rattus norvegicus) APuo)
(HAP42) and RAP42), respectively) in water and salt, with the resulting structures being used in
subsequent simulations with model membranes. The starting coordinates of HAB42) were taken
from PDB entry 1IYT [175], a NMR solution structure in an apolar environment. RABuz)
coordinates were generated by taking the 1IYT structure and changing three residues, R5G,
YIOF, and HI3R  (Figure 3.1), using DeepView-Swiss-PdbViewer [176]
(http://www.expasy.org/spdbv/). The sequence reference for RAPw4y) is UniProtKB - P08592,
residues 671-713. The lowest energy rotamer of each altered amino acid sidechain was selected.
Residues were deprotonated or protonated to mimic the most prevalent ionized species at pH 7.4,
with the ionizable residue sidechains charged as follows: Glu and Asp (-1), His net-neutral, and
Lys and Arg (+1). Structures were then centered in a dodecahedral box with a minimum solute-
box distance of 1.0 nm and solvated with SPC water [114]. Na’ and Cl ions were added to
mimic a concentration of 0.150 M NaCl and to maintain a net-neutral system. All simulations,
including peptide-membrane simulations described below, were performed using the
GROMACS software package, version 4.6.0 [68, 115] and the GROMOS53A6 force field [70].
Energy minimization on the structures was performed using the steepest descent method. System
equilibration was performed in two steps, NVT and NPT. Three replicates, defined as
independent trajectories started with different random starting velocities in NVT, were
performed for both HAB42)and RAB2) in 0.150 M NaCl. The first equilibration step, NVT, was
applied to the system for 100 ps using the Berendsen weak coupling method [116] to maintain a
temperature of 310 K. Following NVT, NPT was performed for 100 ps, using the Nosé-Hoover
thermostat [74, 75] and Parrinello-Rahman barostat [76, 77] to maintain temperature (310 K),
and pressure (1 bar). For both NVT and NPT, position restraints were imposed on all protein
heavy atoms. After equilibration, position restraints were removed and MD simulations were
performed using three-dimensional periodic boundary conditions, with bond lengths constrained
using P-LINCS [117], allowing an integration time step of 2 fs. Short-range cutoffs for all
nonbonded interactions were set to 1.2 nm and the smooth particle mesh Ewald (PME) method
[79, 80], with cubic interpolation and Fourier grid spacing of 0.16 nm, was used to calculate
long-range electrostatic interactions. Simulations were run to 200 ns, when it was observed that
backbone root-mean-square deviation (RMSD) and secondary structure of HABw42) and RAPB42)
were stabilized, with stabilization classified as no major structural changes during the last 100 ns
of simulation time. Secondary structure was evaluated according to the DSSP algorithm [118].
Backbone RMSD clustering, using a cutoff of 0.2 nm was performed using the method of Daura
et al. [119], and structures that were the center structure of the largest cluster for the last 100 ns
of simulation time were then placed in the presence of model membranes (Fig. 3.S1).

3.3.2 System Construction and MD simulations — Peptide-Membrane Systems

Each structure of HABu2) and RAPz), derived from clustering as described above (Fig. 3.S1),
was randomly placed above a model membrane so that the minimum atom distance between a
protein atom and membrane atom was at least 2.4 nm (Figure 3.S2, Table 3.1). Allowing the
peptide to potentially change structure and direction before interaction with the model
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membranes can provide insight into what amino acids are acting as the driving force of
interaction, rather than biasing interaction by placing the peptide on or within long-range
interaction distances to the membrane. Model membranes used in this work include: (1) POPC,
(2) 1:1 POPC/POPE, (3) POPS, (4) Raft (1:1:1 POPC/PSM/cholesterol) and (5) Raft + 6.67%
ganglioside-GM1 (Raft + GM1). The coordinates and topologies for the membranes were based
on previous work [71, 177-180]. Details of membrane composition, size, and minimum distance
of human or rat ABu4z) to the membrane are shown in Table 3.1. Three replicates, with each
replicate containing a starting structure from replicates 1-3 of the peptide in 0.150 M NaCl
solution simulations, were run for each model membrane for human and rat ABuy) . In total, 15
simulations of 300 ns were run with HAB42) and each lipid type and 15 simulations were run
with RAB42) and each lipid type, totaling 9 ps of simulation time for peptide-membrane
simulations

Table 3.1. Details of System Contents.

Membrane Membrane Membrane Minimum Distance between
Composition Dimensions (nm - x Peptide + Membrane (nm)
X y x z ) after energy HAB@42) RABwu2)
minimization
POPC 128 POPC 6.34 x 6.31 x 15 Rep 1: 3.2 Rep 1: 2.8
Rep 2: 2.8 Rep 2: 3.0
Rep 3:3.1 Rep 3: 3.0
POPS 128 POPS 548x5.74x 15 Rep 1: 2.8 Rep 1: 2.8
Rep 2: 3.0 Rep 2: 2.8
Rep 3: 3.0 Rep 3: 2.9
POPC:POPE 144 POPC 8.90 x 8.90 x 15 Rep 1: 3.1 Rep 1: 3.0
144 POPE Rep 2: 2.9 Rep 2: 3.1
Rep 3: 3.1 Rep 3: 3.0
Raft 129 POPC 8.75x8.75x 15 Rep 1: 2.9 Rep 1: 2.6
119 PSM Rep 2: 3.0 Rep 2: 2.6
121 Cholesterol Rep 3: 2.8 Rep 3:2.5
Raft + GM1 129 POPC 8.67 x 8.67 x 15 Rep 1: 2.5 Rep 1: 2.5
94 PSM Rep2:2.4 Rep 2: 2.7
121 Cholesterol Rep 3: 2.5 Rep 3: 2.6
25 GM1

After the peptide was randomly placed at least 2.4 nm away from the membrane, the peptide-
membrane system was solvated with SPC water [114], and Na" and CI ions were added to
mimic a concentration of 0.150 M NaCl and to maintain a net-neutral system. The equilibration
(energy minimization, NVT, NPT) and MD simulation protocols for the peptide-membrane
simulations were the same as the protein in solvent simulations, with the following additions or
modifications. An annealing step was added after NVT equilibration, which linearly heated from
100 to 310 K, at 1 bar pressure for 1 ns using the Berdensen algorithm [116]. The protein,
membrane, and solvent (water and ions) were coupled separately and position restraints were
held on all protein heavy atoms during all steps of equilibration (NVT, annealing, NPT) and
released during MD simulations. Short-range nonbonded interactions were set to 1.2 nm. MD
simulations were run for 300 ns, which exceeds literature values of 100-200 ns in simulation
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time as being appropriate and adequate to observe changes in both the peptide and membrane as
a result of their interaction [63, 65, 149]. In addition, backbone RMSD and secondary structure
of the peptide were used to determine convergence, which was defined as A2 being stable and
unchanging in its interaction with the membrane. A simulation to 1.5 ps of HAB42) with POPC
was performed to test for further insertion into the membrane. This longer simulation showed
that the peptide did not insert further into the membrane and remained in a position similar to
that at the end of 300 ns (Fig. S2), also indicating that 300 ns was an adequate duration for
peptide-membrane simulations. All analysis was performed using programs within the
GROMACS program suite or in-house written scripts. In addition to DSSP, assessment of
secondary structure was performed by using free energy calculated by generating histograms
from backbone f and y dihedral angles according to equation (1)

AG((I)' IIJ) = _kaln[P(¢' l/)) — Bnax] (D

where Pnay s the (fy) pair with maximum probability, thus corresponding to a free energy value

of zero. Deuterium order parameter analysis was performed to assess the order of the lipid acyl

chains, relative to the bilayer normal. Equation (2) explains the how these parameters are

calculated.

3cos?0-1
2

—Sep = ) 2)

where 0 is the angle between the C-D bond and bilayer normal and angle brackets represent that
the 0 value is averaged over all equivalent atoms (e.g., all C2 on the lipid acyl chain) over the
time period analyzed. In addition, in order to determine local and global affects of Af2) binding
to the membrane, a lipid tier analysis (Fig. 3.S5) based on the work of Bachar and Becker was
performed [181]. Analysis on area-per-lipid (APL) and membrane bilayer thickness was
performed using GridMAT-MD [182]. All averages presented represent the average of three
replicates for that simulation set. PyMOL was used for visualization of results [120]. Results
were subjected to statistical analysis using a two-tailed #-test, with statistical significance
determined if p < 0.05.

3.4 Results and Discussion

The aggregation pathway of APz is not well understood and focus is currently shifting towards
understanding the generation and actions of low-molecular-weight oligomers of Apz) that may
be the most toxic species [174]. Cleavage and release of ABu») from the neuronal cell membrane
is an important part of this aggregation pathway, and ABuz) typically proceeds through several
intermediate structural forms, transitioning from helix to random coil to B-hairpin/B-strand in the
aggregation of monomeric AP to fibrillar A [183, 184]. Because one of the primary routes
hypothesized for A toxicity is neuronal cell membrane disruption, the interaction of AP species
present in the extracellular region of neuronal cells must be understood in detail.

Another novel component of this study was to include the rat variant of APz Few MD studies
of rat APuy) are reported in the literature [185, 186], providing an avenue to explore how the
three amino acid differences (Figure 3.1) affect the structure and dynamics of APz and
interaction with model membranes. Rat APuz) does not display the hallmark traits of plaque
formation or neuronal cell death, providing an interesting, unexplored comparison to HAP42)
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[167-169]. It is proposed that the change in position of arginine between HAPB2) and RAB42) can
influence the conformational state of the peptide and its degree and type of perturbation on
model membranes. By studying both HAB42)- and RAB42)-membrane interactions, we can assess
the role and position of arginine in the APuz sequence and its potential for toxicity. The
influence of the position of the arginine is discussed below in regards to its role in membrane
perturbation and its role in potential toxicity relevant to HABz) .

|

Human AB,,: DAEFRHDSGY ,,EVHHQKLVFF, AEDVGSNKGA, IGLMVGGVV, JA,,
Rat AB,,: DAEFGHDSGF, EVRHOKLVFF,,AEDVGSNKGA , IIGLMVGGVV, A,

Figure 3.1. Sequence comparison of human and rat APBuz. Residues are represented as
hydrophobic (black), polar (green), positive charge (blue), and negative charge (red). Arrows
indicate variance between sequences.

We begin the discussion by describing the approach and results found for this study to answer
the following questions: (1) What effect do model membranes with varying lipid composition
have on the secondary structure of ABu2)? , (2) How does A2y cause membrane perturbation?,
and (3) By comparing HABu42)- and RAP42)-membrane interactions, what role does sequence
play in these peptide-membrane interactions?

3.4.1 Effect of Model Membranes on the Secondary Structure and Aggregation
Potential of HAP4;) and RAB 4,

For these simulations, the selection of the GROMOSS53A6 force field was appropriate given that
it has been shown to reasonably reproduce key structural features of monomeric AP [72], has
been used in used in multiple AB-membrane simulations [64, 65, 149, 157], and contains
parameters for a commonly used lipid force field [71]. Starting structures of HAB42) and RAP2)
for simulations in the presence of membranes were selected after equilibration and MD
simulations of the NMR structure (PDB ID: 11YT) in water and 0.150 M NaCl. The structure of
RAB42) was generated by using SwissModel [176] to alter amino acids (R5G,Y10F, H13R) in
the NMR structure of HAP42) to match the RAP42) sequence. HAB42) and RAP42) lost most of
the initial a-helical structure during MD simulations and adopted a mixture of random coil and -
strand structure, consistent with reports in both experimental and computational studies (Table
3.2) [101, 185, 187]. Three replicates of both HAB42) and RAB42) in solution were performed
and a representative structure from each replicate, as determined by RMSD clustering (Fig.
3.S1), was randomly placed above each model membrane at a distance beyond the cutoff for
long-range interactions (Figure 3.2). This specific approach has not yet been utilized in all-atom
MD simulations and provides an interesting perspective, as well as extensive sampling, in how
extracellular, monomeric species of Af42) interact with model membranes.
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Figure 3.2. Depiction of starting and final position of HAB4,) relative to POPC membrane. The
peptide is shown as a cartoon, with secondary structure colored blue (B-strand) and gray (coil).
N-(blue) and C-(red) termini are shown as spheres. Lipids are shown as gray lines, with the
phosphate atom shown as tan spheres. The left panel shows the starting position of HABw4z)
relative to a POPC membrane at the start of MD simulation, whereas the right panel shows the
cluster structure of the last 100 ns of simulation time of HAPB4») interacting with the POPC
membrane.

The structures of HAPu2) and RAPw) after MD simulations in solution exhibited large
percentages of random coil (73 + 4 and 66 + 7), with regions of B-strand structure (23 + 4 and 27
+ 5, respectively) developing primarily in the C-terminal region (Table 3.2, Figure 3.3). There
are no amino acid differences from residues 30-42 in the human and rat ABu,) variants, so the
similar amounts of fB-strand structure in the C-terminal region were expected. Slight variation
between HABu2) and RAP42) manifests in residues 10-20, which houses the central hydrophobic
core (CHC — residues 17-21), with the presence of a-helical structure being slightly greater in
RAPBu2) than in HAB42). This increase in a-helical structure in RAB4,) is most likely influenced
by Arg-13, given that arginine has a higher propensity of being found in a-helical structure
[188], and may affect the structure of the CHC region due to its proximity to that region (Figure
3.3). Studies have shown that residues 17-21 are the shortest fragment of AP to form B-strand
structure and are essential in full length AP oligomer formation [189], which makes the increase
of B-strand structure in residues 10-20 in HAB42), as compared to starting structures, interesting
and relevant to potential aggregation ability. The higher propensity for the CHC region of
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RAB42) to adopt a-helical structure compared to the CHC region of HAP42) was even more
evident in the simulations with model membranes, further confirming a role for Arg-13 in
RAPB42) in influencing secondary structure and aggregation potential (Figure 3.3).

Table 3.2. Average secondary structure composition (shown in %) of HABuz) or RAB2) .”

Coil [_strand a-helix
System HAB4 RAB4 HAB4» RABs» | HABsn | RAB
Starting Structure 73+4 66 +£7 23 +4 27+5 4+4 7+7
POPC 73£5 71+9 27+£5 23+ 10 0+0 6+8
POPS 75+6 63+15 23+4 28+9 2+3 9+8
POPC:POPE 7710 | 72+10 23+9 27+£5 0+0 1+£1
Raft 72+£2 66 £ 10 28 +3 28+ 13 0+0 6+11
Raft + GM1 74 +£9 63+10 23+7 30+ 13 3+1 7+9

“ Percentages represent averages over the final 100 ns of simulation time for three replicates of
each system, with corresponding standard deviations.
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Figure 3.3. Frequency of average secondary structure per residue of Af4, in the presence of
model membranes. Frequency is calculated over the last 100 ns of simulation time for each
replicate. B-strand structure is shown in blue, a-helix is in red (Human A4, —solid line, Rat AP,

— dashed line).

Although some differences in secondary structure were apparent in particular segments of
HAPB2) and RAB4,) when evaluated by residue, including some changes in the presence of the
membrane systems (Figure 3.3), an analysis of secondary structure for the entire peptides did not
show statistically significant differences (Table 3.2). However, some general trends were
evident. For example, secondary structure of HAB2) and RAP42) was not influenced by POPS,
POPC:POPE, and Raft + GM1 membranes. This result was interesting in that Manna et al. have
reported an increase in B-strand formation in the presence of GM1 containing membranes [160].
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A measurable, but not significant, increase in B-strand content was observed in the presence of
pure POPC and Raft membranes (23 +£4 to 27 =5 and 28 =+ 3, respectively) for HAP42) but not
RAP2) (Table 3.2). These results were further supported by Ramachandran plots (Fig. 3.S3),
which showed a decrease in sampling of a-helical structure and an increase in B-strand structure
for HAB42) with POPC and Raft membranes relative to the starting structures based on visual
analysis. The change in secondary structure in HAB42) with POPC and Raft membranes was not
observed with RAB42) with POPC and Raft membranes, indicating this measurable difference
was specific to HAB4,) interactions with POPC and Raft membranes.

Visual analysis of the structures of HAP42) and RAP42) in the presence of membranes revealed
interesting differences. When qualitatively looking at results in the presence POPC and Raft, it
was observed that HAP42) was interacting with the membrane in a way that indicates potential
for another peptide to form an extended B-sheet structure with the bound HA 4z (Figure 3.4).
This aggregation potential is best described by the positioning of the -sheet structure as parallel
to the plane of the bilayer and exposed to solvent, rather than vertical or masked by another
region of APz not exhibiting B-strand structure. This difference in positioning of B-strand
structure was observed when comparing HAB42) with POPC and Raft membranes to HABuz)
with POPS or any RA42) membrane system (Figure 3.4). These quantitative (Table 3.2) and
visual (Figure 3.4) data reveal that the structure of HAB2) was slightly influenced by POPC and
Raft membranes only, whereas membranes had little to no influence over RAB42) structure,
suggesting the potential for greater aggregation of HAP(42) over RAB(42) in the presence of
these lipid microdomains.
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Figure 3.4. Dominant morphologies of A interaction with model membranes from RMSD
clustering. A representative replicate from each simulation set was chosen for clarity. The
representative replicate was chosen based on similarity to secondary structure average. The
structures shown are the central structure of the first cluster, as based on RMSD clustering with a
cutoff of 0.2 nm. Percentages represent the number of frames each structure represented over the
last 100 ns. The peptide is shown as a cartoon, with secondary structure colored blue (B-strand),
red (a-helix), and gray (coil). N-(blue) and C-(red) termini are shown as spheres. Lipids are
shown as gray lines, with the phosphate atom shown as tan surface for perspective. Key residues
based on distance plots are shown in green stick and labeled.

3.4.2 HAPB4,) and RAPB 4, Binding Causes Membrane Rigidification

By placing the peptides above each model membrane at a distance beyond the cutoff for long-
range interactions, so as not to bias the regions of APuz that interacted with the model
membranes, we could assess key residues that might drive the interaction between the peptide
and model membranes. To insure that 300 ns was an adequate length of time for simulations, a
simulation of HABu, with POPC was also run for 1.5 ps. There was no observable change in
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residue insertion depth or effect on the membrane between 300 ns and 1.5 ps (Fig. 3.S2),
indicating that our simulation time of 300 ns was appropriate. While other studies have shown
that AP can penetrate below the headgroup region and into membranes [49, 152, 190], this
observation is most likely influenced by the starting structure, typically a-helical, and the
position of the peptide relative to the membrane. It is concluded that by not pre-embedding or
positioning AP into/on the membrane and using a starting structure consisting of mostly random
coil and B-strand structure, it is not favorable for HAB2) and RABuz) to insert into the bilayer
under our simulation conditions. Instead, HAB4») and RAPu4») interact predominantly with the
polar headgroups, supporting the proposed carpeting effect model [191] or sinking-raft model of
peptide-membrane interactions [192]. The surface interaction that was observed in our study,
rather than penetration, can potentially allow other AB2) peptide species to interact with APz
monomers already associated with the surface of the membrane. This finding relates well to
other studies that discuss the role of monomeric AB—membrane interactions being the start of a
seeding event for AP aggregation and fibril formation [193].

Experimental studies indicate that membrane fluidity decreases when AP interacts with model
membranes [194-196]. The effect of HAPwu2 and RAPu2 on membrane fluidity in our
simulations was determined by calculating area-per-lipid (APL) (Table 3.3), bilayer thickness
(Table 3.4), and deuterium order parameters (Figure 3.5). To assess the degree of perturbation
that was caused by APu2) interaction and binding to the polar headgroups, control simulations of
the model membranes in a solution of water and 0.150 M NaCl were performed and run to 300
ns. One of the interesting and significant indications of membrane perturbation as caused by
HABu2) or RABu2) binding were the results relevant to APL (Table 3.3) and the supporting
trends observed in bilayer thickness (Table 3.4). A reduction in APL, as compared to controls,
corresponds to a rigidification of the membrane as the lipids pack closer together as a result of
peptide binding. The increase in rigidification of the membranes produced by HAB42) compared
to the controls, from greatest effect to least effect, was POPC > POPC:POPE > POPS > Raft >
Raft + GM1. As noted in Table 3, the effects of HAB42) binding are statistically significant,
compared to controls, in systems with POPC, POPS, POPC:POPE, and Raft with HAP ).
RAB42) also caused rigidification, usually to a lesser extent as compared to HABu2), in the
following order: POPS > POPC:POPE > POPC > Raft > Raft + GM1 (Table 3.3). Bilayer
thickness provides a corresponding measure of membrane fluidity, with increasing thickness
indicating greater rigidification, as the lipid tails become more ordered and extended as the lipids
pack closer together. Although the effects of HABu2) and RAB2) on bilayer thickness were not
as dramatic as those for APL since thickness is for the entire bilayer rather than leaflet, the
general trend again was indicative of increased rigidity in the same order of effect described
above for HAPBu42) and RAPB42) (Table 3.4). APL and bilayer thickness showed no change as
compared to the control for HAB42) and RAB4») in the presence of Raft + GMI1 (Tables 3.3 and
3.4), which will be discussed below in greater detail.
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Table 3.3. Area per lipid head group (mean + SD) in A? (% difference from controls) for the
interacting leaflet over the last 100 ns of each trajectory.

Control HAB@42 RAB42)
POPC 62+ 1 5141 (-18%)* 53 £ 1 (-14%)*
POPS 50.6+£0.3 45 +£2 (-11%)* 42.6 £0.3 (-16%)*
POPC:POPE 545+04 48 1 (-12%)* 47 +2 (-14%)*
Raft 41.2+0.1 38 +2 (-8%)* 40 + 2 (-3%)
Raft + GM1 42.4+0.2 419+0.2(-1.2%) 41.5+0.2 (-2.2%)

“ Statistically significant differences from controls are designated with an asterisk.

Table 3.4. Bilayer thickness (mean + SD) in nm (% difference from controls) over the last 100 ns
of each trajectory.

Control HAB@42 RAB42)
POPC 3.9+0.2 42+0.1 (+7%) 4.1+0.1 (+5%)
POPS 45+0.1 4.7+ 0.1 (+4%) 4.8 +0.1 (+7%)
POPC:POPE 42402 4.4+0.1 (+6%) 4.4+ 0.2(+6%)
Raft 43+0.2 4.3 +£0.1 (x0%) 4.3 £0.1(x0%)
Raft + GM1 44+0.3 4.4+0.1 (x0%) 4.4+ 0.3 (£0%)

APL and bilayer thickness analysis metrics allowed for an understanding on the type and degree
of perturbation on the global level of the model membrane, whereas deuterium order parameters
(Scp) on lipids in closest proximity to the peptides, termed first tier lipids by Bachar and Becker
[181], were studied to understand perturbation at the local site of peptide-membrane interaction.
Scp on all lipid tiers and full leaflets were performed and showed similar trends to the first tier.
HAPB42) binding to all membranes except Raft + GM1 increased the Scp value of the sn-1 chain
of lipids closest to peptide binding compared to the control. RAB42) binding to all membranes
except Raft and Raft + GM1 similarly showed increased values of Scp relative to the controls.
An increased Scp value represents more ordering of the lipid tails, consistent with APL and
bilayer thickness results supporting rigidification of the lipids as a result of peptide binding. The
increase in Scp value varied among lipid types based on HAP42) or RAB42) binding and agrees
with results and order of effect observed in APL and bilayer thickness analysis metrics (Figure
3.5). For example, HAP42) binding showed greater disruption and ordering of POPC and
POPC:POPE membranes than POPS membranes in all analysis metrics. This observation
indicates an ability to disrupt zwitterionic membranes to a greater extent than anionic
membranes, most likely due to side chain insertion depth dictated by position of charge, either at
the membrane/water interface or in the phosphate region of the membrane.
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Figure 3.5. Deuterium order parameters on lipids in closest proximity to ABg4. Average
deuterium order parameters (Scp) of palmitoyl (sn-1) chain of PO lipids in model membrane
simulations. For clarity, only the sn-1 chain is shown; however, parameters were also analyzed
on the sn-2 chain and showed similar trends. The 1% tier of lipids, as based on the method of
Bachar and Becker [181] was determined as the 16 lipids in closest proximity to the COM of
ABy4; on the model membrane. Control (no peptide present) parameters for each carbon in the
lipid chain are shown in black, with the average parameter over three replicates being shown for
HAB4)(red) and RAB»)(blue) for each membrane simulation set.

In order assess if either HAB42) or RAB4») binding effected the degree of membrane perturbation
for each lipid type, it was also of interest to compare deuterium order parameters, APL, and
bilayer thickness for each membrane type after interaction with either HABu42) or RABu2). An
interesting trend was observed related to degree of membrane perturbation in certain lipid types.
This observation is best shown by comparing degree of perturbation in APL and deuterium order
parameters, where it was observed that POPS lipids were perturbed to a greater extent in the
presence of RABu2) than HAB2). Interestingly, POPC and Raft lipids were perturbed to a greater
extent in the presence of HABuz) than RAPu4y) (Figure 3.5, Table 3.3). While not statistically
significant in difference, we felt that this trend was worth discussion and can aid in the
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discussion on the role of sequence in AB-membrane interactions. POPC and Raft membranes
both have net-neutral lipid headgroups that do not have the ability to hydrogen bond with AB),
whereas POPS and POPE lipids have either negatively charged or lipid headgroups capable of
hydrogen bonding. HAPu2 perturbed lipid types whose headgroups lacked charged and
hydrogen bonding capacity to a greater extent compared to RAP42) . which perturbed lipid types
whose headgroups were charged or had hydrogen bonding capacity. Interestingly, POPC and
Raft membranes are found in higher concentration in the exofacial leaflet of cell membranes,
whereas POPS and POPE lipid types are found in higher concentration in the cytofacial leaflet.

Finally, the results discussed above also indicate that lipid composition plays a major role in the
amount of perturbation that HABu2) or RAB42) binding can impose on a model membrane. The
role of lipid composition, specifically the influence of the added cholesterol in a Raft membrane,
on degree of membrane perturbation was also observed for Raft simulations with both ABuz)
variants. By comparing the difference in extent and amount of perturbation caused by HAB4z)
and RABz) to a pure POPC membrane compared to a Raft membrane (18% vs. 8 % and 14% vs.
3%, respectively for change in APL relative to the control), a decrease in perturbation effects is
observed. This decrease in perturbation effects, as characterized by a minimal change in
deuterium order parameters, APL, and bilayer thickness relative to the control, indicates that
while HABu42) or RABwu2) bound to the membrane headgroup region, with some positively
charged residues interacting with the phosphate region (Figure 3.6), HAP42) or RAB42) binding
did not effect lipid order to the extent that was observed in other model membranes. Therefore, it
was concluded that cholesterol appeared to moderate the effect of ABu) binding on membrane
integrity based on all analysis metrics related to membrane integrity (Figure 3.5, Table 3.3 and
3.4) in our simulations, correlating with experimental findings [151].

3.4.3 Positively Charged Residues Influence HAB4;) and RAB4;) Binding

Some studies have noted the potential role of the N-terminal region in AB-membrane interactions
[64, 65], though other studies disregard this region because it is not well resolved in structures
that are reported [152, 197]. Our study concludes that the N-terminal region is important in that
the change in position of the arginine ultimately affects the interaction of HABu2) and RABuy)
with model membranes and influences the degree of perturbation observed (Figure 3.6). In order
to assess what aspects of APy binding were causing the rigidification previously discussed,
analysis of residue insertion depth was performed. By examining residues that had the highest
probability of inserting into the membrane, it is concluded that positively charged residues
consistently get the closest to the phosphate atom in the lipid headgroups, as would be expected,

but the position of the positive charges in the sequence influences the nature of the interactions
(Figures 3.4 and 3.6).
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Figure 3.6. Global normalization of the frequency of AP residue center of mass (COM)
occurrence at a distance, on the z-axis, from the COM of the membrane bilayer. Each plot
contains all data points from 3 replicates in each simulation over the last 100 ns of simulation
time. Residue number and distance (nm) are plotted on the x- and y- axis, respectively. The black
dotted line represents the position of the phosphate atom in the lipid headgroup.
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With HAB42), close interactions are observed at residues Arg-5, Lys-16, and Lys-28 for most
lipid types (Figure 3.6). However, the absence of the positive charge at position 5 in RABuy)
affects the interaction of the N-terminal region with the membranes, most notably with POPC,
POPS, and raft membranes. With HAP42). the N-terminal region has a very high probability of
being embedded in the phosphate headgroups (the notable exception with Raft + GM1 will be
discussed below). However, the N-terminal region (residues 1-5) in RAPuz) samples two
positions relative to the bilayer (Figure 3.6). One region is closer to the phosphate headgroups as
is seen with HAB42), whereas the second region is approximately 2 nm further away from the
phosphate headgroups. This trend in sampling of the N-terminal position relative to POPC,
POPS, and Raft membranes indicates that by changing arginine to glycine at position 5, key
interactions are lost with these membranes. Lys-16 and Lys-28, which are common to both
HAPBu2) and RAPB42), appear with high probability at or near the phosphate atoms for all model
membrane interactions, and Arg-13 in RAPuz) likely contributes to these interactions. This
finding gives insight as to why molecular tweezers that target Lys-16 and Lys-28 have been
successful in attenuating AP toxicity [198, 199] and suggests a rational way to target APz
membrane interactions.

Further support for a role for Arg-5 in influencing HABu2)-membrane interactions comes from
quantitating the number of hydrogen bonds between amino acid side chains and model
membranes in the N-terminal region (Fig. 3.S4). An increased number of hydrogen bonds is
particularly apparent in the N-terminal region, and more specifically at position 5 in HAPB2)
relative to RAPu2). In addition, with an arginine at position 13 in RAPw42), an increased
probability of hydrogen bonds is observed relative to HAPB2), but that region of the peptide
would be expected to have an increased frequency of hydrogen bonds due to K16. The role and
position of Arg-5 in HAP42) was also confirmed by visually examining each replicate cluster
structure (Figure 3.3) and monitoring the MD trajectories. In simulations of HAB42) with POPC
and Raft, the trajectories very clearly show the peptide reorienting as it approaches the
membrane such that the N-terminal region is directed towards the membrane. The N-terminal
region, including Arg-5, then bound to the model membrane. This change in orientation from the
randomly placed starting structure was not observed in simulations of RAB42) with POPC and
Raft. While the N-terminal region of RAP42) was observed to interact with other membranes
(POPS, POPC:POPE), the change in orientation in the solvent and movement towards the
membrane were not as distinct in terms of specific rearrangement before interacting with the
membrane. These results, including depth of penetration, hydrogen bonding, and visual analysis,
together indicate that the change in position of Arg-5 to Arg-13 influences the entire N-terminal
region of residues 1-10, affecting the type and degree of interaction with model membranes.

Ganglioside-GM1 essentially blocked HAB42) from interacting with the lipid headgroups of
POPC and PSM. Ganglioside-GM1 carbohydrate groups bound with the N-terminal region of
HAPBwu2) , specifically Arg-5, and blocked HAB2) binding and insertion into the polar headgroup
regions of POPC and PSM. RAP4,) with Raft + GM1 results showed that the N-terminal region,
which lacks the positively charged Arg-5, inserted closer towards the lipid headgroups (Figure
3.6). The N-terminus of RAPuz) is able to insert deeper and interact more with the polar
headgroups of the Raft + GM1 membrane (Figure 3.6), given that the N-terminus of RAP42) is
lacking positive charge at position 5 and not hydrogen bonding as strongly to the carbohydrate
headgroup as HAB4») (Fig. 3.S4).
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These results combined gives precedence for the role and position of Arg-5 in mediating these
peptide-membrane interactions. Therefore, it is concluded that the specific positioning of Arg-5
in HABw42) is essential to the dynamics and interactions of A with model membranes,
ultimately relating into aggregation potential, as shown with secondary structure data (Figure
3.4, Table 3.3) and membrane perturbation abilities (Figure 3.5, Tables 3.3 and 3.4). Herein,
based on the results obtained by membrane perturbation analysis metrics and the influence of the
position of Arg-5 in the AP sequence and consequent membrane interactions, it is concluded that
the environment in which AP peptides are found is influential on their amyloidogenic properties,
which is also supported by recent experimental results [145]. These recent studies also suggest
that aspects that contribute to differences in peptide neurotoxicity between HAB2) or RABwuz)
are primary structure, assembly structure, and non-Ap factors [145]. Note that the rat referred to
in that study is Octodon degus, for which the common name is “degu”, which distinguishes it
from Rattus norvegicus, the sequence of which was used in our study and previous ones referring
to rat AP [167-171]. Most notably, only one amino acid sequence difference is present between
human and degu AP (H13R). In this study, we have shown that primary structure, relevant to the
change in position of arginine between HAB2) and RAB42) can influence folding properties and
potential for aggregation. We also find that non-A factors, represented here as multiple model
membranes, are influenced by the variation between HAB42) and RABu2) sequence, shown by
difference in type and degree of perturbation. Subsequent work on higher order structures of
HAPBu2) and RABy) is of great interest, and understanding the role of primary structure on these
difference in toxicity and can give important insight into therapeutic design.

3.4.4 Conclusions

This study applied MD simulations to systematically compare degree and type of membrane
perturbation caused by interaction and binding of AP, the principal toxic species in AD. In
particular, variance in perturbation and binding based on lipid type and AP sequence were
studied to assess the role of sequence and non-A factors on peptide-membrane interactions.
Starting structure and position of the peptide were found to be influential on AB-membrane
interactions in these simulations compared to previous computational studies. By placing ABuz)
above and outside of long-range interactions with model membranes, we were able to test how
extracellular, monomeric HAB42) or RAP42) interacted with model membranes. This approach
has not been utilized in previous MD simulations and gives a new perspective on Afuz—
membrane interactions and the influence of sequence, most notably a change in position of an
arginine. POPC and Raft membranes influenced secondary structure changes in HAB42), with the
changes suggesting an increase in potential aggregation ability (Figure 3 and 4). HAB42) and
RAP42) were both found to cause membrane perturbation, to varying extents based on lipid
composition, that resulted in the membrane becoming more gel-like and rigid (Figure 3.5, Tables
3.3 and 3.4). Cholesterol and ganglioside-GM1 attenuated the degree of perturbation that APz
exerted on the model membranes. While a test simulation run until 1.5 ps did not show HAB4z)
or RABuz insertion into the membrane, this observation could be a limitation of MD
simulations. Our results also highlight the susceptibility of certain lipid microdomains by APz
binding and the degree and type of perturbation in that positively charged residues were
determined to be of key influence and a driving force in APB-membrane interactions. This
observation may explain why targeting these residues has been successful in inhibiting the
toxicity of AP [198, 199]. The variance in membrane perturbation observed between peptides
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was determined to be due to the change of position of arginine (Figure 3.6), which ultimately
affected the dynamics and membrane interactions of RABu2)as compared to HAB4») (Figures 3.3
and 3.6). This study rationalizes the role of lipid type and sequence on Ap-membrane
interactions and demonstrates that a non-Af factor, membranes, is an important factor to
consider.
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Figure 3.S1. Dominate morphologies of human or rat ABs from RMSD clustering. Each
structure was respectively placed 2.4 nm away from model membranes to assess unbiased
interaction. The peptide is shown as cartoon, colored by secondary structure (grey-coil, blue-f3-
strand, red-a-helix). N-terminus is shown as blue sphere, while the C-terminus is shown as red
sphere. Percentages represent the number of frames during the last 100 ns of simulation time that
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are in the dominant cluster.

52



Figure 3.S2. Dominant morphologies of A interaction with POPC at (A) 300 ns and (B) 1.5 ps.
The peptide is shown as a cartoon, with secondary structure colored blue (B-strand), red (a-
helix), and gray (coil). N-(blue) and C-(red) termini are shown as spheres. Lipids are shown as
gray lines, with the phosphate atom shown as tan surface for perspective
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Figure 3.S3. Free energy surfaces constructed from Ramachandran plots of HAP4, and RAP4
before interaction with a membrane (starting structure) and after interaction with a membrane (as
labeled). Each plot is a composite image of the 3 replicates run for each simulation set.
Backbone ¢ and y dihedral angles are plotted on the x- and y-axes, respectively.
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Figure 3.S5. Lipid Tiers. The usage of lipid tiers, as discussed by Bachar and Becker [181], was
essential to analysis of local and global affects on the model membranes. The 1* lipid tier,
defined as the first 16 closest lipids to the COM of APa,, is shown as green, whereas the 2™ lipid
tier, defined as the second 16 closest lipids to the COM of AP4, is shown in pink. Phosphate
atoms are shown as tan sphere. AP, is shown as cartoon and colored by secondary structure
(grey-coil, blue-B-strand). Lipid tails not in the 1** or 2™ tier are not shown for clarity.
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4.1 Abstract

The aggregation cascade and peptide-membrane interactions of the amyloid B-peptide (Ap) are
implicated as toxic events in the development and progression of Alzheimer’s disease. APaz
forms oligomers and ultimately plaques; these oligomeric species have been hypothesized as the
main toxic species contributing to neuronal cell death. To better understand oligomerization
events and subsequent oligomer-membrane interactions of A4y, unbiased, all-atom molecular
dynamics (MD) simulations were performed to characterize both inter-peptide interactions and
perturbation of model membranes by the peptides. MD simulations were utilized to first show
formation of a tetramer unit by four separate AP, peptides. AP4, tetramers adopted an oblate
ellipsoid shape and showed a significant increase in B-strand formation in the final tetramer unit
relative to the monomers, indicative of on-pathway events for fibril formation The AP, tetramer
unit formed in the initial simulations was used in subsequent MD simulations in the presence of a
pure POPC or cholesterol-rich raft model membrane. Tetramer-membrane simulations resulted
in elongation of the tetramer in the presence of both model membranes, with tetramer-raft
interactions giving rise to rearrangement of key hydrophobic regions in the tetramer and the
formation of a more rod-like structure indicative of a fibril-seeding aggregate. Membrane
perturbation by the tetramer was manifested in the form of more ordered, rigid membranes, with
the pure POPC being affected to a greater extent than the raft membrane. These results provide
critical atomistic insight into the aggregation pathway of A4, and a putative toxic mechanism in
the pathogenesis of Alzheimer’s disease.
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4.2 Introduction

Aggregation of proteins into amyloid deposits is a common feature among dozens of diseases
[200]. Alzheimer’s disease (AD) is an amyloid disease that currently affects 5.3 million people in
the United States, with no current treatment to stop or slow the progression of the disease [5].
AD toxicity is associated with the aggregation and accumulation of the amyloid B-peptide (Ap)
in and around neural tissue [13, 16]. AP is generated by sequential proteolysis by B- and y-
secretase within the amyloid precursor protein (APP) [16, 27, 37], and variations in the
processivity of y-secretase give rise to multiple AP alloforms of different length [201, 202]. The
AP, alloform aggregates faster [203, 204] and is more cytotoxic than shorter alloforms [205].
Recent evidence suggests that low-molecular-weight oligomers of Af4, share common structures
and possible mechanisms of pathogenesis and are the most toxic agents contributing to AD [83,
206-208]. In addition, neuronal cell membrane perturbation by A is central to the pathology of
AD [173]. Understanding mechanistic details related to the formation of low-molecular-weight
oligomers and their role in membrane perturbation leading to neuronal cell death is essential in
assessing the cascade of events that results in AD.

An unambiguous definition of the most cytotoxic low-molecular-weight A oligomer in terms of
structure and size remains elusive [209, 210]. Some argue that it is not necessarily the size of the
AP oligomer that correlates with the highest toxicity, but rather the structure and organization of
the peptide. These structural states are assessed based on secondary structure elements retained
by the peptide, the density of the oligomer, and order of events leading to fibrillization [211].
The structural transition from the primarily a-helical monomer of AP after y-secretase cleavage
to a disordered ensemble in solution, and subsequent enrichment in B-strand structure [212] is
indicative of on-pathway aggregation [17, 18] and suggests an important role for the AP
monomer structure in oligomer and fibril formation [19, 203]. Events leading to the aggregation
of multiple Ap monomers into oligomeric forms can vary [4, 213]. In regards to the structural
makeup and size of toxic, oligomer AP species, multiple pathways are possible and structural
diversity of AP oligomers drives the aggregation pathway [211, 214, 215]. Multiple mechanisms
of toxicity may exist for different AP oligomers and each may be related to different
conformations adopted by the polymorphic AP [215]. Structural characterization of these
various oligomer species would provide necessary information into the various toxic states of
AB; however, details necessary for mechanistic insight are unattainable with the resolution of
current experimental techniques [216].

MD simulations are an essential complement to experimental studies and can provide key
insights into the aggregation pathways of low-molecular-weight AP oligomers and their
subsequent interactions with membranes and other proteins. Simulations of monomeric AP in
various solution environments have been performed [185, 187, 212, 217, 218], with a few all-
atom MD simulations on dimer formation [219, 220]. Discrete molecular dynamics (DMD),
replica exchange MD (REMD), and use of implicit solvent are techniques that have been used to
characterize structural ensembles of higher-order AP aggregates [220-223]; however, differences
in conclusions related to equilibrium ensembles are most likely associated with force fields and
sampling [173]. The present study utilizes unbiased, all-atom MD simulations of full-length
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AP42 on the microsecond scale to understand and provide insight into tetramer formation of A4,
as a foundation for studying higher-order oligomeric A4, aggregate formation.

Interactions of low-molecular-weight AP oligomers with membranes is also of interest, given
that membrane perturbation by Af is central to the pathology of AD [173]. AP aggregation is
accelerated in the presence of membranes, with electrostatic interactions potentially driving the
peptide-membrane interactions [224, 225]. However, few computational studies exist that
examine the dynamics of low-molecular-weight oligomers, like an A4, tetramer, in the presence
of a membrane. Computational studies have looked at the effect of rafts on membrane binding
and dimerization of AP [149, 226], whereas others have utilized pre-embedded oligomeric AP to
understand transmembrane structures [157, 227]. Currently, no study has utilized all-atom MD to
understand the effects of any AP4, oligomer of three or more peptides on membranes from a
starting position that is external to the membrane. By studying the interactions of an Afa;
tetramer binding to model membranes of a composition similar to those found in the eukaryotic
plasma membranes and in neuronal cells [163, 164, 166], the ability of low-molecular weight
APz species to perturb membranes can be characterized.

58



4.3 Methods

4.3.1 Tetramer Formation Simulations

A schematic image detailing experimental design can be seen in Figure 4.1. Simulations were
first performed to characterize A4, tetramer formation. In doing so, it was important to
carefully consider the starting monomer structure that would be utilized in these simulations. The
on-pathway, monomeric species sample a diverse conformational ensemble, consisting of a
mixture of random coil and B-strand structures, as shown in reports in both experimental and
computational studies [101, 185, 187]. As such, a starting structure that mimicked these
properties was preferred. To obtain this monomer starting structure, the structure of Af4, (PDB
1IYT) [175] was equilibrated and simulated in water and 0.150 M NaCl for 300 ns using the
protocol described below. Clustering was performed based on root-mean-square deviation
(RMSD) of backbone atoms to obtain a representative structure over the last 100 ns of simulation
time. Four copies of the representative structure (defined as the center structure of the most
populated cluster) were then placed randomly four times in a 12.7-nm cubic box, separating each
monomer by at least 1.7 nm to be beyond the non-bonded cutoff for van der Waals interactions.
A minimum solute-box distance of 3.0 nm was enforced. This system design resulted in a box
containing four equilibrated monomeric AP peptides that were separated by enough solvent and
ions to negate any bias due to van der Waals interactions. Each system was then solvated with
SPC water [114] and 0.150 M NaCl was added, including counterions to maintain a net neutral
system.

Tetramer

F

Tetramer ° +
Formation Membrane
- |
1us @ 1ps

Figure 4.1. Schematic for experimental design to understand interpeptide interactions and
potential rearrangement of interpeptide interactions when placed in the presence of membranes.
Interpreted from left to right, the far left segment shows the initial configuration for four Af4,
peptides placed at least 3 nm apart. Tetramer formation occurs during 1 us MD simulations. The
resulting tetramer is placed 3 nm away from either a POPC or raft model membrane and another
1 us MD simulation is conducted. A4, is shown as cartoon, colored by region (blue: residues 1-
10, grey: residues 11-16, 22-29, teal: residues 17-21, and red: residues 30-42). N- and C-termini
are indicated by blue and red spheres, respectively. Membranes are shown as grey sticks, with
the phosphorus atoms shown as tan spheres for perspective.
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4.3.2 Tetramer — Membrane Simulations

Representative tetramer structures were identified using RMSD clustering (as above) from each
replicate in tetramer formation simulations and were placed at a center of mass (COM) distance
of 3.0 nm away from pre-equilibrated POPC and raft [1:1:1
POPC:cholesterol:palmitoylsphingomyelin (PSM)] model membranes, yielding a minimum atom
distance between the tetramer and membrane of at least 2.4 nm. The coordinates and topologies
for the membranes were based on previous work [71, 178, 180]. The placement of the tetramer
far from the membrane was chosen to avoid biasing the initial approach of the tetramer towards
the membrane. Details on tetramer-membrane distance and membrane composition are listed in
Table 4.S1. Tetramer-membrane systems were solvated with SPC water [114] and 0.150 M
NaCl. Three independent simulations, initiated from different structures generated from the three
replicates of the tetramer-formation simulations described above were carried out with each
model membrane for 1 ps each, resulting in 3 ps of sampling time for the tetramer-membrane
simulations of each lipid type. Two control simulations of the POPC and raft membranes were
carried out in the absence of Af4,. These membranes were solvated with SPC water and 0.150
mM NaCl and simulated for 1 ps to assess membrane stability over long MD simulations and to
serve as a control for assessing membrane perturbation effects caused by interactions with the
Ap4; tetramer. All results presented for the control membrane simulations are averages over the
last 250 ns of simulation time.

4.3.3 General MD Simulation Protocol

All simulations were run using the GROMACS software package, version 4.6 [68, 115] and the
GROMOS96 53A6 force field [70]. Systems were energy-minimized using the steepest descent
method, and three replicates, defined as independent trajectories initiated with different random
velocities in a canonical (NVT) ensemble, were performed separately for tetramer formation and
tetramer-membrane simulations. One simulation was performed to obtain the monomer starting
structure of AB. NVT was applied to the system for 100 ps using the Berendsen weak coupling
method [116] to maintain temperature at 310 K. An additional annealing step was added after
NVT equilibration for tetramer-membrane simulations, which linearly heated the system from
100 to 310 K, at 1 bar pressure for 1 ns using the Berendsen algorithm [116]. Following either
NVT or annealing depending on the system, an isothermal-isobaric (NPT) ensemble was
performed to maintain temperature (310 K) and pressure (1 bar) using the Nosé-Hoover
thermostat [74, 75] and Parrinello-Rahman barostat [76, 77]. For NVT, annealing, and NPT,
position restraints were imposed on all peptide heavy atoms and all restraints were released at the
outset of production MD simulations. For tetramer-membrane simulations, peptide, membrane,
and solvent (water and ions) were attached to separate thermostats. All simulations were
performed using three-dimensional periodic boundary conditions. Bond lengths were constrained
using P-LINCS [117], allowing an integration time step of 2 fs to be used. Cutoffs for all
nonbonded interactions were set to 1.4 nm for monomer equilibration and tetramer-formation
simulations and 1.2 nm for tetramer-membrane simulations. The smooth particle mesh Ewald
(PME) method [79, 80] using cubic interpolation and Fourier grid spacing of 0.16 nm was
utilized to calculate long-range electrostatic interactions. Simulations of A4, tetramer-formation
and tetramer-membrane simulations were carried out for 1 ps, yielding a total of 9 us of
simulation time, in order observe inter-peptide and peptide-membrane interactions. Backbone
RMSD and secondary structure of AP, were used to assess simulation convergence and peptide
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equilibration. Analysis was performed over the last 250 ns for all tetramer-formation and
tetramer-membrane simulations. All averages, except for starting structure, were calculated over
three replicates for that simulation set and are presented with the corresponding standard
deviation. To obtain representative structures of each replicate, RMSD clustering was performed
using the method of Daura et al. [119] using the peptide backbone atoms, with a cutoff of 0.3 nm
for tetramer formation and 0.2 nm for selection of a monomer structure to begin tetramer
formation simulations. Representative structures shown in all Figures are the central structure of
the largest cluster over the last 250 ns of simulation time. GridMAT-MD was used to calculate
area per lipid (APL) and bilayer thickness in simulations involving membranes [182]. Deuterium
order parameters were calculated to assess the order of the sn-1 POPC lipid acyl chains along the
bilayer normal, per equation (1):

3cos?6-1

—Sgp = (22 (1)

where 0 is the angle between the C-D bond and bilayer normal and angle brackets indicate the
time-average over all equivalent atoms during the last 250 ns of simulation. PyMOL [228] was
used to visualize snapshots and render figures. A two-tailed ¢-test was used for statistical
analysis, with statistical significance determined if p < 0.05. Central hydrophobic core (CHC)
residues are defined as residues 17-21, C-terminal residues (Cterm) are defined as residues 29-
42.

4.4 Results and Discussion

Understanding the formation of low-molecular-weight A oligomers and their interactions with
membranes are essential in providing more insight into their toxicity [229, 230]. Given the
variability in experimental conditions, aggregation rates, and limits of experimental resolution to
fully characterize these toxic, intermediate species of Ap, MD simulations have an important role
in providing essential, mechanistic details into the formation of low-molecular-weight oligomer
structures and can suggest possible mechanisms of interaction with model membranes and
contributions to the aggregation pathway of AP. This study utilized all-atom MD simulations to
determine the formation pathway of an A4, tetramer and to subsequently place that tetramer in
the presence of two model membranes, pure POPC and a cholesterol-rich raft. Ap oligomers of
this size have not been studied in the presence of model membranes and can provide essential
knowledge in understanding the type and extent of perturbation caused by peptide binding.

The approach taken in the present work was driven by known experimental information on low-
molecular-weight oligomer structures of AP4, [19, 229], and previous DMD simulations of an
AP tetramer [221]. Prior to this research, no reported study has utilized all-atom MD simulations
to show formation of A4, species larger than a dimer. In addition, many questions exist
regarding the membrane-perturbing effects exhibited by low-molecular-weight AP, oligomers.
By simulating a preformed tetramer in the presence of two model membranes, insight into
potential toxicity of this oligomeric species can be attained. While it has been suggested that
larger (dodecamer and larger) oligomers of A4, exhibit the most toxicity [231], the availability
of model structures of an AP4, tetramer as determined by ion mobility and mass spectrometry
[229], coupled with sufficient computational power to simulate such large systems, made
studying tetramer formation the most practical approach for all-atom MD simulations of A4,

61



aggregation. The GROMOS96 53A6 force field was selected in this study given its ability to
adequately simulate monomeric AP relative to experimental information [72, 73]. In addition,
this force field selection allows for comparison to previous studies on monomer and dimer Ap-
membrane interactions (A.M.B and D.R.B-submitted) [65, 149] and application of frequently
utilized lipid parameters to simulate physiologically relevant model membranes [71, 178, 180].

4.4.1 Tetramer Formation

Increase in B-strand structure of AP4, as a function of aggregation state is indicative of on-
pathway aggregation, and thus studying the evolution of secondary structure is relevant to the
formation of an AP tetramer [17, 18]. Analysis was first performed to quantify changes in
secondary structure of A} monomers as the tetramer formed. In addition, tertiary and quaternary
structure was studied to better understand inter-peptide interactions and any trends related to
these levels of structure that may give insight into the order of events surrounding A4, tetramer
formation and structure. When the AP4; structure from PDB 1IYT [175] was simulated in an
aqueous 0.150 mM NaCl environment, it lost all a-helical structure. The resulting AB4, monomer
that was utilized in tetramer formation simulations consisted of 75% random coil structure and
25% B-strand structure (Table 4.1). An NMR study on A4, monomers found that the average [3-
strand structure was 20% based on Ha chemical shifts [101], indicating that secondary structure
assignment and development as observed in these simulations were in agreement with previous
experimental and computational work [72, 73].

Table 4.1. Average secondary structure content (shown in %), with corresponding standard
deviation, of AP, after tetramer formation and after interaction of the tetramer with a POPC or
Raft membrane. ¢ °

System Coil [-strand a-helix
Starting Structure 75+1 25+1 0+0
Tetramer Formation 66 £6 34+5 0+0
Tetramer + POPC 686 32+6 0+0
Tetramer + Raft 604 40+ 4 0+0

“ Tetramer percentages represent structural properties of AP, tetramers formed in the indicated
simulation, averaged over the final 250 ns of three replicate trajectories for a cumulative
sampling time of 750 ns, with corresponding standard deviations.

b Starting structure percentages represent the average secondary structure of the four APun
peptides after energy minimization and before equilibration and MD simulation.

The time at which inter-peptide contact initially occurred during the MD simulations of tetramer
formation varied among replicates; however, a similar trend emerged in the sequence of inter-
peptide contact events (Figure 4.S1). In all replicates, two AP4> peptides (denoted as peptides 1
and 2) interacted and formed a dimer, with peptides 3 and 4 binding to the dimer sequentially.
Tetramer formation was complete within the first 250 ns of simulation time (Figure 4.S1);
however, to observe any potential rearrangement and increase in inter-peptide -strand structure,
simulations were continued out to 1 ps. The tetramer was determined to be stable and
unchanging at this time based on RMSD time series and clustering percentage results (Figure
4.2). The last 250 ns of simulation time for tetramer formation simulations were utilized for
analysis to reflect the dominant features of the tetramers formed during these simulations.
Clustering results show that a clear dominant morphology emerged in each replicate, with the
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central structure of the first cluster representing 44.5%, 71.4%, and 73.4% of frames over the last
250 ns for each of the three replicates.

Replicate 1 Replicate 2 Replicate 3

s A\
WA

AB,,

Tetramgr
Formation

AB.,
+
POPC

47.9% 69.1% 55.5%

AB,
+
Raft

63.8% 46.4% 27.7%

Figure 4.2. Images represent the central structure of the largest cluster from the last 250 ns of
each simulation, with percentages representing the cluster size (percentage of frames belonging
to the cluster). The rendering of AP4, and the membranes is the same as in Figure 4.1.

A statistically significant increase in average percent f-strand structure was observed for AP,
tetramers (34 + 5%) compared to starting, monomeric structures (25 £ 1%, Table 4.1). This
structural conversion was driven by an increase in the B-strand content in the C-terminal region
of each peptide (41 += 9% vs. 36 £ 5% in the starting monomer, respectively). Such an increase in
B-strand content in the hydrophobic C-terminal region of A4 has been linked to APa
fibrillation and implicates the role of this hydrophobic region of A4, in on-pathway aggregation
as shown by circular dichroism (CD) spectroscopy and electron microscopy experiments. Such
as increase in -strand structure overall and in C-terminal residues indicates that the tetramer unit
that was formed via all atom MD simulation is on-pathway with known aggregation events. The
AP4, tetramer in all replicates was compact, with an average radius of gyration (R,) of 1.6 £ 0.1
nm (Table 4.2) and an average self-diffusion coefficient of 2.6 + 0.8 x 10° cm? s (Table 4.S2).
Initial R, values of AB4, monomers were 1.0 + 0.1 nm, in agreement with single-molecule level
fluorescence values for monomeric AB4, R,y (0.9 + 0.1 nm) [232]. The structural ensembles of all
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AP+, species were characterized by non-specific interactions between the central hydrophobic
core (CHC) and C-terminal region (Table 4.3, Figure 4.2, Figure 4.S3).

Table 4.2. Average R, values of A4, tetramers, with corresponding standard deviation. @b

System R, (nm)
Tetramer Formation 1.6 0.1
Tetramer + POPC 2.1+£0.2
Tetramer + Raft 24+£03

“ Average represents R, of AP4, tetramers in the indicated simulation, averaged over the final
250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations.

? Initial, monomeric peptide R, values of AP, were 1.0 + 0.1 nm, which agrees with literature
values [232].

Table 4.3. Average percent of intermolecular side chain contacts between key regions of Afa;.

System CHC-CHC CHC-Cterm Cterm-Cterm
Tetramer Formation 27 £25 26+ 10 47+ 25
Tetramer + POPC 20+£23 20+ 24 59 + 35
Tetramer + Raft 43+ 2 24 £ 8 33+6

“ Average percent represents the intermolecular contacts of A4, specified region-region contacts
formed in the indicated simulation, averaged over the final 250 ns of three replicate trajectories
for a cumulative sampling time of 750 ns. Specified region-region contact percent was calculated
from the total of number of contacts representing the CHC-CHC, CHC-Cterm, and Cterm-Cterm.
CHC is defined as residues 17-21; Cterm is defined as residues 30-42.

Finally, to characterize the shapes of the formed tetramers, moments of inertia (I, I, Is) and
eccentricity (e) were calculated from semiaxes a, b, and c as follows [233, 234]:

2
Ilzg(bz-l'cz)

2
IZZE(CZ-I'QZ)

2
Iy == (a* +b?)

Shape parameters from these moments of inertia can be defined by a prolate ellipsoid (rod) when
I, = I, > I, oblate ellipsoid (disc) when I; = I, < I3, and sphere when I; = I, = I5. Eccentricity (e)
of the tetramer can also indicate its shape based on a 0 = 1 scale, with e = 0 representing a
perfect sphere and e = 1 representing a rod. Eccentricity is calculated as follows:

From simulations in solution, the simulated A4, tetramer structures more closely resembled an
oblate ellipsoid (disc) shape with an eccentricity value of 0.79 + 0.03 (Table 4.4). This finding
is in contrast to the mass spectrometry (MS) results of Bernstein et al. [229] who determined a
linear structure for the A4, tetramer described as two dimer units that connected and were
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separated by an angle of 120°, but it is in agreement with the disc-shape A4, pentamer structure
as described by Ahmed et al. using transmission electron microscopy (TEM) and atomic force
microscopy (AFM) [235]. Solution and experimental conditions could greatly influence the
structure of A4, tetramer, leading to this difference in results. MS is an in vacuo technique,
whereas TEM and AFM experiments were performed in a hydrated, salt-containing environment.
The influence of solution conditions on A4, oligomerization is confirmed by formation of a
disc-shaped A4, pentamer observed in conditions similar to those utilized in these simulations
[235]. The formation of an oblate ellipsoid (disc-shaped) tetramer is also shown in Figure 4.S2
by the more compact tetramers, with all peptides being in contact with one another, as compared
to the proposed linear tetramer structure [229]. This compact structure has potential for
additional A4, binding given the heterogeneous (hydrophobic and hydrophobic) SASA of the
A4, tetramer.

Table 4.4. Average moments of inertia (I}, I, I5) and eccentricity values (e) for A, tetramers *

System Il Iz 13 e
(10* amu *nm?) | (10* amu *nm?) | (10* amu *nm?)
Tetramer Formation 23=+0.1 32+0.3 3.8+0.3 0.79£0.03
Tetramer + POPC 2.8+03 7.0+£1.0 8.0+1.0 0.91 £0.01
Tetramer + Raft 6.0+£2.0 55.0+43.0 58.0+44.0 0.97 £0.02

“ Average represents moments of inertia and eccentricity values of Afa, tetramers averaged over
the final 250 ns of three replicate trajectories for a cumulative sampling time of 750 ns for the
indicated system, with corresponding standard deviations.

4.4.2 Modulation of AP, Tetramer Structure by Membranes

The representative structures from the last 250 ns of each of the three replicates from tetramer
formation simulations were placed in the presence of pure POPC or raft model membranes
(Figure 4.1, Table 4.S1). Analysis focused on the extent to which the A4, tetramer disrupted the
model membranes and how the membranes would influence the nature of the inter-peptide
interactions within the A4, tetramer.

The time taken for the A4, tetramer to bind to the POPC membrane varied across the replicates
(Figure 4.S4), ranging from 32 to 245 ns. The AP, tetramer interacted with the raft membrane
quickly, with the longest replicate taking only 56 ns to bind to the membrane (Figure 4.S4). In all
POPC and raft simulations, once the AP4, tetramer bound to the model membrane, it did not
release from the membrane. Secondary structure evolution of A4, was of primary interest when
first studying the effects of a membrane on A4, tetramer arrangement. The B-strand content of
the AP tetramer was maintained in the presence of the POPC membrane (34 £+ 5% vs. 32 + 6% in
water and bound to the membrane, respectively, Table 4.1). A slight increase in B-strand
structure content was observed in the presence of a raft membrane (34 £+ 5% vs. 40 = 6%). To try
to understand the increase in P-strand structure in the presence of the raft membrane, other
structural features of the tetramer were considered. From examination of the structures, it
appeared that the tetramer became more elongated in the presence of the raft membrane than in
the presence of the POPC membrane. This change was borne out by R, values of the A4,
tetramer, which increased to a statistically significant degree in the presence of POPC and raft
membranes as compared to the structure in the absence of membranes (Table 4.2). An R, of 1.6
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+ 0.1 nm was observed for the A4, tetramer in solution, whereas an A tetramer R, of 2.1 £ 0.2
nm and 2.4 + 0.3 nm was observed after binding to the POPC membrane and raft membrane,
respectively (Table 4.2). SASA was also calculated for the AP4, tetramer in solution (100 + 2
nm?) and bound to the membrane. A slight increase in SASA was observed for the AP tetramer
in the presence of POPC (105 + 5 nm®) and raft membranes (108 + 2 nm?, Table 4.S3). The
slight increase in R, and SASA in the presence of a raft membrane compared to a POPC
membrane agrees with, and potentially explains, the measurable increase in percent B-strand
structure of the A4, tetramer in the presence of a raft, compared to pure POPC. The more
extended AP, tetramer structure in the presence of the raft membrane could allow for extension
of B-strand structure.

Finally, the elongation and loss of the spherical structure of the tetramer in the presence of POPC
and raft membranes can be observed visually (Figure 4.2 and Figure 4.S2) and was calculated
through moments of inertia and eccentricity values. After binding to the POPC membrane, the
AP4, tetramer became elongated, converting to a more rod-like ellipsoid structure, as
demonstrated by an increase in eccentricity value (0.91 + 0.01) as compared to the A4, tetramer
in solution (0.79 + 0.03, Table 4.4). Considerable variation in moments of inertia values was
observed when the A4, tetramer bound to a raft membrane, showing further elongation into a
prolate ellipsoid shape, with an eccentricity value of 0.97 + 0.02 (Table 4.4). In the presence of
both the POPC and raft membranes, the A4, tetramer adopted two larger moments and one
smaller moment indicating progression towards a more prolate ellipsoid (rod-shape) as compared
to the A4, tetramer in solution. In APy4, tetramer and raft simulations, this degree of difference
in the two larger moments as compared to the smaller moment is greater, as influenced by the
increased elongation and B-strand content of the AP, tetramer when bound to the raft membrane
compared to the POPC membrane. In addition, this extent of difference between I, I3 values and
I, is consistent with the degree of change in R, values of the A4, tetramer in the presence of a
raft membrane. The degree in difference between I, I, I3 values is consistent with other reported
moments of inertia values for ellipsoid shapes [234]. Irrespective of membrane type, the Aa,
tetramer became more elongated and rod-like, which has been experimentally determined to be a
property of on-pathway protofibrils of AP [236], leading us to conclude that membranes serve to
modulate the shape of the AP4, tetramer and cause rearrangement into on-pathway, rod-shaped
aggregate structures from an oblate ellipsoid AP4, tetramer in solution.

Given that membranes reduce the dimensionality of diffusion of molecules in solution from three
dimensions to two, self-diffusion coefficients of the A4, tetramer bound to POPC and raft
membranes were calculated. Significant decreases in self-diffusion coefficients were observed
for the AP tetramer bound to POPC and raft membranes, as compared to the in-solution structure
for tetramer formation simulations. The average self-diffusion coefficient calculated in the x-y
plane for the A4, tetramer bound to POPC was reduced by approximately half relative to its
value in solution, and further reduced in half when bound to the cholesterol-rich raft (Table
4.S2). The reduced diffusion at the membrane interface suggests strong peptide-lipid
interactions and potential for nucleation due to decreased mobility. This finding also supports the
“carpeting effect” model of AB4-membrane interactions [191], in that the tetramer bound to both
POPC and raft membranes elongates and coats the membrane surface to varying degrees as
compared to structures in solution. Both membranes induced the conversion to more rod-like,
on-pathway structures, and this effect was greatest in the cholesterol-rich rafts. This finding
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indicates these specialized lipid microdomains that contain cholesterol are influential in the

pathological aggregation pathway of AP and agree with current literature on lipid rafts being
linked to AP aggregation [237].

Lastly, reorganization of inter-peptide contacts was observed in the presence of the raft
membrane. Non-specific interactions between CHC-CHC, CHC-Cterm, and Cterm-Cterm
domains were observed in solution when bound to the POPC membrane. However, after binding
to the raft membrane, CHC-CHC contacts increased measurably and consistently across the three
replicates, whereas Cterm-Cterm interactions decreased in a corresponding manner (Table 4.3).
This intriguing rearrangement of the A4, tetramer in the presence of the raft membrane was due
to the formation of two major hydrophobic nuclei (Figure 4.S3). In addition, the degree of
elongation was more noticeable in the presence of the raft membrane, which is caused
rearrangement of inter-peptide interactions. Ultimately, these simulations show rafts cause more
substantial elongation and rearrangement of the tetramer than pure POPC membranes,
implicating the raft microdomains in modulating the structure of A tetramers to contribute to
on-pathway AP fibril formation.

4.4.3 Perturbation of POPC and Raft Membranes by the AB,, Tetramer

Membrane perturbation induced by the A4, tetramer was quantified in terms of deuterium order
parameters (Scp), area per lipid (APL), bilayer thickness, and density profiles. An increase in
Scp and bilayer thickness, coupled with a decrease in APL, indicates tighter lipid packing and
subsequent elongation of lipid tails. Density profiles of the membrane were also calculated to
determine if AP4, tetramer binding caused an increased penetration of water into the glycerol
region of the membrane or affected lipid headgroup and lipid tail properties. Control membrane
systems (without any peptide) were simulated for 1 ps in to serve as a control for understanding
the role of the AP4, tetramer on membrane perturbation. In the control simulations, APL and
bilayer thickness averaged over the last 250 ns were 62 + 1 A% and 3.9 + 0.1 nm for POPC, and
412+ 0.1 A* and 4.3 + 0.2 nm for the raft membrane (Table 4.5). These metrics compare well
with literature values [178, 238], indicating that 1 us is adequate to achieve sufficient sampling,
and that the force field model used in the present work adequately represents lipid dynamic and
structural properties.

A4, tetramer binding and insertion into the POPC membrane caused an average 42% decrease
in APL, coupled with a 10% increase in bilayer thickness (Table 4.5). Deuterium order
parameters were also substantially increased compared to both the control POPC membrane Scp
value and the Scp value from simulations of monomeric AP with a POPC membrane (A.M.B and
D.R.B. — submitted) (Figure 4.3). Simulations of monomeric AB4, with a POPC membrane were
performed in the same conditions as this study and were utilized in this figure as a comparison to
show extent of monomeric A4, vs. tetramer A4, perturbation on POPC and raft membranes.
Density profiles also show that upon Af4, tetramer binding, the lipids packed in a way that
caused the lipid tails to interdigitate at the bilayer interface (Figure 4.S5, 4.S6). In addition, the
density of the interacting leaflet headgroup decreased as compared to the control and non-
interacting leaflet headgroup, indicating the compactness of the lipid headgroups as a result of
AP4, tetramer binding. Raft membranes resisted major perturbation by the A4 tetramer,
resulting in only a 15% decrease in APL and no change in overall bilayer thickness (Table 4.5).
Deuterium order parameter analysis also indicated minimal increase in Scp value for APa;
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tetramer binding as compared to the control and monomeric A4, Scp values (Figure 4.3).
Density profiles showed no interdigitation between leaflets, and little to no change in density of
the interacting leaflet headgroup was observed as compared to the control and non-interacting
leaflet (Figure 4.S5). These results show that the presence of cholesterol in a raft membrane
attenuates major perturbation such as that observed in the pure POPC membrane when either
monomeric or tetrameric AB4, bind. The neuroprotective role of cholesterol upon A4, binding
has also been shown experimentally by AFM [162].
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Figure 4.3. Average leaflet deuterium order parameters (Scp) of palmitoyl (sn-1) chain of POPC
lipids in model membrane simulations. For clarity, only the sn-1 chain is shown; however,
parameters were also analyzed for the sn-2 chain and showed similar trends. Control (no peptide
present) parameters for each carbon in the lipid chain are shown in black, with the average
parameter over three replicates during the last 250 ns of simulation time shown for AB4, tetramer
(red) and monomer (blue) membrane simulations.
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Table 4.5. Membrane properties after tetramer interaction. Averages, with corresponding
standard deviation and % difference from controls, are shown for area per lipid head group
(APL) and bilayer thickness analysis metrics. “”

APL (A% Bilayer
Thickness (nm)
Tetramer + POPC | 36 £ 5 (-42%) 43+0.1
(+10%)
Tetramer + Raft | 35+ 3 (-15%) 43+£0.1
(£0%)

“ Average for represents APL and thickness for the indicated simulation, averaged over the final
250 ns of three replicate trajectories for a cumulative sampling time of 750 ns. ” Control APL
(A?) values, averaged over the last 250 ns of simulation time of a membrane only simulation are:
62 £ 1 (POPC) and 41.2 + 0.1 (Raft)“ Control bilayer thickness values, averaged over the last 250
ns of simulation time of a membrane only simulation are: 3.9 + 0.1 (POPC) and 4.3 £+ 0.2 (Raft)

In addition to studying the degree of perturbation on POPC and raft membranes caused by AP
tetramer binding, it was of interest to determine if any residues of the peptide had an increased
probability of participating in peptide-membrane interactions. Distance plots, which represent the
position of the center of mass (COM) of each residue in the AP tetramer relative to the COM of
the bilayer, were generated to determine if a certain amino acid type or position was more likely
to be found at the membrane interface and to determine depth of insertion. Due to the large
volume of data and the presence of four peptides, individual distance plots are provided for
clarity, with the composite showing trends among the replicates. Positively charged residues
Arg-5, Lys-16, Lys-28, and the highly polar N-terminal region of AP frequently sampled
regions close to or below the phosphate region of the POPC membrane across all replicates to a
greater degree than any other observed amino acid type (Figure 4.4, Figure 4.S7). Lipid packing
and a rigid membrane-water interface is not observed for a pure POPC membrane [239], aiding
in explaining the ability of these positively charged residues to insert into the lipid headgroup
region. Residue penetration into the raft membrane was not as deep as compared to the POPC
membrane (Figure 4.4) and may result from the raft membrane being less fluid than a POPC
membrane [240]. This observation is tied to the small APL of the raft membrane, indicating tight
packing of phospholipid (POPC and PSM) headgroups to shield cholesterol from the water
interface, thereby preventing the insertion of positively charged residues into the phosphate
region of the lipid headgroups. This lack of insertion by positively charged residues into the lipid
headgroup region of the raft membrane could result in consequent rearrangement of the AP,
tetramer to adjust to the presence of this more rigid membrane headgroup region as compared to
POPC (Figure 4.4, 4.S7). The influence of the headgroup rigidity of a raft on AP4, tetramer
binding is also shown by the peripheral association of the AP, tetramer with the raft membrane
and the amount of buried surface area of the tetramer on the membrane (Figure 4.4, Table 4.S5).
There is a significant decrease in buried/non-SASA of the AP4, tetramer in the presence of the
raft membrane compared to the A4, tetramer bound to the POPC membrane (Table 4.S5), even
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though the APs4, tetramer is more elongated in the presence of a raft. A largely hydrophilic
surface of the APy, tetramer is observed in contact with the headgroup region of the raft, which
influenced the inter-peptide rearrangement to form to hydrophobic nuclei (Figure 4.S7). The lack
of insertion into the phosphate region of the membrane in raft simulations of these positively
charged residues could relate to the decreased perturbation of the raft membrane by the Aa,
tetramer (Table 4.4, Figure 4.3) and account for the observed rearrangement as a result of
cholesterol presence and rigidity of a raft membrane.

Replicate 1 Replicate 2 Replicate 3 Composite

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Tetramer

+
Raft

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

0  Probability 1

- '

Figure 4.4. Normalized frequency of AP residue COM position at a distance, along the z-axis
(membrane normal) relative to the COM of the bilayer. The residues of Af are given along the x-
axis, while the y-axis corresponds to the COM-COM distance. The black dotted line indicates the
position of the phosphorus atom in the lipid headgroup. A plot from each replicate is shown, as
well as the composite of all replicates in order to show overall features of the ensembles.

4.5 Conclusions

Understanding the formation of low-molecular-weight A4, oligomers and consequential
oligomer-membrane interactions are essential into providing mechanistic detail related to AD
toxicity as caused by A4, The present work sought to understand the aggregation mechanism of
an AP4 tetramer and subsequent A4, tetramer-membrane interactions. The A4, tetramer
formed in a stepwise manner, with each peptide binding individually until a relatively compact,
oblate ellipsoid tetramer was formed. The formed AP4; tetramer elongated in the presence of
both POPC and raft model membranes, showing the influence of membranes on tetramer
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structure. Rearrangement of inter-peptide contacts was observed in the presence of the raft
membrane, in addition to a decrease in insertion depth of positively charged residues into the
phosphate region of the membrane. A4 tetramer binding significantly perturbed POPC
membranes, whereas the raft membrane remained relatively unperturbed by A tetramer
binding. This observation further shows the influence of cholesterol on maintaining membrane
integrity in the presence of A4 binding. These peptide-membrane interactions support the
carpeting-effect model proposed for AP4, toxicity on membranes [191] and reveal the role
membrane environments in modulating A fibril formation, ultimately yielding insight into
mechanism of A4, toxicity and the potential for aggregation events to proceed in the presence of
a membrane environment.
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4.7 Supporting Information

Table 4.S1. Details of Systems and Initial Tetramer Membrane Distances.

Membrane Membrane System Dimensions | Number Minimum
Composition (x, ¥, z, in nm) after | of Ions Distance
energy minimization between

Tetramer and
Membrane (nm)

POPC 128 POPC 6.34x 6.31x 18 Na': 77 Rep 1: 2.5
CI : 65 Rep 2: 2.5

Rep 3: 2.6

Raft 129 POPC 8.75x8.75x18 | Na': 136 Rep 1: 3.4
119 PSM Cl : 124 Rep 2: 3.4

121 Cholesterol Rep 3: 3.5

Table 4.S2. Average diffusion coefficients of A4, tetramers, with corresponding standard
deviation. “

System D (cm’s")
Tetramer Formation 2.6+08x10°
Tetramer + POPC 14+03x%x10°
Tetramer + Raft 0.6+02x10°

“ Average represents diffusion coefficient of A, tetramers in the indicated simulation, averaged
over the final 250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations.
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Table 4.S3. Average solvent accessible surface area (SASA) of A4 tetramers, with

corresponding standard deviation. “**
System Hydrophobic (nm?) | Hydrophilic (nm”) | Total SASA (nm°)
Starting Structure 70 £ 1 58+1 128 +1
Tetramer Formation 54+1 46 + 1 100 £2
Tetramer + POPC 56+4 49+3 105+5
Tetramer + Raft 57T+1 51+1 108 £2

“ Average represents SASA of AP, tetramers in the indicated simulation, averaged over the final
250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations. ” Starting structure average was calculated at the onset of MD
simulations for the first 20 ns of simulation time. © An atom is determined to be hydrophilic if |q]

>0.2

Table 4.S4. Average SASA of POPC and raft membranes, with corresponding standard

deviation. ¢
System Hydrophobic (nm®) | Hydrophilic (nm®) | Total SASA (nm")
Control POPC 115+1 214+ 1 329+ 9
Control Raft 208 £1 401 +£2 609 £2
Tetramer + POPC 112 +2 202 +3 314+ 5
Tetramer + Raft 200+ 3 400+ 4 6007

“ Average represents SASA of model membranes with AP, tetramers bound, averaged over the
final 250 ns of three replicate trajectories for a cumulative sampling time of 750 ns, with
corresponding standard deviations. ” The control membrane averages presented represent the
average over the last 250 ns of one simulation of the membrane only. © An atom is determined to
be hydrophilic if |q| > 0.2

Table 4.S5. Average buried surface area of APa, tetramers, as calculated by (((SASA of
membrane) + (SASA of Af4 tetramers) — (SASA of peptide-membrane unit))/2), with
corresponding standard deviation. “°

System Hydrophobic (nm®) | Hydrophilic (nm”) | Total SASA (nm°)
Tetramer + POPC 6+1 23+4 29+4
Tetramer + Raft 7+3 16+ 1 23+1

“ Average represents SASA of sidechain residues of APa, tetramers averaged over the final 250
ns of three replicate trajectories for a cumulative sampling time of 750 ns, with corresponding
standard deviations. ” An atom is determined to be hydrophilic if |q| > 0.2
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Figure 4.S1. Minimum distance between peptides (denoted as peptides 1, 2, 3, and 4) during

tetramer formation. The minimum distance plots show the time and order of events for inter-
peptide interaction.
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Replicate 1 Replicate 2 Replicate 3
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Figure 4.S2. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting multimeric state. Representative images from the central structure of the first cluster
(for clustering size, see Figure 4.2), with the peptides shown as spheres and colored orange,
green, blue, or red for respective peptide number (1-4). Membranes are shown as grey sticks,
with the phosphorus atoms shown as tan spheres for perspective.
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Figure 4.S3. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting hydrophobic regions. Representative images from the central structure of the first
cluster (for clustering size, see Figure 4.2), with the peptides shown as cartoon and surface,
orange for hydrophobic residues and grey for hydrophilic. Membranes are shown as grey sticks,
with the phosphorus atoms shown as tan spheres for perspective.
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Figure 4.S4. Minimum distance between tetramer and POPC or raft membrane. The minimum
distance plots show the time of interaction between the tetramer unit and membrane. For

replicate 1 Tetramer + raft simulations, the time of contact is similar to replicate two and the two
lines partially overlay.
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Figure 4.S5. Membrane (PC lipids), water, and protein density profiles for tetramer + POPC and
raft membrane simulations. Note the flattening of the density at the core of the Tetramer + POPC
profile indicates interdigitation of the PC lipid tails that is not observed in the control POPC
membrane.
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Figure 4.S6. Visual representation of interdigitation at bilayer interface for POPC membrane (A)
POPC control and (B) POPC + Tetramer. Lipids are shown as sticks, with the terminal carbon of
each chain shown as spheres, colored by leaflet (blue and red). The tetramer is shown for
perspective and is rendered as in Figure 4.1.
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Figure 4.S7. Dominant morphologies of tetramer formation and tetramer-membrane interactions
highlighting hydrophobic regions. Representative images from the central structure of the first
cluster (for clustering size, see Figure 4.2), with the peptides shown as cartoon and surface,
orange for hydrophobic residues, blue sticks for Arg-5, Lys-16, and Lys-28, and grey for all other
hydrophilic residues. Membranes are shown as grey sticks, with the phosphorus atoms shown as
tan spheres for perspective.
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5.1 Abstract

Type 2 diabetes mellitus (T2D), classified as noninsulin-dependent diabetes, is a complex
metabolic disorder drastically increasing in prevalence worldwide. A characteristic feature of
T2D is the deposition of islet amyloid polypeptide (IAPP) in the pancreatic islets of Langerhans.
It is currently unknown if IAPP aggregation is a cause or consequence of T2D, but it does lead to
B-cell dysfunction and death, exacerbating the effects of T2D. Interestingly, the rat (Rattus
norvegicus) form of IAPP (rIAPP) does not exhibit the toxicity as observed with the human
form (hIAPP). In this work, molecular dynamics (MD) simulations were used to study the
influence of primary sequence on secondary and tertiary structures of hIAPP and rIAPP in
solution and in the presence of three model membranes. It was observed that hIAPP had an
increased affinity for zwitterionic (PC) model membranes and caused significantly more
membrane perturbation as compared to rIAPP. No difference in affinity or degree of membrane
perturbation was observed for hIAPP interacting with an anionic (PS) model membrane as
compared to rIAPP. Cholesterol was observed to attenuate the perturbation of membranes
caused by IAPP. The amyloidogenic core, residues 20-29, in hIAPP was found to influence
depth and type of insertion into model membranes, whereas Arg-18 in rIAPP influenced peptide
affinity and type of insertion into model membranes. These findings indicate a potential target
towards diminishing IAPP-membrane interactions and characterizing the fundamental
interactions of hIAPP and rIAPP with model membranes on the atomistic scale.
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5.2 Introduction

Type 2 diabetes mellitus (T2D), classified as noninsulin-dependent diabetes, is a complex
metabolic disorder drastically increasing in prevalence worldwide [10]. T2D is diagnosed by the
presence of high blood glucose levels caused by insulin resistance and eventually insufficient
insulin production. As T2D progresses, there is a transition in T2D from a compensated phase of
insulin resistance to a decompensated phase of hypoinsulinemia and hyperglycemia [12, 241,
242]. The advancement into the decompensated phase of T2D is associated with an overall
reduction in the number of functional insulin-producing B-cells, ultimately creating a deficit in
insulin secretion and further exacerbating the effects of insulin resistance in the body [242]. The
progression from the compensated phase to the decompensated phase of T2D has been linked to
increased levels of islet amyloid polypeptide (IAPP, also referred to as amylin) in the pancreatic
islets of Langerhans [243]. The role of IAPP in T2D progression has been established, with IAPP
being found in amyloid deposits in and around B-cells, with these amyloid deposits being linked
to deleterious effects on B-cells and T2D pathogenesis [42].

Functionally, IAPP is a regulatory peptide that contributes to glycemic control by acting locally
in the islets to inhibit insulin and glucagon secretion and by binding to receptors in the brain to
slow gastric emptying and provide satiety regulation [12, 45, 46]. Insulin and TAPP are co-
secreted from B-cells at a molar ratio of 1:100 (insulin:IAPP) in healthy individuals; this ratio
changes to 1:20 in T2D patients [244, 245]. IAPP is a 37-residue peptide that is cleaved from an
89-residue preproprotein, which contains a 22-residue signal peptide and a 67-residue proislet
amyloid polypeptide (prolAPP) [47]. The signal peptide directs the preproprotein to the
endoplasmic reticulum (ER) where the signal peptide is cleaved, generating prolAPP. ProlAPP
processing occurs in secretory vesicles by prohormone convertases 2 and 1/3 (PC2 and PC1/3),
which are the same proteases that process proinsulin. PC1/3 cleaves IAPP at the N-terminus and
PC2 cleaves at the C-terminus [48]. Following this cleavage event, carboxypeptidase E (CPE)
removes a lysine and arginine at the C-terminus, exposing a glycine residue that is amidated by
peptidylglycine alpha-amidating monooxygenase (PAM) [246]. A disulfide bond is formed
between two cysteine residues in the N-terminal region (Cys2 and Cys7), resulting in
biologically active IAPP [12, 48].

Biologically active, monomeric IAPP is classified as an intrinsically disordered protein (IDP),
with its structure in solution being metastable and adopting either a random coil structure, an o-
helical conformation, or a B-strand/hairpin conformation dependent on the stage in the
aggregation pathway [247]. The transition from an a-helical conformation to a B-strand/hairpin
conformation is a critical component in the aggregation pathway of human IAPP (hIAPP) in
vivo, in that it leads to the -strand/hairpin conformation adopted by hIAPP in fibillar form [248-
250]. Secondary structure properties of IAPP, specifically the transition from an a-helical
conformation to a B-strand/hairpin conformation, can be used to assess the progression of the
peptide along the aggregation pathway and its toxic potential [251]. hIAPP has been found to
disrupt the PB—cell membrane and cause cytotoxicity [252-254], and in turn the membrane
influences hIAPP structure by stabilizing an a-helical intermediate suggested to be a critical
component in the aggregation pathway of hIAPP in vivo [255-258]. Finally, the rat variant,
species Rattus norvegicus, of IAPP (rIAPP), which differs from hIAPP at six residues (Figure
5.1), does not form aggregates and is classified as non-cytotoxic [259]. Herein, it is hypothesized
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that the primary structure of IAPP is influential on folding state and toxicity, and by comparing
hIAPP and rIAPP, insight on toxic properties can be elucidated.

The primary toxic species of IAPP are pre-fibrillar, early stage oligomers of the peptide [260,
261]. Understanding IAPP structural features in its monomeric form prior to aggregation, in
various environments, is essential to providing a foundation for understanding the aggregation
process and mechanistic details related to the toxicity of IAPP oligomers on f—cells. Given the
difficulty in working with monomeric or low-molecular-weight oligomers of IAPP
experimentally due to aggregation rates and stability, theoretical methods such as molecular
dynamics (MD) simulations can aid in describing the conformational state of the peptide in
solution and in the presence of various model membranes. In this work, six replicates each of
hIAPP and rIAPP were simulated in physiological solution (water and 150 mM NacCl) to assess
differences in structure in solution. The resulting structures of hIAPP and rIAPP from these
simulations were compared to various computational studies [247, 262] and experimental work
[251, 263-265] to confirm their relevance as representative structures of IAPP. To assess the
cytotoxicity of each peptide, each solution structure of IAPP was placed at least 2.4 nm away
from model membranes of differing composition to assess the effect of IAPP on membrane
stability and of the membrane on structural elements of IAPP. Three model membranes
consisting of lipids that are prevalent in eukaryotic plasma membranes were utilized in this work
to give insight into the role of lipid type on IAPP-membrane interactions [163, 164]. The model
membranes utilized in this study also serve as a basis to compare to experimental work on IAPP-
membrane interactions [266-268]. Each IAPP-membrane simulation was run for 1 ps, with six
replicates of each hIAPP and rIAPP in the presence of three membranes, resulting in an
extensive sampling time of 36 ps.
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5.3 Methods

5.3.1 System Construction — Solution Structures of hIAPP and rIAPP

The starting structure of IAPP in the simulations was generated from an NMR structure in
micelles (PDB ID: 2L.86) [60]. This structure is for full-length (residues 1-37) hIAPP, has a
disulfide bond between Cys-2 and Cys-7, and is C-terminally amidated to represent the
biologically active form of IAPP. RIAPP coordinates were generated by taking the 2L86 NMR
structure and changing six residues, H18R, F23L, A25P, 126V, S28P, and S29P (Figure 5.1),
using DeepView-Swiss-PdbViewer [176] (http://www.expasy.org/spdbv/). The lowest energy
rotamer of each altered amino acid side chain was selected. To begin simulations of hIAPP and
rIAPP in the presence of model membranes, the hIAPP NMR structure and the rIAPP structure
generated from DeepView were subjected to MD simulations in a physiologically relevant
solution environment (water and 0.150 M NaCl) for 400 ns to obtain six different solution
structures of each IAPP variant to place in the presence of model membranes. These simulations
of hIAPP or rIAPP in solution were built by centering the structures in a dodecahedral box with a
minimum solute-box distance of 1.0 nm and solvating with SPC water [114]. Na' and CI  ions
were added to mimic a concentration of 0.150 M NaCl and to maintain a net-neutral system. Six
replicates of both hIAPP and rIAPP were performed and represent independent trajectories
starting with different random starting velocities in a canonical (NVT) ensemble. Representative
structures were chosen from these replicates to be placed in the presence of model membranes
based on root-mean-square deviation (RMSD) clustering of backbone atom structures over the
last 100 ns of simulation time with a cutoff of 0.2 nm.

hrapp: KCNTATCATQ,,RLANFLVHSS,,NNFGAILSS T;,NVGSNTY.,
r1app: KCNTATCATQ,,RLANFLVRSS,,,NNLGPVLPPT,,NVGSNTY,,

Figure 5.1. Sequence comparison of human and rat IAPP. Residues are colored to represent
hydrophobic (black), polar (green), and positively charged (blue) side chains.

5.3.2 System Construction — IAPP-membrane simulations

Each structure of hIAPP and rIAPP derived from RMSD clustering as described above (Figure
5.S1), was randomly placed above a model membrane so that the minimum atom distance
between a protein atom and membrane atom was at least 2.4 nm (Table 5.S1). Model membranes
used in this work include: (1) palmitoyloleoylphosphatidylcholine (POPC), (2)
palmitoyloleoylphosphatidylserine (POPS), A3) raft [1:1:1
POPC:cholesterol:palmitoylsphingomyelin (PSM)]. The coordinates and topologies for the
membranes utilized in these simulations were based on previous work [71, 178, 180]. Six
replicates each of hIAPP and rIAPP, with each replicate containing a representative structure as
based on RMSD clustering from replicates 1-6 of the IAPP solution structure simulations, were
run for each model membrane. Details of membrane composition, size, and minimum distance of
hIAPP or r[APP to the membrane are shown in Table S1. IAPP-membrane systems were
constructed in a cubic box with a minimum solute-box distance of 1.0 nm and solvated with SPC
water [114]. As with IAPP solution structure simulations, Na" and CI ions were added to mimic
a concentration of 0.150 M NacCl and to maintain a net-neutral system. In total, 18 simulations of
at least 1 us were run with hIAPP and the three membrane systems and 18 simulations were run
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with rTAPP and the three membrane systems, totaling 36 ps of simulation time for peptide-
membrane simulations. For simulations of hIAPP and rIAPP with POPC membranes, three
replicates were not converged for at least 100 ns when reaching 1 ps of simulation time and were
extended an additional 200 ns in order to perform analysis metrics on converged, completed
simulations. Backbone RMSD clustering was performed on [APP-membrane simulations in
order to obtain representative structures and positions of hIAPP or rIAPP relevant to the model
membrane, with the center structure of the largest cluster chosen as representative of the last 100
ns of simulation time for these [APP-membrane interactions.

5.3.3 MD Simulation Protocol

All simulations, including IAPP in solution and IAPP-membrane simulations described above,
were performed using the GROMACS software package, version 4.6.0 [68, 115] and the
GROMOSS53A6 force field [70]. Energy minimization on the solution structure simulations and
IAPP-membrane simulations was performed using the steepest descent method. System
equilibration was performed in two steps for IAPP in solution simulations, canonical (NVT) and
isothermal-isobaric (NPT). System equilibration was performed in three steps for IAPP-
membrane simulations, NVT, annealing, and NPT. NVT was applied to the system for 100 ps
using the Berendsen weak coupling method [116] to maintain temperature at 310 K. For IAPP-
membrane simulations, annealing was performed to linearly heat the system from 100 to 310 K,
at 1 bar pressure for 1 ns using the Berendsen algorithm [116]. NPT was performed to maintain
temperature (310 K) and pressure (1 bar) using the Nosé-Hoover thermostat [74, 75] and
Parrinello-Rahman barostat [76, 77]. For all equilibration steps, position restraints were imposed
on all peptide heavy atoms. Restraints were released at the start of MD simulations. All
simulations were performed using three-dimensional periodic boundary conditions, with bond
lengths being constrained using P-LINCS [117] with an integration time step of 2 fs. Nonbonded
interaction cutoffs were set to 1.4 nm for IAPP solution structure simulations, whereas they were
set to 1.2 nm for [APP-membrane simulations. The smooth particle mesh Ewald (PME) method
[79, 80] using cubic interpolation and Fourier grid spacing of 0.16 nm was utilized to calculate
long-range electrostatic interactions for all simulations. A control simulation of each model
membrane containing no peptide was run for 1 pus under the MD protocol described above to
serve as a comparison to the degree or type of perturbation caused to the membrane by IAPP
interaction.

5.3.4 Analysis

IAPP solution structure simulations and [APP-membrane simulations were determined to be
complete and converged after backbone RMSD and secondary structure analysis reported no
major structural changes during at least the last 100 ns of simulation time. Secondary structure
was evaluated according to the DSSP algorithm [118]. All analysis was performed using
programs within the GROMACS program suite or scripts written in-house. Deuterium order
parameter analysis was performed to assess the order of the lipid acyl chains, relative to the
bilayer normal, using Equation (1).

3cos26-1
)

—Sep :< >

(1)

where 0 is the angle between the C-D bond and bilayer normal and angle brackets represent that
the 0 value is averaged over all equivalent atoms (e.g., all C2 on the lipid acyl chain) over the
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time period analyzed. Analysis on area-per-lipid (APL) and membrane bilayer thickness was
performed using GridMAT-MD [182] to assess for degree and type of perturbation caused by
IAPP interaction or binding. Binding is defined in this work as IAPP interacting with and
maintaining interaction (e.g. no release from the membrane) with the model membrane from first
point of IAPP-membrane interaction. All averages presented represent the average of six
replicates for that simulation set, as averaged over the last 100 ns of simulation time. Averages
over the last 100 ns of simulation time were deemed appropriate as a standard comparison across
all IAPP-membrane interactions given the transient interaction observed by rIAPP in multiple
simulations and to equally compare against and assess the role of lipid type in these IAPP-
membrane interactions. Bound classifications of rIAPP-POPC simulations are for replicates 3
and 4, where the peptide interacted with and bound to the membrane. Unbound classifications of
rTAPP-POPC simulations are for replicates 1,2,5, and 6, where rIAPP transiently interacted with
the membrane and did not maintain a bound state with POPC (Figure 5.2). PyMOL was used for
visualization of results [120]. Results were subjected to statistical analysis using a two-tailed z-
test, with statistical significance determined if p < 0.05.
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5.4 Results and Discussion

5.4.1 Secondary Structure of hIAPP and rIAPP in Solution

To begin simulations of hIAPP and rIAPP in solution and in the presence of various model
membranes, particular care was given to the choice of force field. The GROMOS53A6 force
field was utilized given its agreement in simulating hIAPP [269] compared to 2D- infrared (2D
IR) spectroscopy experiments [270-272]. Six replicates each of hIAPP and rIAPP in solution
were simulated for 400 ns and determined to be converged given results from block averaging of
RMSD and RMSD clustering (Figure 5.S1, 5.S2). Simulations of hIAPP in solution resulted in
two primary structures being sampled, with three replicates converging at a structure that
contained antiparallel B-strand structure and three replicates converging at a structure that was
mostly unstructured coil with short B-strand structure in the C-terminal region. Markov state
models constructed from MD simulations have suggested that the conformation of the hIAPP
peptide in solution is essentially random, sampling metastable states that adopt the observed
secondary structure elements discussed above [247]. Thus, the starting structures of hIAPP
presented and utilized in this work (Figure 5.S1) have been observed in other computational
[262] and experimental work [273] and exemplify representative structures of hIAPP to place in
the presence of model membranes.

IAPP can be divided into three regions: the N-terminal region (residues 1-19), the primary
amyloidogenic region (residues 20-29) and the C-terminal region (residues 30-37) [274, 275].
Residues 20-29 represent the “amyloidogenic core” of hIAPP fibrils [276-279], with residues 23-
27 constituting the FGAIL region of hIAPP that influences the aggregation and lag phase of
hIAPP [273]. The FGAIL region has been observed through 2D IR spectroscopy and isotope
labeling to adopt transient B-sheet structure, with the FGAIL region first adopting a P-sheet
structure that transitions into the loop region of the fibril. The structures adopted by the FGAIL
region indicate stages in the aggregation pathway. It is hypothesized that the structures influence
the aggregation of hIAPP and explain variation in lag phase studies [273]. The all-atom MD
simulations of hIAPP in solution in this study show the FGAIL region sampling both of these
conformations (loop or B-sheet structure), representing extensive sampling of on-pathway
structures of the hIAPP monomer (Figure 5.S1). The position of the FGAIL region in starting
structures also influenced depth of insertion into a POPC membrane and is discussed further
below.

Simulations of rIAPP in solution generated a primarily coiled structure that included a small
amount of o-helical structure, which was not observed with hIAPP (Table 5.1). Circular
dichroism (CD) studies report that rIAPP is globally disordered and adopts a mostly random
coiled structure, in agreement with the structures generated in these simulations [275, 280]. The
percentage of random coil in rIAPP structures was significantly greater than in hIAPP (84 + 5 vs.
69 =+ 8, respectively), while hIAPP structures contained a statistically higher percentage of (-
sheet structure as compared to rIAPP (31 £9 vs. 11 £4) (Table 5.1). B-strand structure is
indicative of on-pathway aggregation events and in monomeric form, represents a pre-fibrillar
hIAPP species [273]. The reduced amount of B-sheet structure in rIAPP is consistent with its
lack of ability to aggregate and reduced propensity to form amyloid as compared to hIAPP.
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Table 5.1. Average secondary structure composition (shown in %) of hIAPP or rIAPP .“

Coil B-strand o-helix
System hIAPP rIAPP hIAPP rIAPP hIAPP rIAPP
Solution 69 +8 84+ 5 31+9 11+4 0+0 5+8
POPC 68+9 84+ 9 32+9 16 £9 0+0 0+0
POPS 68+9 82+ 6 32+9 15+6 0+0 3+7
Raft 71+£12 85+4 28 £ 12 13£5 0+0 2+5

“ Percentages represent averages over the final 100 ns of simulation time for three replicates of
each system, with corresponding standard deviations.

5.4.2 Electrostatic Forces Drive hIAPP and rIAPP Interactions with Model
Membranes

To begin detailing IAPP-membrane interactions and orientation relevant to the bilayer normal,
Williamson et al. suggests a parallel self-association of IAPP with the membrane that correlates
with membrane toxicity and potential amyloid structure [281]. In the presented simulations
where hIAPP or rIAPP interacted and bound to the membrane, the peptide primarily oriented
parallel to the membrane (Figure 5.2, Figure 5.S3-5.S8). The parallel orientation of the peptide to
the membrane is observed in all simulations of hIAPP + POPC and POPS and rIAPP + POPS. In
the presence of raft membranes, this parallel orientation was observed to lesser extent indicating
the potential for orientation of IAPP in the presence of a raft membrane to influence the degree
of insertion and membrane perturbation.
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Figure 5.2. Dominant morphologies of IAPP interaction with model membranes from RMSD
clustering. A representative replicate from each simulation set was chosen for clarity. The
representative replicate was chosen based on similarity to secondary structure average. The
structures shown are the central structure of the first cluster, as based on RMSD clustering with a
cutoff of 0.2 nm. The peptide is shown as a cartoon, colored in rainbow from N-terminus (blue)
to C-terminus (red). Lipids are shown as gray lines, with the phosphate atom shown as tan
sphere for perspective

To further expand upon the parallel orientation of IAPP relative to the bilayer normal of model
membranes, short range Lennard-Jones (LJ-SR) and Coulomb (Coul-SR) interaction energies
were calculated. Larger energies associated with LJ-SR represent van der Waals forces
prevailing in guiding interaction and binding energies, whereas larger Coul-SR interaction
energies represent electrostatic forces driving binding. Interaction energies were first calculated
to aid in explaining the unexpected, transient interaction of rIAPP with POPC model membranes
(Figures 5.2 and 5.3, Figure 5.S4). Time for peptide-membrane interactions varied across peptide
and lipid type (Figure 5.3); however, in simulations of rIAPP + POPC, four out of six replicates
transiently interacted with the POPC membrane and did not stay bound. For these replicates, we
have classified them as unbound (U), whereas the other two replicates in this simulation set
remained bound (B) to the POPC membrane (Figures 5.S3, 5.S4). For distance measurements
and interaction energies, we have separated out these calculations into U and B states when
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necessary. For membrane perturbation analysis, we did not separate these states in order to assess
overall POPC perturbation when both transient and stable interactions of rIAPP with POPC were
present. The interaction energies for the unbound state of rIAPP + POPC simulations also
confirmed the transient interaction of rIAPP with POPC (Table 5.2) and represent a lack of
affinity for the membrane as compared to hIAPP. Similar trends for rTAPP when compared to
hIAPP have been reported from studies using sucrose gradient centrifugation assays and CD
titrations [258].

90



Minimum Distance Minimum Distance
HIAPP + POPC RIAPP + POPC
L B e e B B o s e e ey S———r——T—T T T T T T T T T

w

Distance (nm)

Distance (nm)
N
n

RN IS [T N TR [T T NN NI '

’{

05
I |
A i el i i I S ) ATt st S Y MV I M Y
300 400 500 600 700 800 900 1000 1100 1200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (ns) Time (ns)
Minimum Distance Minimum Distance
HIAPP + POPS RIAPP + POPS
S———— T S
45 — 45 -
4 = 4 -
35 — 35 -
~ 3 - — —
£ = 3
£ 1 £
825 — 82s -
g _ g
Z 2
a , _ a ,
1.5 — 15 -
1 — 1 -
0.5 = 0.5 —
[ i s v i S MV A S A M 0 e e e
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (ns) Time (ns)
Minimum Distance Minimum Distance
HIAPP + Raft RIAPP + Raft
L e e S 5 — T T T T T T
— a5 e
— 4 —
e 35 B
- — - 3 -
8 — 825 -
=
a _ a , -
- 15 B
- 1 | -
| [ ]
- 05 -
| I |
" e e ™ Y Ao s s i o s ot A ST
200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (ns) Time (ns)

— Replicate 1
— Replicate 2
— Replicate 3
— Replicate 4
— Replicate 5
— Replicate 6

Figure 5.3. Minimum distance between IAPP and model membranes. The minimum distance

plots show the time of interaction between hIAPP or rTAPP and respective membrane. Distance
(nm) is plotted with respect to time (ns).
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In all replicates of hIAPP in the presence of POPC, POPS, and raft bilayers, as well as rIAPP in
the presence of POPS and raft bilayers, the peptides interacted with the membrane and remained
bound after the initial interaction. Coul-SR interactions were determined to be the dominating
interaction force (Table 5.2). Electrostatic forces are driving peptide-membrane interactions,
with hIAPP having a larger total binding interaction energy in the presence of raft and POPC
membranes as compared to POPS (Table 5.2). Larger total binding interaction energies for
POPC and raft membranes as compared to POPS are also observed in rlAPP-membrane
simulations where rIAPP remained bound to the model membrane throughout the simulation.
Interestingly, a measurable increase in Coul-SR and total interaction energy was observed for all
rIAPP-membrane interactions as compared to all hIAPP-membrane interactions. This increase in
electrostatic interaction energies, can be related back to the influence of the primary sequence on
IAPP-membrane interactions, given that rIAPP has one more positively charged amino acid as
compared to hIAPP (Arg-18 in rat, His-18 in human). The influence of Arg-18, which can
participate in two more hydrogen bonds than His-18, in rIAPP-membrane interaction is also
confirmed by a measurable increase in hydrogen bonds between rIAPP and the membrane in the
presence POPS and raft membranes (Table 5.3). From these results, it is concluded that the more
positively charged rIAPP sequence has greater electrostatic drive to interact with POPS
membranes, agreeing with experimental work that proposed rIAPP has greater affinity towards
and was able to cause membrane leakage with a POPS membrane [257].

Table 5.2. Average IAPP-membrane short Lennard-Jones (LJ-SR) and Coulomb (Coul-
SR) interaction energies.””

LJ-SR (kJ x 10) Coul-SR (kJ x 10%) Total (LJ-SR+Coul-SR) (kJ x 10°)
System | hIAPP rIAPP hIAPP rIAPP hIAPP rIAPP
U B U B U B
POPC | -3+1 0+0 4+1 [ -11+£2 | -1+£0.1 | -12+6| -15+£3 | -1+£0.1 -17+£5
POPS | -2+1 2+1 -11+2 -13+ 4 -13+2 -15+4
Raft 311 4+2 -12+1 -15+2 -15+2 -19+4

“ Percentages represent averages over the final 100 ns of simulation time for three replicates of
each system, with corresponding standard deviations.

’ U represents the simulations where rIAPP did not stay bound to POPC, B represents the
simulations where rIAPP did bind and maintain interaction with POPC.

Table 5.3. Average number of peptide-membrane hydrogen bonds .“

Number of
Hydrogen Bonds
System hIAPP rIAPP
POPC 1343 5+7
POPS 1443 16 +6
Raft 15+3 20+ 4

“ Percentages represent averages over the final 200 ns of simulation time for three replicates of
each system, with corresponding standard deviations.
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To give a more detailed perspective into the electrostatic forces driving IAPP-membrane
interactions, distance plots measuring the center of mass (COM) of each residue relative to the
center of the bilayer were generated (Figure 5.4). In the two replicates of rIAPP + POPC where
the peptide maintained interaction throughout the simulation, residues 15-18 inserted into the
bilayer below the phosphate atom. When rIAPP did stay bound to the membrane, Arg-18 in
rIAPP was also shown to form significantly more hydrogen bonds with model membranes,
indicating this residues role in providing difference between hIAPP and rIAPP-peptide
zwitterionic membrane interactions (POPC and raft) (Figure 5.5). These rIAPP residue
interactions with a POPC membrane differs from hIAPP + POPC membrane interactions, where
residues 20-29 inserted below the phosphate atom of the POPC bilayer (Figure 5.4). It is worth
mentioning that in hIAPP+POPC simulations, the FGAIL region (residues 23-27) sampled a loop
structure and represent a structure further down the aggregation pathway as shown by 2D IR
spectroscopy [273], the degree and depth of insertion was much greater than when the FGAIL
region sampled B-strand structure (Figure 5.S9). This is an interesting observation and
potentially relates to the hIAPP structure in the aggregation pathway greatly influencing
membrane interactions and toxicity.
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Figure 5.4. Global normalization of the frequency of IAPP residue center of mass (COM)
occurrence at a distance, on the z-axis, from the COM of the membrane bilayer. Each plot
contains all data points from 6 replicates over the last 100 ns of simulation time except for rIAPP
+ POPC, which only contain replicates in which the peptide bound and stayed bound to the
membrane. Residue number and distance (nm) are plotted on the x- and y- axis, respectively.

Depth of insertion into raft membranes by either hIAPP or rIAPP differed, with rTAPP residues
15-18 inserting deeper into the leaflet as compared to hIAPP (Figure 5.4), further supporting the
influence of Arg-18 in rIAPP on peptide-membrane interactions. Depth of insertion was not
observed to the same extent in IAPP-raft simulations as compared to IAPP-POPC simulations,
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indicating a difference in penetration ability as caused by lipid type. NMR experiments indicate
that membrane composition does affect membrane permeabilization, with cholesterol modulating
affinity and degree of perturbation of hIAPP [282]. In the presence of an anionic membrane,
POPS, there was no observable differences in residue insertion depth between rIAPP and hIAPP.
This finding further supports a lack of known experimental difference in toxicity as caused by
either hIAPP or rIAPP in the presence of a POPS membrane [257]. Overall, these simulation
studies propose that the amyloidogenic core of IAPP, residues 20-29, in hIAPP is implicated as
key regions for membrane insertion in zwitterionic membranes with and without the presence of
cholesterol. This difference from rIAPP- zwitterionic membrane centers around the presence of
Arg-18, which may aid in attenuating the ability of the amyloidogenic core in rIAPP to interact
and insert into zwitterionic membranes. This finding brings forward the role and influence of
Arg-18 in rIAPP, whereas primary focus has been on the presence of proline residues in the 20-
29 region of rTAPP as compared to hIAPP (Figure 5.1).

POPC -

C—NWAULAIXOD

POPS

C—NWARLAN®ROD

Raft

0 Probability 1

T

Figure 5.5. Probability distribution of the occurrence and amount of hydrogen bonds between
IAPP side chains and the respective membrane. Each plot contains all data points from 6
replicates in each simulation over the last 100 ns of simulation time. Residue number and
hydrogen bond number are plotted on the x- and y- axis, respectively.

After assessing and characterizing the type of interaction of IAPP with model membranes,
assessment on changes in secondary structure as based on membrane interactions was performed.
IAPP adopts a predominantly random structure in solution; however, it has been reported that
after binding to a membrane surface, specifically anionic membranes like POPS, monomeric
IAPP transiently adopts a partial a-helical structure before proceeding to form aggregates [256,
257, 281]. In the MD studies reported herein, no differences in relative amounts of secondary
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structure were observed in hIAPP or rIAPP when comparing the structure in solution and the
structure in the presence of or bound to model membranes (Table 1). hIAPP does maintain
necessary B-strand structure in order to proceed through the aggregation pathway in the presence
of a membrane [258]. In addition, no increase of B-strand structure was observed in rTAPP in the
presence of a membrane, consistent with known behavior [280]. The difference between the MD
simulations and NMR studies indicates the lack of stabilization or generation of a-helical
structure of IAPP in the presence of membranes may be due to limitations of the force field used
and the energetic progression of IAPP towards B-strand structure as part of the aggregation
pathway. A free energy diagram of the transition state of IAPP structure in the presence of a
membrane is also described by Williamson et al. and aids in explaining this observation in our
MD simulations [281].

5.4.3 Degree and Extent of Membrane Perturbation as A Result of hIAPP or
rIAPP Binding

After assessing the structural difference of hIAPP and rIAPP in solution and subsequent
interactions with model membranes, it was of interest to evaluate membrane perturbation as
caused by these membrane-interaction events. Several mechanisms of toxicity have been
proposed as a result of IAPP-membrane interactions with the most prevalent being the membrane
disruption hypothesis [192, 255]. Electron microscopy studies show that oligomeric IAPP
disrupts membranes in three possible ways: the formation of transmembrane pores, nonspecific
membrane disruption, or membrane fragmentation through the growth of amyloid fibrils on the
membrane surface [50, 51]. In the current study, assessment of membrane perturbation as caused
by full-length hIAPP and rIAPP membrane perturbation was assessed by deuterium order
parameters, area-per-lipid, and bilayer thickness to provide more insight into the nonspecific
general disruption of lipid bilayers as caused by monomeric IAPP.

Controversy exists on the ability of hIAPP and rTAPP monomers to cause membrane disruption,
with some suggesting that the monomer does not cause membrane disruption [253] and while
others propose both monomeric hIAPP and rIAPP can cause ion leakage depending on lipid type
[257]. Oligomerization of IAPP before or at the membrane surface may be implicated in toxicity
to a greater extent [283], but it has also been proposed that the structure differences (a-helical vs.
B-strand structure) and stage in on-pathway aggregation events of the IAPP monomer explain
variations in toxic properties of IAPP [284]. APL, bilayer thickness, and deuterium order
parameter analysis of the current simulations show that all lipid types tested were disrupted to
varying extents based on peptide. POPC lipids were disrupted by hIAPP to the greatest extent as
compared to POPS and raft model membranes. A 21% decrease in APL as compared to control
simulations for POPC lipids after hIAPP binding was observed, as compared to a 17% and 5%
decrease for POPS and raft lipids, respectively (Table 5.4). Bilayer thickness measurements were
consistent with this trend, indicating that zwitterionic and anionic membranes are perturbed by
hIAPP binding (Table 5.5). Scp values from deuterium order parameter analysis further confirm
the increase in order of lipid tails as a result of hIAPP binding, with the most greatest increase in
order observed in POPC and POPS membranes (Figure 5.6). There was no observable change in
Scp values in the presence of a raft membrane after hIAPP interactions. Therefore, given the
decrease in perturbation in the presence of a raft membrane and the difference in depth of residue
interaction as compared to POPC (Figure 5.4), it is concluded that cholesterol modulates
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membrane perturbation. The ability of hIAPP to significantly disrupt POPC and POPS model
membranes does support the nonspecific membrane perturbation hypothesis.
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Figure 5.6. Average leaflet deuterium order parameters with and without IAPP presence.
Average deuterium order parameters (Scp) of palmitoyl (sn-1) chain of PO lipids in model
membrane simulations. For clarity, only the sn-1 chain is shown; however, parameters were also
analyzed on the sn-2 chain and showed similar trends. Control (no peptide present) parameters
for each carbon in the lipid chain are shown in black, with the average parameter over six
replicates being shown for hIAPP (red) and rTAPP (blue) for each membrane simulation set.

No disruptions of raft membranes were observed for rIAPP-raft interactions, with significantly
less perturbation caused to POPC as a result of transient interactions with rIAPP (Tables 5.4 and
5.5, Figure 5.6). Interestingly, rIAPP caused comparable perturbation to anionic POPS
membranes, agreeing well with experimental work on the toxicity as caused by rIAPP [257].
Given the similarity in residue insertion depth for hIAPP and rIAPP with POPS, this similarity in
degree of membrane perturbation indicates that lipid type is extremely influential on extent of
membrane perturbation as caused by IAPP. rIAPP did not disrupt POPC, POPS, and raft model
membranes to the same degree as hIAPP, indicating that lipid type influences peptide affinity as
shown by transient interactions of rTAPP with POPC (Figure 5.3) and degree of perturbation.
This finding aids in explaining reports of a non-amyloidogenic variant of IAPP (rIAPP) causing
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membrane disruption, in that it is dependent on the lipid type tested. Environmental factors, such
as the membrane environment, have been implicated recently in other amyloid peptides (amyloid
B-peptide) as being extremely influential on structure and toxicity [145]. As a result of the
current MD study, it is hypothesized that similar trends in toxicity influenced by the environment
are true for IAPP as well and should be considered in experimental design and conclusions.

Table 5.4. Area per lipid head group (mean + SD) in A? (% difference from controls) for the
interacting leaflet over the last 100 ns of each trajectory.

Control hIAPP rIAPP
POPC 62=+1 50 £ 1(-21%)* 56 £1(-9%)*
POPS 51+1 43 +2 (-17%)* 44 + 1 (-15%)
Raft 41.2 £0.1 39+ 1 (-5%)* 41 £ 1 (£ 0%)

“ Statistically significant differences from controls are designated with an asterisk, statistically
significant differences between hIAPP and rTAPP are designated with an obelisk.

Table 5.5. Bilayer thickness (mean + SD) in nm (% difference from controls) over the last 100 ns
of each trajectory.

Control hIAPP rIAPP
POPC 39+0.1 42+0.1 (+7%)* 4.0+0.1 (+2%)
POPS 4.5+0.1 4.7 £0.1(+4%) 4.7+ 0.1 (+4%)
Raft 43+0.2 43+£0.1 (=0%) 4.3 +0.1(= 0%)

“ Statistically significant differences from controls are designated with an asterisk.

5.4.4 Conclusions

Molecular dynamics (MD) simulations were used to study the influence of secondary and tertiary
structures of hIAPP and rIAPP in solution and in the presence of three model membranes. It is of
interest to determine the influence of primary sequence and environment on IAPP given reported
differences in toxicity. rIAPP does not exhibit toxicity to B-cells and does not form aggregates in
experimental studies, which are observed with hIAPP. Therefore, understanding of key amino
acids related to peptide-membrane interactions is of interest. The presented simulation work
shows significant differences in secondary structure between hIAPP and rIAPP, with hIAPP
adopting more B-strand structure in solution as compared to rIAPP (Table 5.1). In the presence of
model membranes, it was observed that the amyloidogenic core (residues 20-29) of hIAPP
inserted into the zwitterionic model membranes (POPC and raft) to a greater extent as compared
to anionic an membrane (POPS). It is hypothesized that rIAPP-membrane interactions are
mediated by Arg-18, a finding that suggests that Arg-18 in rTAPP plays an important role in
contributing to the lack of toxicity of rIAPP. Finally, lipid type was found to influence degree of
perturbation. Both rIAPP and hIAPP disrupted an anionic POPS membrane, but rIAPP had
decreased affinity and perturbation of zwitterionic membranes (POPC and raft) compared to
hIAPP, showing the influence of both sequence and lipid type on peptide-membrane affinity.
These simulations provide physiochemical insight into differences observed in hIAPP and rIAPP
secondary structure, as well as indicating the amyloidogenic core as being an influence on type
and degree of perturbation for hIAPP. To further elucidate the nonspecific membrane disruption
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hypothesis of IAPP, this study found that hIAPP binding caused a more rigid, ordered membrane
as a result of peptide insertion.
5.5 Acknowledgments

The authors thank Advanced Research Computing at Virginia Tech for computing time on the
BlueRidge supercomputer and the Virginia Tech College of Agriculture and Life Sciences for
the Graduate Teaching Scholars Fellowship (to A.M.B.).

99



5.6 Supporting Information

Table 5.S1. Details of System Contents and Initial [APP-Membrane Distances.

Membrane | Membrane System Minimum Distance between
Composition | Dimensions (x, [IAPP and Membrane (nm)
Y, 2 innm)after "y o TAPP | Rat IAPP
energy
minimization

POPC 128 POPC | 6.34x6.31x 16 Rep 1: 3.2 Rep 1: 3.0
Rep 2: 3.0 Rep 2: 3.3
Rep 3: 3.3 Rep 3: 3.1
Rep 4: 2.8 Rep 4: 2.9
Rep 5: 2.9 Rep 5: 3.1
Rep 6: 3.3 Rep 6: 2.9
POPS 128 POPS 548x5.7x 16 Rep 1: 3.0 Rep 1: 2.7
Rep 2: 3.0 Rep 2: 3.0
Rep 3:3.1 Rep 3: 2.8
Rep 4: 2.6 Rep 4: 2.6
Rep 5: 2.8 Rep 5: 2.7
Rep 6: 2.9 Rep 6: 2.7

Raft 129 POPC | 8.75x8.75x 16 Rep 1: 2.8 Rep 1: 2.8
119 PSM Rep 2: 2.6 Rep 2: 3.0

121 Rep 3: 3.0 Rep 3: 2.7

Cholesterol Rep 4: 2.4 Rep 4: 2.6

Rep 5: 2.5 Rep 5: 2.9
Rep 6: 2.9 Rep 6: 2.7

Table 5.S2. Average radius of gyration of IAPP.”

R, (nm)
System hIAPP rlAPP
Solution 1.0£0.1 | 1.0£0.1
POPC 1.0+0.1 | 1.1 £0.1
POPS 1.0+£0.1 | 1.1 £0.1
Raft 1.0+£0.1 | 1.0+0.2

“ Percentages represent averages over the final 100 ns of simulation time for six replicates of
each system, with corresponding standard deviations.
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Figure 5.S1. Dominant morphologies of hIAPP in solution from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. hIAPP is shown as cartoon and colored by rainbow, with the N-
terminus shown as blue and the C-terminus shown as red. Residues 23-27, representing the
FGAIL region are shown as sticks and labeled.
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Figure 5.S2. Dominant morphologies of rIAPP in solution from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. rIAPP is shown as cartoon and colored by rainbow, with the N-
terminus shown as blue and the C-terminus shown as red. Residues 23-27, representing the
LGPVL region are shown as sticks and labeled.
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Figure 5.S3. Dominant morphologies of hIAPP interacting with POPC from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. hIAPP is shown as cartoon and colored by rainbow, with the N-
terminus shown as blue and the C-terminus shown as red. The membrane is colored by grey
sticks, with the phosphate atom show as a tan sphere for perspective.
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Figure 5.S4. Dominant morphologies of rIAPP interacting with POPC from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with

corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. rIAPP and the membrane are colored as in Figure S3.
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Figure 5.S5. Dominant morphologies of hIAPP interacting with POPS from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. hIAPP and POPS membrane are colored as in Figure S3.
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Figure 5.S6. Dominant morphologies of rIAPP interacting with POPS from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. rIAPP and POPS membrane are colored as in Figure S3.
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Figure 5.S7. Dominant morphologies of hIAPP interacting with raft from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. hIAPP and raft membrane are colored as in Figure S3
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Figure 5.S8. Dominant morphologies of rIAPP interacting with raft from RMSD clustering.
Representative images from the central structure of the first cluster of each are shown with
corresponding percentage indicating the percentage of frames in last 100 ns of simulation time
that sample the shown structure. rIAPP and raft membrane are colored as in Figure S3.
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Figure 5.S9. Global normalization of the frequency of hIAPP residue center of mass (COM)
flynnoccurrence at a distance, on the z-axis, from the COM of the membrane bilayer, as
dependent of secondary structure of residues 23-27. Res 23-27 Loop represents replicates 2,4,
and 5, which adopted a loop structure in residues 23-27. Res 23-27 Strand represents replicates
1,3, and 6, which adopted B-strand structure in residues. Each plot contains all data points from
respective replicates over the last 100 ns of simulation time. Residue number and distance (nm)
are plotted on the x- and y- axis, respectively.
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6 Conclusions

Understanding the influence of sequence and environment (model membranes, salt, pH, peptide
concentration) on amyloid proteins is of great interest due to their association with many
incurable diseases. The work presented here sought to determine the influence of these factors on
two amyloid proteins, AP and IAPP, and give insight into mechanistic detail associated with the
toxicity and aggregation capabilities of these peptides. Interestingly, many of these
amyloidogenic peptides share common characteristics such as size, structural changes while on-
pathway for aggregation, and difference in toxicity based on sequence. To begin project design,
it was noted that both AR and IAPP were similarly sized peptides (40/42 residues and 37
residues, respectively), of which both had rat variants that were noted to not express the same
phenotype as their human-derived counterparts. Human and rat AP differ by three residues (R5G,
Y10F, H13R) and human IAPP (HIAPP) and rat IAPP (RIAPP) differ by six residues (H18R,
F23L, A25P, 126V, S28P, S29P). Given this change in primary sequence, it was of interest to
determine how this sequence variation presents itself as a lack of phenotype of the disease states
of AD and T2D in the rat. These residue differences between forms of each peptide may provide
insight into the reduced aggregation, membrane perturbation, and cell death that is seen in rats
[12, 54, 55]. By comparing the membrane interactions and binding events of human A}, HIAPP,
rat AP and RIAPP with model membranes, similarities and differences have become apparent in
degree and type interaction dependent on both peptide and lipid type. By exploring the influence
of sequence on toxicity, a greater understanding of the mechanism and specific residue
interactions that lead to membrane perturbation and cell death can be achieved. What kind of
connections can be made that may be an overarching property of amyloid proteins? Can
molecular dynamics (MD) simulations provide insight into residues that may be driving these
peptide-membrane interactions that result in toxicity? How can MD simulations be utilized to
start understanding aggregation pathways (e.g., tetramer formation)? These questions prompted
the work and experimental design presented in this dissertation.

Studying the interactions of AP and IAPP in solution and in the membrane environment
experimentally is challenging. Af and IAPP are prone to rapid aggregation in an aqueous
solution, a process that interferes with techniques such as NMR, circular dichroism, and neutron
and x-ray diffraction [12, 43, 53, 56, 57]. Molecular modeling, specifically MD simulations, can
provide insight into molecular phenomena including protein folding/misfolding and protein-
membrane interactions. The work presented sought to utilize these computational techniques in
order to (1) determine the influence of oxidation state, solution conditions, and pH on
monomeric AP and provide rational for conflicting experimental data (Chapter 2), (2) assess the
role of sequence and lipid type on interactions of monomeric human and rat A and model
membranes (Chapter 3), (3) utilize unbiased, all-atom MD simulations to gain insight into AP
tetramer formation and Ap-tetramer membrane interactions (Chapter 4), and (4) assess the role of
sequence and lipid type of HIAPP and RIAPP on model membrane. In total, over 56 ps of
simulation time was performed for the discussed simulations and to answer the above questions.
Simulations on the microsecond level are at an advanced point for the field, especially for
peptide-membrane simulations.
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In Chapter 2, we determined that oxidation of Met35 in monomeric A4 resulted in a decrease in
C-terminal B-strand formation, a behavior that was influenced by solution conditions. Across all
conditions, irrespective of peptide protonation state or solution ionic strength, oxidation of
Met35 resulted in a decrease in 3-strand content in the C-terminal region of AP, indicating that
it is a global property of Met35° to attenuate on-pathway aggregation events of Af. pH did not
influence secondary structure elements to a great extent in Af4; however increased salt
concentration did produce a small decrease in f3-strand content. It was concluded that the
presence or absence of salt will influence the folding and secondary structure content Afao,
directly relating to differences in experimental studies surrounding aggregation rates of the
peptide [101, 103]. Therefore, one of the biggest results that came from this study and influenced
subsequent chapters and work is that it is important to interpret experimental studies in light of
the different outcomes that arise simply by virtue of differences in solution pH and ionic
strength. This is emphasized in Chapter 4, as solution conditions most likely influences A
oligomer formation, as shown through experimental and computational work. Understanding
properties like oxidation state and the influence of solution conditions on AP folding will allow
for further investigations to determine which molecular events give rise to the devastating
characteristics of AD.

Chapter 3 took note to include solution conditions that mimicked a physiologically relevant
environment and placed monomeric human and rat Af4, in the presence of five model
membranes. Starting structure and position of the peptide were found to be influential on Ap-
membrane interactions in these simulations as compared to previous computational studies. By
placing A4, above and outside of long-range interactions with model membranes, we were able
to test how extracellular, monomeric human A4, or rat AP4, interacted with model membranes.
This approach has not been utilized in previous MD simulations and gives a new perspective on
ABs;-membrane interactions and the influence of sequence, most notably a change in position of
an arginine. Only two model membranes were found to influence the secondary structure of
human A4, POPC and raft. This lack of influence of model membranes on secondary
structure of APs, could be due to the already equilibrated structure utilized in these peptide-
membrane simulations. This is something to consider for subsequent simulations; various
starting structures that range in a-helical and B-strand content. While it did make experimental
sense to equilibrate the AP peptide before being placed in a membrane environment, there may
be a threshold on how much B-strand content the peptide can adopt in the presence of a
membrane. Relating to how human A4, and rat A4, influenced membrane stability, both were
found to cause membrane perturbation, to varying extents based on lipid composition that
resulted in the membrane becoming more gel-like and rigid. Cholesterol and ganglioside-GM1
attenuated the degree of perturbation that A4, exerted on the model membranes, a result also
observed in Apgp-tetramer simulations. Finally, these simulations determined that positively
charged residues were a key influence and a driving force in AB-membrane interactions. This
observation may explain why targeting these residues has been successful in inhibiting the
toxicity of AP [198, 199]. Herein, the role of sequence in these peptide-membrane interactions
highlighted that differences in human and rat AP secondary structure, membrane perturbation,
and lipid affinity were due to due to the change of position of arginine (R5G, H13R). This study
rationalizes the role of lipid type and sequence on AB-membrane interactions and demonstrates
that a non-Ap factor, membranes, is an important factor to consider.
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Chapter 4 was designed due to results obtained in Chapter 3, in that POPC membranes were
perturbed to the greatest extent as compared to other lipid types and that cholesterol-rich raft
membranes appeared to be attenuate perturbation effects of monomeric AB4, binding. Therefore,
simulations were constructed to assess the ability of all-atom MD simulations to provide insight
into A4, tetramer formation and A4, tetramer-membrnae interactions. It is not currently known
what A4, species (monomer, dimer, tetramer, dodecamer, etc.) causes the greatest membrane
perturbation and results in neuronal cell death [229, 230]. A question at the beginning of the
study included how does AP, tetramer binding and interaction with POPC and raft membranes
influence membrane integrity as compared to monomeric A4, It was determined that the Aa,
tetramer perturbed POPC membranes to a greater extent than monomeric A4y, but the raft
membrane remained resilient to AP4p-tetramer perturbation as caused by binding. Positively
charged residues, Arg-5, Lys-16, and Lys-28 were still found to influence orientation and insert
into the headgroup region of POPC, similar to monomeric AB4,. This further supported the claim
that positively charged residues were driving forces in APs-membrane interactions and provide a
valid target for drug design. This finding also supports the role of cholesterol as being
neuroprotective to the membrane environment with Afs; binding. Finally, this study also
provided an avenue to explore the overall shape of an A4, tetramer in solution and in the
presence of a membrane. It was found that the membrane environment influenced the shape of
the AP4, tetramer to be more rod-like, indicating progression to on-pathway aggregation and
seeding events. These peptide-membrane interactions in both Chapter 3 and 4 supports the
carpeting-effect model proposed for A, toxicity on membranes [191] and reveals the role
membrane environments in modulating A fibril formation, ultimately yielding insight into
mechanism of A4, toxicity and the potential for aggregation events to proceed in the presence of
a membrane environment.

Finally, Chapter 5 sought to simulate another amyloid peptide in the presence of POPC, POPS,
and raft model membranes. These simulations could ultimately shed light into properties of
IAPP-membrane interactions and serve as a starting point to compare peptide-membrane
interactions of amyloidogenic peptides. One of the first findings in this study was the ability of
rat IAPP to transiently interact with a POPC membrane in four out of six simulations. This
transient interaction was not observed in any other peptide-membrane simulation and is unique
to this peptide. This transient interaction also spurred the extension of simulations from 300 ns to
1 ps, with six replicates, to determine if any MD simulation artifacts were resulting in this rat
IAPP and POPC interaction. Rat IAPP interactions with POPS and raft membranes did not
produce the same transient interactions, indicating it was solely the properties of the POPC
membrane resulting in this lack of binding affinity. Finally, Arg-18 was identified as a residue
responsible for influencing rTAPP peptide-membrane interactions with anionic membranes and
aids in explaining the curious nature of this peptide in peptide-membrane studies. IAPP is
natively unfolded in its monomeric state in solution, which was observed in the in-solution
simulations performed, and has helical characteristics in the presence of a membrane [42].
Human and rat IAPP secondary structure were not influenced by the membrane environment in
any way in these simulations and did not adopt any helical characteristics in the presence of
membranes; however, interesting sampling was observed with human IAPP in solution. Residues
20-29 of human IAPP (SNNFGAILSS) are classified as one of the most amyloidogenic
sequences known and this region, specifically residues 23-27 is reported to either be involved in
a loop region or in a B-strand region, depending progression in the aggregation cascade to fiber
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formation [285]. MD simulations of human IAPP in solution showed equal sampling of both
these structures, with the type of secondary structure associated with the 23-27 residue region
then influencing area of insertion into the membrane.

To cohesively tie these separate studies together, it was of interest to analyze and compare
degree of membrane perturbation between AP and IAPP. In the presence of a POPS membrane,
rat versions of both AP and IAPP locally perturbed the membrane to the greatest extent, with rat
AP providing the greatest overall amount of perturbation to this lipid type. In the presence of a
POPC membrane, human AP and human IAPP perturbed in the same manner and to the same
degree/extent, by causing an increase in lipid order and contributed to a more rigid membrane
environment. Rat Af and IAPP did not disrupt a POPC membrane to the extent at which the
human variants did, indicating an interesting trend. Rat versions of both peptides appear to have
greater effect on membrane perturbation by binding to an anionic POPS membrane than a POPC
and raft membrane. Controversy has arisen lately disputing the “non-toxicity” of rat IAPP, which
could be supported by its ability to bind to and disrupt POPS membranes [286] rather than
POPC. More systematic studies comparing both AP and IAPP in various environments are
necessary in understanding amyloidogenicity, especially after the discussion non-peptide factors
influencing the toxicity and aggregation potential of AB[145]. Finally, some future experiments
would include mutating the human version of A to have the mutation only at position 5 (R5G),
in order to assess the lack of this residue in peptide toxicity. A similar mutation in IAPP,
centering on Arg-18 in rTAPP would also be of interest. The role of positively charged residues
and their influence on peptide-membrane interactions is an interesting area to continue research
in and study as potential therapeutic targets.

The work presented focused on studying two of these peptides individually; however, it is
proposed that greater insight into amyloidogenic pathways can be gained by studying several of
these peptides and comparatively assessing similarities and differences utilizing the same
experimental conditions [287]. The occurrence of multiple amyloid peptides in aggregates has
also been proposed [288]; however, mechanistic action related to protein-protein interaction and
aggregation pathways related to these peptides remain elusive. In addition, many age-related
diseases are associated with amyloid peptides. By using MD simulations, future directions
include performing extensive studies utilizing various amyloid peptides in the same environment
to test degree and type of aggregation pathways and membrane disruption events. With this
objective, answers surrounding the how and in what ways do amyloid proteins act in similar
environments and how do these similarities and differences relate to the disease state and
possibly aging can be answered. By selectively combining various amyloid proteins in order
understand multi-peptide aggregation pathways. By focusing the scope of future work on
multiple peptides and aggregation pathway trends on a more macro-level, new insight and
experimental approach can be provided to the field and provide novel insight and direction.
Given the prevalence and severity of amyloid-related diseases and the lack of therapeutics that
offer any type of attenuation of the disease, insights into mechanistic detail is essential in
successfully developing novel therapeutics for these amyloid diseases.
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8 Appendices

8.1 Appendix A: Executive summary

Executive summary of additional published works

The articles summarized below were written and published in peer-reviewed journals during the
course of the predoctoral period. As the articles do not pertain directly to completion of the
dissertation work but were essential in my research and professional development, they are
summarized here below the full citation for the papers.

Gerben, S. R., Lemkul, J. A., Brown, A. M., and Bevan, D. R. (2013)
“Comparing atomistic molecular mechanics force fields for a difficult target:
a case study on the Alzheimer’s amyloid B-peptide.” J. Biomol. Struct. Dyn.
32 (11),1-16.

Molecular simulation methods can augment experimental techniques to understand misfolding
and aggregation pathways with atomistic resolution, but the reliability of these predictions is a
function of the parameters used for the simulation. This study sought to comparatively assess
various force fields (AMBER03, CHARMM22 + CMAP, GROMOS96 53A6, GROMOS96
54A7, and OPLS-AA) on the secondary structure of AB. Herein, it was determined that the
GROMOS96 53A6 force field best simulated AP as compared to experimental results. My role in
this study consisted of aiding in analysis methods utilized and drawing conclusions based on
data. I performed secondary structure and clustering analysis and aiding in manuscript
completion. I was involved in reviewing and editing the full manuscript before and during the
review process. This paper is the most relevant to my primary research of all the papers included
in the appendices, given that it provided a solid argument for force field selection for my
simulations and gave me confidence in the simulated AP structures, as related to secondary
structure changes.

Congdon, M.D., Kharel, Y., Brown, A.M., Lewis, S.N., Thorpe, S.B.,
Bevan, D.R., Lynch, K.R., and Santos, W. L. “Structure-activity relationship

studies and molecular modeling of naphthalene-based sphingosine kinase 2
inhibitors” J. Med. Chem. Letters.
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This publication sought to determine the structure-activity relationship between naphthalene-
based inhibitors and sphingosine kinase 2 (SphK2). In addition, determination of key residues for
binding specificity in SphK2 was achieved. This is a collaborative project where I performed
part of the homology modeling and analysis of the SphK2 structure, the molecular docking on
compounds into SphK2, and assessed key residues for binding specificity. This project did not
include MD simulations, but increased my skill set in various computational techniques and
provided solid foundation for utilized computational techniques in drug design. I was involved in
reviewing and editing the full manuscript before and during the review process.

Miller, D.V., Brown, A.M., Xu, H., Bevan, D.R., and White, R.H. (2015)
“Elucidating the Role of a Conserved Cysteine in Adenine Deaminase.”
Proteins: Structure, Function, and Bioinformatics.

This study centered around characterization of the previously uncharacterized adenine
demaminase (Ade) and hypoxanthine/guanine phosphoribosyltransferasest and their involvement
in purine salvage in Methanocaldococcus jannaschii. A conserved cysteine (C127, M.
Jjannaschii numbering) was examined due to its high conservation in bacterial and archaeal
homologues. To assess the role of this highly conserved cysteine in M. jannaschii Ade, site
directed mutagenesis and molecular dynamics simulations were performed. Detailed molecular
docking and dynamics studies revealed adenine was unable to properly orient in the active site in
the C127A and C127S Ade model, giving insight into the role of the conserved cysteine in
maintaining active site structure. I performed all molecular dynamics simulations and analysis, in
addition to providing insight and analysis to homology modeling and molecular docking results.
I was involved in writing, reviewing, and editing the full manuscript before and during the
review process.

8.2 Appendix B: Input files for MD simulations

8.2.1 Isochoric-isothermal ensemble (NVT) — Peptide in Solution
title = NVT equilibration

define =-DPOSRES ; position restrain the protein
; Run parameters
integrator = md ; leap-frog integrator

nsteps  =50000 ;2 * 50000 =100 ps
dt =0.002 ;2fs
; Output controli

nstxout =15000 ;save coordinates every 0.2 ps
nstvout =5000 ;save velocities every 0.2 ps
nstenergy = 5000 ; save energies every 0.2 ps

nstlog  =5000 ;update log file every 0.2 ps

; Bond parameters

continuation =no ; first dynamics run

constraint_algorithm = lincs ; holonomic constraints

constraints = all-bonds ; all bonds (even heavy atom-H bonds) constrained
lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy
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; Neighborsearching
ns type =grid ;search neighboring grid cells
nstlist =5 ;10fs

rlist =09 ; short-range neighborlist cutoff (in nm)
rcoulomb =0.9 ; short-range electrostatic cutoff (in nm)
rvdw =14 ; short-range van der Waals cutoff (in nm)
; Electrostatics

coulombtype = PME ; Particle Mesh Ewald for long-range electrostatics
pme order =4 ; cubic interpolation

fourierspacing =0.16  ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
taut =0.1 0.1;time constant, in ps

ref t =310 310 ; reference temperature, one for each group, in K

; Pressure coupling is off

pcoupl =no ; no pressure coupling in NVT

; Periodic boundary conditions

pbc =xyz ;3-DPBC

; Dispersion correction

DispCorr = EnerPres ; account for cut-off vdW scheme
; Velocity generation

gen_vel =yes ; assign velocities from Maxwell distribution
gen temp =310 ; temperature for Maxwell distribution
gen_seed =-1 ; generate a random seed

8.2.2 Isochoric-isothermal ensemble (NVT) — Peptide-Membrane System for
GROMOSS3A6 Force Field

Title = NPT simulation for a protein+tmembrane
cpp = /ust/bin/cpp

define  =-DPOSRES -DPOSRES LIPID

; Run parameters

integrator = md

dt =0.002

nsteps  =350000 ;100 ps
nstcomm =1

; Output parameters

nstxout =0

nstvout =0

nstfout =0

nstlog  =1000

nstenergy = 1000

; Bond parameters
constraint_algorithm = lincs

constraints = all-bonds

continuation =no ; starting up

; Twin-range cutoff scheme, parameters for Gromos96
nstlist =35

ns type = grid

rlist =1.2
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rcoulomb =1.2

rvdw =1.2

; PME electrostatics parameters

coulombtype = PME

fourierspacing =0.12

fourier nx =0

fourier ny =0

fourier nz =0

pme order =4

ewald rtol = le-5

optimize fft =yes

; Berendsen temperature coupling is on in three groups
Tcoupl = Berendsen

tc_grps = Protein POPC_SM_ CHOL SOL NA CL
taut =0.10.10.1

ref t =100 100100

; Pressure coupling is not on

Pcoupl =no

; Generate velocities is on

gen_vel =yes

gen temp =100

gen_seed =-1

; Periodic boundary conditions are on in all directions
pbc  =Xxyz

; Long-range dispersion correction
DispCorr = EnerPres

8.2.3 Isochoric-isothermal ensemble (NVT) — Peptide-Membrane System for
GROMOSS53A6 Force Field

titte = NPT equilibration

define  =-DPOSRES ; position restrain the protein
; Run parameters

integrator = md ; leap-frog integrator

nsteps  =50000 ;2 * 50000 =100 ps

dt =0.002 ;2fs

; Output control

nstxout =5000 ;save coordinates every 0.2 ps
nstvout =5000 ;save velocities every 0.2 ps
nstenergy = 5000 ; save energies every 0.2 ps

nstlog  =5000 ;update log file every 0.2 ps

; Bond parameters

continuation = yes ; Restarting after NVT

constraint_algorithm = lincs ; holonomic constraints

constraints = all-bonds ; all bonds (even heavy atom-H bonds) constrained
lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy

; Neighborsearching

ns type =grid ;search neighboring grid cells

nstlist =5 ;10fs
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rlist =09 ; short-range neighborlist cutoff (in nm)

rcoulomb =0.9 ; short-range electrostatic cutoff (in nm)
rvdw =14 ; short-range van der Waals cutoff (in nm)
; Electrostatics

coulombtype = PME ; Particle Mesh Ewald for long-range electrostatics
pme order =4 ; cubic interpolation

fourierspacing =0.16 ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
taut =0.1 0.1;time constant, in ps

ref t =310 310 ; reference temperature, one for each group, in K

; Pressure coupling is on

pcoupl = Parrinello-Rahman ; Pressure coupling on in NPT
pcoupltype = isotropic ; uniform scaling of box vectors

tau p =2.0 ; time constant, in ps

ref p =1.0 ; reference pressure, in bar

compressibility = 4.5e-5 ; isothermal compressibility of water, bar”-1
refcoord_scaling = com

; Periodic boundary conditions

pbc =xyz ;3-DPBC

; Dispersion correction

DispCorr = EnerPres ; account for cut-off vdW scheme

; Velocity generation

gen vel =no ; Velocity generation is off

8.2.4 Isothermal-isobaric ensemble (NPT) — Peptide-Membrane
GROMOSS3A6 Force Field

title = NPT simulation for a proteint+membrane
define =-DPOSRES

; Run parameters

integrator = md

dt =0.002
nsteps = 500000 ; 1000 ps (1 ns)
nstcomm =1

refcoord_scaling = com

; Output parameters

nstxout = 50000

nstvout = 50000

nstfout = 50000

nstlog  =5000

nstenergy = 5000

; Bond parameters
constraint_algorithm = lincs

constraints = all-bonds

continuation =yes ; continuing from annealing
; Twin-range cutoff scheme, parameters for Gromos96
nstlist =5

ns type = grid

rlist =1.2
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rcoulomb =1.2

rvdw =1.2

; PME electrostatics parameters
coulombtype =PME
fourierspacing =0.12

fourier nx =0
fourier ny =0
fourier nz =0
pme order =4
ewald rtol =le-5

optimize fft =yes

; Berendsen temperature coupling is on in three groups
Tcoupl = Nose-Hoover

tc_grps = Protein POPC_SM_ CHOL SOL NA CL
taut =1.01.01.0

reft =310310310

; Pressure coupling is on

Pcoupl = Parrinello-Rahman

pcoupltype = semiisotropic

tau p =2.0

compressibility = 4.5e-5 4.5e-5

ref p =1.01.0

; Generate velocities is off

gen_vel =no

; Periodic boundary conditions are on in all directions
pbc  =Xxyz

; Long-range dispersion correction

DispCorr = EnerPres

8.2.5 Production MD — Peptide in Solution for GROMOS53A6 Force Field

titte = MD equilibration
; Run parameters
integrator = md ; leap-frog integrator

nsteps = 12500000 ;2 * 50000 = 100 ps
dt =0.002 ;2fs
; Output control

nstxout =0 ;save coordinates every 0.2 ps
nstvout =0 ;save velocities every 0.2 ps
nstenergy = 5000 ; save energies every 0.2 ps

nstlog  =5000 ;update log file every 0.2 ps

nstxtcout =5000 ; frame every 10 ps

; Bond parameters

continuation = yes ; Restarting after NVT

constraint_algorithm = lincs ; holonomic constraints

constraints = all-bonds ; all bonds (even heavy atom-H bonds) constrained
lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy

; Neighborsearching

ns type =grid ;search neighboring grid cells
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nstlist =5 ;10fs

rlist =09 ; short-range neighborlist cutoff (in nm)
rcoulomb =0.9 ; short-range electrostatic cutoff (in nm)
rvdw =14 ; short-range van der Waals cutoff (in nm)
; Electrostatics

coulombtype = PME ; Particle Mesh Ewald for long-range electrostatics
pme order =4 ; cubic interpolation

fourierspacing =0.16 ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
taut =0.1 0.1;time constant, in ps

ref t =310 310 ;reference temperature, one for each group, in K

; Pressure coupling is on

pcoupl = Parrinello-Rahman ; Pressure coupling on in NPT
pcoupltype = isotropic ; uniform scaling of box vectors

tau p =2.0 ; time constant, in ps

ref p =1.0 ; reference pressure, in bar

compressibility = 4.5e-5 ; isothermal compressibility of water, bar”-1
; Periodic boundary conditions

pbc =xyz ;3-DPBC

; Dispersion correction

DispCorr = EnerPres ; account for cut-off vdW scheme

; Velocity generation

gen vel =no ; Velocity generation is off

8.2.6 Production MD — Peptide-Membrane System for GROMOS53A6 Force Field

title = NPT simulation for a membrane protein
; Run parameters
integrator = md

dt =0.002

tinit =0

nsteps = 12500000 ;25000 ps (25 ns)
nstcomm =1

refcoord_scaling = com
; Output parameters

nstxout =0
nstvout =0
nstfout =0

nstlog  =5000

nstenergy = 5000

nstxtcout = 5000

; Bond parameters
constraint_algorithm = lincs

constraints = all-bonds

continuation =yes ; continuing from annealing
; Twin-range cutoff scheme, parameters for Gromos96
nstlist =5
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ns type = grid

rlist =12
rcoulomb =1.2
rvdw =1.2

; PME electrostatics parameters

coulombtype =PME

fourierspacing =0.12

fourier nx =0

fourier ny =0

fourier nz =0

pme order =4

ewald rtol = le-5

optimize fft =yes

; Berendsen temperature coupling is on in three groups
Tcoupl = Nose-Hoover

tc_grps = Protein POPC_SM_ CHOL SOL NA CL
taut =1.01.01.0

reft =310310310

; Pressure coupling is on

Pcoupl = Parrinello-Rahman

pcoupltype = semiisotropic

tau p =2.0

compressibility = 4.5e-5 4.5e-5

ref p =1.01.0

; Generate velocities is off

gen_vel =no

; Periodic boundary conditions are on in all directions
pbc  =xyz

; Long-range dispersion correction
DispCorr = EnerPres
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