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ABSTRACT OF THE DISSERTATION

In pursuit of small molecule based prevention of Alzheimer’s disease:
defining the mechanistic pathway via bilayer electrophysiology

by

Alan L. Gillman

Doctor of Philosophy in Bioengineering

University of California, San Diego, 2015

Professor Ratneshwar Lal, Chair

The prevailing hypothesis for pathology of Alzheimer’s disease (AD) proposes

that amyloid-beta (Aβ ) peptides are the toxic element. Small oligomers of Aβ are be-

lieved to induce uncontrolled, neurotoxic ion flux across cellular membranes. The re-

sulting inability of neurons to regulate their intracellular concentration of ions, particu-

larly calcium ions, has been associated with cell death and may contribute to the cog-

nitive impairment typically seen in AD patients. The mechanism of the ion flux is not

fully understood, but the most direct mechanism of membrane disruption would be the

formation of channel-like pores. Structural models and experimental evidence suggest

that Aβ pores form from an assembly of loosely-associated mobile β -sheet subunits.

However, further understanding of the underlying mechanism of AD will be crucial to

xiv



our ability to design highly efficacious therapeutics. The dissertation focuses on the

application of bilayer electrophysiological recordings to the study and determination of

the mechanistic pathway of Aβ pathophysiology in AD. Biophysical characterization

of the highly cytotoxic pyroglutamate-modified Aβ (AβpE) is first presented. We show

that AβpE activity is shifted to higher conductance events, which could explain their

increased toxicity. Next, we introduce, and provide proof of concept for, a newly devel-

oped analysis tool which more accurately depicts cytotoxicity than traditional channel

analysis methods. Finally, we use two small molecule drug candidates to test efficacy

and gain insight into the mechanism of pore formation. From the results we suggest

structural targets for future therapeutic design. This work advances the understanding

of the underlying mechanism of AD pathophysiology by pore formation and will aid the

design of small molecule pharmaceuticals for the treatment/prevention of this devastat-

ing disease.
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Chapter 1

Introduction

1.1 Alzheimer’s Disease

1.1.1 History and Prevalence

In 1906 Alois Alzheimer gave a talk at the Meeting of Psychiatrists of South

West Germany. There he presented the case of one of his patients, Auguste D, who

had died earlier in the year at the age of 55 following a dementing illness. Alzheimer

described the unusual pathological features in her brain including plaques and tangles

and published his first paper on the topic the following year [1]. While Alzheimer was

the first to describe the tangles in detail [2], he was not the first to observe the clinical

symptoms of the disease, nor was he the first to describe the plaques [3] that would

become the pathological hallmark of the disease that bears his name [4]. However,

Alzheimer recognized that this case did not fit well within the confines of any other

defined disorder of the day and that it was a unique disease [4, 5]. It was not until the

late 1960s that it was recognized that the majority of "senile dementia" cases showed

Alzheimer pathology [6, 7, 8], and with that a new era of disease recognition began.

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is the

most common cause of dementia [9, 10]. Clinically, AD is characterized by the loss

of memory, thinking, and brain functions. It has become increasingly clear over the

years that AD is one of the largest health related problems facing society, with its im-

pact continuing to grow both from a human and economic perspective. Age is the single

1



2

greatest risk factor in developing AD with less than 4% of cases in individuals under

the age of 65 (Figure 1.1) [11] and a risk that doubles every 5 years over the age of

65 [12]. Improvements in modern healthcare have led to a steady increase in human

life expectancy. Unfortunately, as more people live to reach older age the numbers of

individuals projected to develop neurodegenerative diseases, such as AD, are set to in-

crease dramatically [13, 14, 15]. According to the latest figures, 5.3 million Americans

currently suffer from AD with that number expected to leap as newly proposed diag-

nostic criteria goes into place in conjunction with the aging of the populace [11]. AD

is considered the 6th leading cause of death in the United States and, despite years of

research on the topic, is the only one of the top ten that currently has no effective way

to slow, cure, or prevent progression. There are currently six FDA approved drugs on

the market, with only one being approved in the past decade [11]. These drugs show

minimal efficacy and temporarily improve some of the symptoms while not addressing

the underlying pathophysiology. Sadly, in many ways Auguste D’s prognosis would be

the same today as it was during the early 20th century.

1.1.2 The Amyloid Hypothesis

The mechanism of disease pathogenesis has been the source of speculation and

research for the past several decades, but remains unclear to this day. The majority of

the research has focused on the pathological hallmarks of AD, namely the presence of

intracellular neurofibrillary tangles (NFTs) and extracellular plaques [1, 4, 15, 16, 17,

18, 19, 20]. These aggregates are primarily comprised of a class of abnormally folded

proteins known as amyloids in their fibril form [21, 22]. Over the last quarter century,

no fewer than 16 different clinical syndromes have been characterized by the presence

of amyloid deposits [22, 23], each with a different primary amyloid protein. Rudolf

Virchow mistakenly believed amyloids to be carbohydrate in nature, first using the term

in 1854 to describe amorphous "starch-like" deposits that stained purple with iodine

[22, 24, 25, 26, 27]. Subsequent studies revealed that these deposits were composed of

proteins. Today amyloids are classified as misfolded proteins that aggregate into (fib-

rilar) deposits, exhibit cross β -sheet structure, are resistant to proteolytic cleavage, and

bind Congo Red [28, 29, 30]. The fibrilar amyloids are a common pathological hall-
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mark among amyloid diseases, known as amyloidosis [22, 28, 31, 32]. In addition to

AD, many well-known diseases fall into the category of amyloidosis including Hunting-

ton’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS or Lou Gehrig’s

disease), and Type II diabetes [33, 28].

AD is unique in that it is characterized by two different fibrilar amyloid deposits:

NFTs and senile plaques. While NFTs and their constituent protein, tau, have been the

subject of intense research–including a recent study out of the Mayo Clinic that im-

plicates tau as the primary driver of AD [34]–the majority of work has focused on the

senile plaques. These plaques are composed primarily, but not exclusively, of aggregates

of amyloid-beta (Aβ ) in the fibril form. Aβ is derived from the amyloid precursor pro-

tein (APP). APP is processed by the enzymes β - and γ- secretase [29, 35, 36, 37] (Figure

1.2) to produce the Aβ peptide. Differential cleavage of APP by these secretases pro-

duces Aβ of varying lengths, with Aβ1−40 and Aβ1−42 (consisting of 40 and 42 residues,

respectively) being the predominant species generated [15, 35, 36, 38, 39, 40, 16]. Of-

ten these peptides are further procesed and modified to additional forms of Aβ , which

may play a role in AD pathophysiology. One such form (Characterized in Chapter 2)

is pyroglutamate (pE)-modified Aβ , which has been shown to represent the dominant

fraction of Aβ oligomers in brains of AD patients [41, 42].

Although Aβ is found in large fibrils in the brain, the mechanism by which the

peptide causes neurotoxicity is not fully understood. The prevailing view, known as the

amyloid cascade hypothesis, states that Aβ is the toxic element in AD pathophysiology

[13, 14, 15, 16, 22, 24, 25, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 23, 54, 20, 55, 17,

56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 18]. Over the years the cascade hypothesis has been

modified to fit the results of various studies. A primary tenant of the hypothesis links

Aβ to pathophysiologic cell response via destabilization of cellular ionic homeostasis,

primarily a gain of intracellular Ca2+. Dysregulation of ionic homeostasis alters neu-

ronal information processing (a loss of synaptic efficacy), leads to neuronal dysfunction,

and eventual degeneration (cell death) via triggering of apoptotic pathways [66, 67, 68]

(Figure 1.3). The prevailing view for many years pointed to the fibrilar aggregates of

Aβ as the toxic element [69, 70]. This view is no longer tenable. Instead, research in

recent years has focused on small oligomers that appear to be the most toxic to cells
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[48, 53, 71, 72, 73, 74, 75, 76, 77, 78]. These small oligomers lead to a destabilizing

influx of Ca2+ primarily by the alteration of cellular membrane properties–including

membrane thinning, non-specific leakiness, or pores to ionic transport across the cellu-

lar membranes (both plasma as well as intracellular membranes) [79]. The most direct

mechanism of membrane disruption, which will be the focus of the dissertation, is via

pore formation.

1.1.3 Channel Hypothesis

Just over two decades ago, Arispe et al first reported the remarkable finding

that Aβ was capable of forming ion-permeable channels in lipid bilayer membranes

[57, 59]. Using a technique called planar lipid bilayer (PLB) recording (discussed below

in depth) they showed that Aβ induced unregulated ionic flux across model membranes

through non-specifically cation selective channels. The channels were large, showed

heterodisperse conductivity, Ca2+ permeable, and could be blocked by Zn2+. Over a

series of papers they hypothesized that membrane depolarization and/or Ca2+ influx

could be responsible for cellular toxicity and proposed the amyloid channel hypothesis

[57, 59, 80, 58, 61]. The heterogeneity of single channel conductances suggested that

the channels are formed by multiple molecular species in the membrane. Furthermore,

the activity is not fully dependent on the concentration of Aβ species, implying that

a subset of the possible structures is required to obtain channel activity. Due to unfa-

vorable thermodynamics and a high energetic cost of a fully formed channel entering

the membrane, it has been suggested that Aβ oligomers can irreversibly insert into the

membrane and spontaneously assemble within the bilayer to form a cytotoxic pore [81].

Since the development of the channel hypothesis, multiple complementary tech-

niques have been used to test the theory. In 2001, Lin et al [48] presented high resolution

AFM images that showed channel-like structures formed by Aβ1−42 reconstituted in a

model membrane system. They further validated that the channels demonstrated hetero-

geneous single channel conductance and blockage by Zn2+, while demonstrating cal-

cium uptake and neuritic degeneration in cell culture. Multiple AFM studies since that

time have shown that Aβ channels have outer diameter of 8−12 nm and inner diameter

∼2 nm [48, 23, 82, 83, 84]. AFM images have accounted for the multilevel conductance
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observed in PLB electrical recording by demonstrating that Aβ pores are assemblies of

several subunits. This structural motif is supported by molecular dynamics (MD) simu-

lations of that suggest that oligomer subunits are mobile within the bilayer and are free

to assemble into new pores, add to existing pores, or disassociate from other oligomers

[85]. This leads to variable pore size and morphology and the heterogeneouss electrical

activity of Aβ .

An increasing body of evidence has pointed to Aβ pore formation. For technical

reasons, much of the work on Aβ pores has been conducted in model membrane systems

leading many to question its applicability to in vivo toxicity. Demuro et al answered this

challenge and, using a technique they have coined "optical patch-clamping", clearly

demonstrated Ca2+ fluorescence transients after the addition of Aβ1−42 to oocytes [86].

These transients were spatially localized which was highly suggestive of pore presence

rather than nonspecific leakage. Most significantly the flux was heterogeneous in inten-

sity, validating the multi-level nature of conductance events seen in electrical record-

ings. Capone et al further advanced the channel hypothesis by demonstrating that Aβ

with an all D- amino acid sequence retains strikingly similar features known for the all

L- peptide. This result suggested that chirality had no bearing on Aβ activity and is

thus unlikely the result of stereospecific receptor binding [87, 82]. Recently Sciacca et

al showed membrane disruption by Aβ involves a two-step mechanism: i) the forma-

tion of ion permeable pores, ii) Aβ fibrillization causes membrane fragmentation via

a detergent-like mechanism [88]. This model suggests that distinct pore formation is

followed by nonspecific leakiness of the membrane and is supported by data contained

in this dissertation.

While evidence is mounting for the role of Aβ pores playing a significant role

in cytotoxicity, the mechanism of pore formation is unclear. Numerous MD simulations

of Aβ pores have pointed to a β -barrel structure for the intramembrane region of the

pore [83, 84, 85, 89, 90, 91]. While some studies have pointed to the β -sheet secondary

structure as a necessary element in Aβ toxicity [90, 92, 93] the results of other studies

have been mixed [92, 94, 95] and point to the need for further investigation.
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1.2 Planar Lipid Bilayer Recording

1.2.1 History and Membrane Formation

The black lipid membrane (BLM) became the first artificial lipid membrane

formed in vitro [96] in 1962 and has served as a model system of cellular membranes

ever since. First demonstrated by Mueller and Rudin [96], BLMs have been used ex-

tensively to study the properties of the membrane itself as well as membrane embedded

proteins, most notably ion channels. The term "black" refers to the fact that they appear

dark under reflected light due to the destructive interference of light reflecting off of the

two faces. This was the first indication that the bilayer formed was of molecular thick-

ness (only a few nanometers), a phenomenon that was first noticed by Newton during his

work with soap films. The technique relies on the formation of an artificial membrane

over a small aperture (on the order of tens to a few hundred microns in diameter) in a

non-conducting barrier between two electrically isolated chambers containing an aque-

ous ionic solution (buffer) (Figure 1.4A). There are two main types of BLMs that are

characterized by their method of membrane formation: i) painted and ii) solvent-free or

folded.

In the painted technique of Mueller and Rudin [96], lipid is dissolved in a hy-

drophobic solvent (typically heptane, decane, or squalene) and then painted over the

aperture using a brush, syringe, or glass bulb. A spontaneous lipid monolayer forms at

the interface between the organic and aqueous solutions on either side of the aperture.

Once tethered to the hydrophobic walls of the partition, the solvent droplet thins at the

center bringing the two monolayers together. When sufficiently close the monolayers

fuse into a bilayer and rapidly exclude the solvent to the edges leaving a planar bilayer

at the center of the aperture. The excluded solvent forms a significant annulus around

the planar region of the membrane and is essential for membrane stability [97].

The solvent free method was introduced a decade later by Montal and Mueller

to address the presence of non-excluded solvents between the lipid layers [98]. Volatile

organic solvents, such as chloroform, are used to dissolve the lipids before depositing on

the surface of each chamber. A lipid monolayer is formed at the air/water interface as the

solvent evaporates away. The fluid level is then lowered and raised across the aperture,
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folding the two monolayers together to form a bilayer. While folded membranes are

devoid of intramembrane solvent and been shown to be slightly thinner than painted

membranes [98], peptide activity is comparable between the two types [99, 100, 101,

102]. Due to the similarities in peptide activity between the two membrane types, the

easier to prepare painted bilayers were used throughout the studies described within.

Since lipid membranes are non-conducting, insertion of ion channels into the

membrane, either through spontaneous insertion or vesicle fusion, provides the only

pathway for ionic currents to pass the membrane. By placing an electrode in both cham-

bers and utilizing the voltage clamp mode of an amplifier, the activity of individual

channels can be measured. In fact, BLM (used interchangeably with planar lipid bi-

layer, or PLB) recordings were used for the first single molecule studies in the early

1970s when Hladky and Haydon confirmed the unit channel structure of Gramicidin A

(gA) [103] (Figure 1.4B). BLM and the patch-clamp technique, developed by Neher

and Sakmann [104], have been used extensively in the study of ion channels due to their

ability to recapitulate the electrical properties of cellular membranes.

1.2.2 The Electrical Model of the Cell Membrane

As an electronic model, the bilayer is represented as a resistor and a capacitor

in parallel [105]. Simple measurements allow for the determination of whether a mem-

brane was formed and to asses membrane size and quality. Lipids are poor conductors

and thus are highly resistive. In electrophysiology studies the conductance (g) of the

system is typically measured, and is given by rearrangement of Ohm’s law:

g = R−1 =
I
V

(1.1)

where R is membrane resistance, I is measured current, and V is the potential difference

across the bilayer. Low bilayer conductances of < 10 pS (R > 10 GΩ) indicate the

formation of a BLM over the aperture.

Furthermore, the bilayer has a capacitance due to the storage of charge near its

surface. The bilayer can be thought of as two charged surfaces separated by a thin

dielectric and can thus be approximated as a parallel plate capacitor by:
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C =
ε0ε1A

d
(1.2)

where C is the capacitance, A is the surface area of the bilayer, d is the bilayer thick-

ness, ε0 is the permittivity of free space, and ε1 is the dielectric constant of the lipid.

The capacitance is indicative of membrane area and thickness which are crucial for de-

termination of membrane quality. Capacitance can be measured in real-time, allowing

the investigator to monitor the evolution of the BLM over the course of the experiment.

Manipulation of basic circuit equations allows us to relate the capacitance to easily

measured parameters. Taking the time-dependent derivative of the relationship between

charge (Q), voltage, and capacitance (Equation 1.3) gives an expression for capacitance

that is linear with respect to the applied bias potential and the measured current (Equa-

tion 1.4) as follows:

Q =CV (1.3)

I =
dQ
dt

=C
dV
dt

. (1.4)

In practice, membrane capacitance is typically determined by the relationship between

an applied symmetric triangular wave function (of known parameters) as the membrane

potential and measuring the amplitude of the resulting rectangular current.

1.2.3 Advantages

The greatest advantage of BLM/PLB recording lies in its sensitivity. BLM

recordings allow for the conductance of single channels to be resolved over large mem-

brane areas. Membranes with estimated diameters of 120− 180 µm are typical under

the working conditions used within our studies. This provides a very large surface area

for channel formation to occur and greatly increases the probability of successful pep-

tide incorporation. BLM provides single channel resolution while recording the bulk

current through the membrane, making it a truly multiscale technique that allows for the

simultaneous study of individual channel and ensemble properties.

Both BLM and path-clamping deliver single channel ionic conductance resolu-

tion in biologically relevant membranes. While patch-clamping is a remarkable tech-
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nique that allows for the study of channels in live cells, it is ill suited for the study

of amyloids. The cellular membrane in live cells is very complex, involving many

variables, such as other membrane embedded ion channels, which are very difficult to

isolate and control. Consequently, studying the ionic flux across a cellular membrane

due to specific membrane proteins is extremely challenging. This is especially true for

channels types that are not "well behaved" with clearly defined pore size and signature

conductance (i.e. Na+, K+ channels). Amyloid channels, as further discussed below,

exhibit variable pore sizes and multi-level conductance. As a result, we examine ionic

flux across model bilayers using BLM.

By using a model membrane we ensure a pure system that isolates specific mem-

brane permeabilizing peptides. BLM allows precise control over the constituents of the

experimental setup, including the buffer, membrane composition, and peptide. Most

BLM chambers are open in nature and provide easy access to both sides of the mem-

brane allowing for online addition of components to the system. Many chambers also

employ a perfusion or flow through design to quickly change out the buffer solution

which enables to investigator to rapidly screen multiple compounds against channel ac-

tivity [106].

In addition to experimental control, BLM provides great insight into the mech-

anism of peptide insertion and channel formation. Unlike patch-clamp, which necessi-

tates the presence of channels in the membrane prior to isolation and gigaseal formation,

BLM starts with a pure membrane. This pure membrane allows us to better understand

the membrane binding and insertion mechanism of peptides. Some conducting pore

forming peptides are able to spontaneously insert, either from one or both sides, into

the bilayer while others require assistance through proteoliposome fusion. All studies

in this dissertation were carried out by spontaneous pore formation with no assistance

from proteoliposome fusion.

1.2.4 PLB Recording of Aβ Pores

While Aβ is the focus of this dissertation, it must be noted that it is not the

only amyloid capable of forming channel-like pores. Many, if not all, amyloid peptides

have demonstrated ion permeable pores in vitro. Quist et al [23] presented a series of
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AFM images of ion channels for a series of disease-related amyloid species, including

Aβ1−40, α-synuclein, ABri, ADan, SAA, and amylin (Figure 1.5). Despite the fact that

amyloid proteins exhibit no amino acid sequence homology, they do share the physical

chemical properties that lead to membrane poration [22]. As mentioned previously, Aβ

pores demonstrate heterogeneous single channel conductance, a characteristic that has

been found in recordings of all characterized amyloids. This is unusual for typical ion

channels that have been well studied in biological systems, which show characteristic

single channel conductance (Figure 1.4B), and has led to pushback over the use of the

term "ion channel." As a result amyloids are most accurately said to form channel-like

pores of non-unitary conductance.

There are three different types of ionic activity that have been described for

amyloid pores [22, 107], which are highlighted in Figure1.6. The first type of activity

is known as the "bursting" fast cation channel which, as its name implies, is a short

burst of activity that gives a nonlinear current-voltage relationship. The second type

of channel activity is the "spikey" fast cation channel. Spike behavior is similar to the

burst; however, the spike is more short-lived when compared to bursting activity. Lastly,

the third type of channel activity is the "step" or "step-like" activity. With the step-

like behavior a clear, defined jump in current is seen as a channel opens and closes. Step

behavior is considered to most approximate the behavior seen in traditional ion channels

(Figure 1.4B).

The variable nature of amyloid activity introduces challenges for their analysis.

Many commercially available software packages exist for the analysis of electrophysi-

ology data, but all rely on characteristic conductance levels for the creation of activity

histograms. While qualitative conclusions can be drawn by observing the traces, without

the unitary conductance, quantitative assessment is time consuming and labor intensive.

The matter is complicated further by the different activity types which could erroneously

bias histogram analysis toward prevalent but short lived pores that may not hold signif-

icance in cytotoxicity. For these reasons, current techniques make it difficult to make

comparisons between the toxicity of different amyloid species.
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1.3 Overview of the Dissertation

Decades of research have been dedicated to the understanding of AD and the

search for a meaningful treatment. Despite this effort, little tangible progress has been

seen in the treatment and prognosis of those who suffer from this devastating disease.

While we have done a wonderful job of defining the parts that make up the puzzle, we

still have not solved the fundamental question of how these pieces fit together to form

the full picture of the disease. Determination of the underlying mechanism of AD will

be crucial to our ability to design highly efficacious therapeutics. BLM recording, as

a tool, has played an invaluable role in our understanding Aβ induced cytotoxicity and

will continue to do so going forward.

The dissertation focuses on the application of PLB/BLM recording to the study

and determination of the mechanistic pathway of Aβ pathophysiology in AD. The work

within is focused on three main areas: i) biophysical characterization of a previously

unstudied peptide; ii) development of new tools for the analysis and comparison of Aβ

pore toxicity; iii) use of small molecule drug candidates to test efficacy and gain insight

into the mechanism of pore formation. Chapter 2 presents the first published biophys-

ical characterization of AβpE3−42—a highly toxic Aβ variant found preferentially and

in abundance in senile plaques—activity. Chapter 3 introduces our newly developed

analysis software for amyloid recordings which more accurately depicts toxicity than

traditional histogram analysis. As proof of concept for the software, data from Chapter

2 is reanalyzed. Chapters 4 & 5 present two different small molecule drug candidates,

one embedded in the membrane (Chapter 4) and one in aqueous solution (Chapter 5).

Insights into mechanism of channel formation and blockage are discussed along with

potential areas of focus for future drug development.

Chapter 1 is original content. The dissertation author is the primary author of

this content.
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Figure 1.1: Ages of people with AD in the United States, 2015. Age is the single
greatest risk factor for the development of AD. As the average life expectancy of the
population increases, from improvements in medical care, the number of people afflicted
with AD is expected to rise dramatically. From the 2015 Alzheimer’s Facts and Figures
report [11] with data by Hebert et al, 2013 [108]
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Figure 1.2: Differential secretase processing of APP to form Aβ . Differential cleav-
age of the amyloid precursor protein (APP) byα-, β -, and γ-secretase forms Aβ . Various
Aβ fragments are processed by different secretase combinations. Amyloidogenic frag-
ments of Aβ1−40/Aβ1−42 are produced by β - and γ-secretase cleavage. From Thinakaran
et al, 2008 [36] and Jang et al, 2010 [46], modified.
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Figure 1.3: Flow diagram of cascade hypothesis. The amyloid cascade hypothesis
links Aβ to pathophysiologic cell response via destabilization of cellular ionic home-
ostasis, primarily a gain of intracellular Ca2+. Dysregulation of ionic homeostasis alters
neuronal information processing (a loss of synaptic efficacy), leads to neuronal dysfunc-
tion, and eventual degeneration (cell death). Aβ exists in a variety of aggregated states
from monomers to fibrils, with the small oligomers exhibiting the highest toxicity in cell
culture models. Influx of Ca2+ may arise from a variety of factors including, but not lim-
ited to: the formation of ion channels, recruitment of cellular factors, oxidative stress,
and activation of signaling pathways. The most direct mechanism of membrane destabi-
lization, and the focus of this dissertation, is the formation of ion channels (highlighted
in orange).



15

Figure 1.4: BLM schematic and typical ion channel activity. A) Schematic repre-
sentation of our BLM/PLB setup for bilayer recordings. Two chambers are separated
by a Delrin partition with a small aperture. Spontaneous membrane formation occurs
when lipid solution is painted over the hole. We measure the current using electrodes
submerged in the solution of each chamber: one is connected to the amplifier and the
other is connected to ground as a reference electrode. The recordings are controlled and
displayed using a LabVIEW program. From Kotler, 2011 (Master’s Thesis) [109]. B)
Gramicidin A (gA) forms channels of unitary conductance. This is typical behavior of
many channels, but not of amyloid channel-like pores. We use gA for training on the
technique as well as for validation of membrane formation at the end of membrane-only
experiments.
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Figure 1.5: Ion channel model of degenerative amyloid diseases. AFM images show
ion channel-like structures for (from top to bottom) amyloid beta 1-40, alpha-synuclein,
ABri, ADan, amylin, and serum amyloid A.The electrical conductance activity of ion
channels are shown to the right of each AFM image. Similar structures are reported
from our lab for various other amyloids. Modified from Quist et al, 2005 [23].
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Figure 1.6: Typical types of Aβ1−42 electrical activity. Two separate recordings of
Aβ1−42 are shown demonstrating the typical activity types observed with Aβ (and other
amyloid) pores: bursts, spikes, and steps. Bursts (orange bars) are characterized by rapid
events that give a nonlinear current-voltage relationship. Spike (blue arrows) behavior is
similar to the burst but is more short-lived. Step behavior is seen as a clear, defined jump
in current. The activity demonstrates the heterogeneous conductance that is common for
amyloids. Tracings are recorded at -50 mV bias potential with 150 mM KCl, 10 mM
Hepes (pH 7.4), 1 mM MgCl2 as the aqueous buffer.



Chapter 2

Activity and Architecture of

Pyroglutamate Modified Amyloid-β

(AβpE3−42) Pores

2.1 Abstract

Among the family of Aβ peptides, pyroglutamate-modified Aβ (AβpE3) peptides

are particularly associated with cytotoxicity in Alzheimer’s disease (AD). They repre-

sent the dominant fraction of Aβ oligomers in the brains of AD patients, but their accu-

mulation in the brains of elderly individuals with normal cognition is significantly lower.

Accumulation of AβpE3 plaques precedes the formation of plaques of full-length Aβ

(Aβ1−40/42). Most of these properties appear to be associated with the higher hydropho-

bicity of AβpE3 as well as an increased resistance to enzymatic degradation. However,

the important question of whether AβpE3 peptides induce pore activity in lipid mem-

branes and their potential toxicity compared with other Aβ pores is still open. Here we

examine the activity of AβpE3 pores in anionic membranes using planar bilayer electri-

cal recording and provide their structures using molecular dynamics simulations. We

find that AβpE3 pores spontaneously induce ionic current across the membrane and have

some similar properties to the other previously studied pores of the Aβ family. How-

ever, there are also some significant differences. The onset of AβpE3−42 pore activity

18
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is generally delayed compared with Aβ1−42 pores. However, once formed, AβpE3−42

pores produce increased ion permeability of the membrane, as indicated by a greater oc-

currence of higher conductance electrical events. Structurally, the lactam ring of AβpE3

peptides induces a change in the conformation of the N-terminal strands of the AβpE3−42

pores. While the N-termini of wild-type Aβ1−42 peptides normally reside in the bulk wa-

ter region, the N-termini of AβpE3−42 peptides tend to reside in the hydrophobic lipid

core. These studies provide a first step to an understanding of the enhanced toxicity

attributed to AβpE3 peptides.

2.2 Introduction

The amyloid hypothesis states that accumulation of amyloid-β (Aβ ) peptides in

the brain is the primary driver of pathogenesis in Alzheimer’s disease (AD), including

synapse loss and neuronal cell death [110, 111, 112, 35, 18]. The full-length Aβ1−42

peptide and its Aβ17−42 fragment (p3) are formed via cleavage of the amyloid precursor

protein (APP) by the action of three secretase enzymes [111, 36, 45]. The AβpE3−42

fragment is post-translationally generated by cleavage of the first two N-terminal amino

acids of Aβ1−42, leaving an exposed glutamate (E) residue in position 3. The lactam

ring in the pyroglutamate (pE) residue is subsequently generated by intramolecular de-

hydration catalyzed by the glutaminyl cyclase (QC) enzyme [41, 42].

pE-modified Aβ s represent the dominant fraction of Aβ oligomers in brains of

AD patients [41, 42]. Autopsied brains of elderly patients with normal cognition also

show accumulation of Aβ1−40/42, but the amount of accumulated AβpE3−42 is signifi-

cantly lower [113, 114, 115]. Consequently, the ratio of AβpE3−42/Aβ1−42 oligomers is

higher in AD brains than in brains of normal elderly individuals [41, 42, 113, 114, 115].

The larger accumulation of AβpE3−42 in AD brains has been attributed to its increased

stability and higher aggregation propensity [41, 42]. These properties are attributed to

the lactam ring in the pE-modified third residue as well as the loss of electrical charge

in three residues during the conversion of Aβ1−42 to AβpE3−42, thus resulting in higher

AβpE3−42 hydrophobicity and increased resistance to degradation by peptidases [41, 42].

Significantly, it is also believed that the formation of AβpE3−42 plaques precedes Aβ1−42
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plaque formation [42]. This is supported by the observation that AβpE3−42 plaques ap-

pear earlier than Aβ1−40/42 plaques in Down syndrome (DS) brains [41, 42]. The addi-

tional copy of chromosome 21, characteristic of DS, is responsible for generating more

APP, and thus individuals with DS are more likely to develop AD earlier in life [110].

Increasing evidence suggests that following initial interactions on the cell mem-

brane, Aβ oligomers insert into the membrane and form pore structures [57, 59, 116,

94, 86, 22, 25, 117, 118, 81]. Cell toxicity results from an abrupt change in cell ionic

concentration, producing loss of cell homeostasis. Pore activity has been observed for

full-length Aβ s [57, 59, 48, 23, 82, 87], Aβ fragments [45, 65, 119, 85, 46, 89], and

point substitutions [45, 83, 82]. In addition to pore formation, Aβ -induced toxicity

mechanisms include lipid extraction by peptides on the membrane surface [120, 79].

These mechanisms are not mutually exclusive, as a recent study suggested that pore for-

mation precedes nonspecific fragmentation of the lipid membrane during amyloid fiber

formation [121].

To the best of our knowledge, there is currently no experimental data for amy-

loid pore formation in vivo. AβpE3−42 was observed to induce neurodegeneration and

lethal neurological deficits in transgenic mice [122]. These AβpE3−42 mice displayed

a significantly reduced survival rate compared with Aβ1−42 transgenic mice [122]. In

vitro, optical patch-clamping was used to characterize the single-channel Ca2+ fluores-

cence transients induced by Aβ1−42 pores in membranes of Xenopus laevis oocytes [86].

However, most experimental evidence of amyloid pore formation stems from model

membrane studies.

Here we characterize the electrical properties of pE-modified Aβ in lipid mem-

branes. We discuss the activity and structure of AβpE3−42 pores in anionic model cell

membranes. We used phosphoethanolamine (PE) and phosphoserine (PS) lipid head-

groups to mimic the brains of elderly patients. Phospholipids with ethanolamine (PE)

head groups are one of the dominant components in the brains of the elderly [123],

and these levels, as well as those of PS [124], have been found to change in AD brains

[125, 126]. Using planar lipid bilayer (PLB) electrical recording, we show that AβpE3−42

induces pore activity in anionic membranes, producing increased membrane permeabil-

ity with respect to Aβ1−42 pores. Using atomistic molecular dynamics (MD) simula-
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tions, we model the architecture of AβpE3−42 pores and correlate them with the activity

observed experimentally.

2.3 Methods

AβpE3−42 was purchased from Bachem (Torrance, CA), and Aβ1−42 was pur-

chased from Bachem and Anaspec (Fremont, CA). The phospholipids 1,2-dioleoyl-sn-

glycero-3-phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethan-

olamine (POPE) were purchased from Avanti Polar Lipids (Alabaster, AL). All other

chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

2.3.1 Peptide Handling

AβpE3−42 and Aβ1−42 peptides were dissolved in Milli-Q water to a concentra-

tion of 1 mg/mL prior to being aliquoted for storage. These 50 µL aliquots were stored

at -80◦ C for a maximum of 60 days before use. Samples were thawed only once.

2.3.2 Planar Lipid Bilayer Electrical Recording

We prepared PLBs using the so-called "painted" technique [96]. Bilayers were

formed from a 1:1 (w/w) mixture of DOPS and POPE in heptane at a total lipid concen-

tration of 20 mg/mL. Spontaneous membrane formation occurs following the addition

of lipid directly over a pore with a diameter of ∼250 µm in a Delrin septum (Warner

Instruments, Delrin perfusion cup, volume 1 mL). In previous studies, this membrane

composition was shown to be stable for long recording times (> 4 h) [90]. As the elec-

trolyte, we use 150 mM KCl, 10 mM HEPES (pH 7.4), and 1 mM MgCl2.

Before performing electrical recordings, we verified that the bilayer was stable

for several minutes with low conductance (<10 pS) across ±100 mV applied voltage

and that the system capacitance was >110 pF. When both criteria were met, peptide

was added directly to the cis (hot wire) side and stirred for 5 min. Peptide concentra-

tion in the bilayer chamber was ∼10 µM. Bilayer stability was monitored by periodic

capacitance measurements throughout the course of the experiment.
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All traces were recorded in voltage clamp mode using the 2 kHz built-in filter

cutoff of our BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling fre-

quency of 15 kHz was used for all data acquisition. We used a custom-made LabVIEW

program to record the current and Clampfit 10.2 (Molecular Devices, Sunnyvale, CA)

to analyze traces. For representation in Figures, we have filtered the recorded current

versus time traces with a digital Gaussian low-pass filter with a cutoff frequency of 50

Hz.

2.3.3 Atomistic Molecular Dynamics Simulations

Two U-shaped Aβ monomer conformations with the β -strand-turn-β -strand mo-

tif were extracted from Aβ1−42 fibrils, where the structure was defined by hydrogen/

deuterium-exchange NMR data, side-chain packing constraints from pairwise mutage-

nesis, ssNMR and EM (PDB code: 2BEG) [127], and small Aβ1−40 protofibrils (PDB

codes: 2LMN and 2LMO) [128], where the structure was based on a ssNMR model.

In both structures, the N-terminal coordinates, residues 1-16 for the former and 1-8 for

the latter structure, are missing due to disorder. We used the Aβ1−16 coordinates, in

the absence of Zn2+ (PDB code: 1ZE7) [129], for the missing portions of the peptides.

For each combination of the N-terminal structure with the U-shaped motifs, two Aβ1−42

conformers were generated [82, 87, 83]. Conformer 1 has a turn at Ser26-Ile31, and

conformer 2 at Asp23-Gly29. In the latter conformer, two C-terminal residues, Ile41

and Ala42, were added to create Aβ1−42. To simulate pE, we removed the first two

residues, Asp1 and Ala2, from each conformer and converted Glu3 into pE3, generating

AβpE3−42. Because the standard CHARMM [130] force field does not provide a force

field for pE, we first created the pE molecular topology using the Avogadro software

[131]. Then, we calculated partial charges, bond lengths, angles, and torsional angles

for the atoms in the pE residue using the Gaussian09 program [132] on a Biowulf cluster

at the NIH. The calculated parameters can be directly adopted in the CHARMM [130]

program.

Two AβpE3−42 conformers, each derived from the wild-type (WT) Aβ1−42 con-

formers with different turns, still retain the U-shaped structure with the β -strand-turn-β -

strand motif. To construct AβpE3−42 barrel structures, we inclined AβpE3−42 monomers
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∼37◦ relative to the pore axis [89]; then, an 18-fold rotational symmetry operation was

performed with respect to the pore axis creating an 18-mer AβpE3−42 barrel (Figure

2.1). We modeled Aβ barrels with the β -sheet structure by mimicking naturally occur-

ring β -barrels observed in transmembrane proteins that are found frequently in the outer

membranes of bacteria, mitochondria, and chloroplasts. The β -barrel motif is a large

β -sheet composed of an even number of β -strands. Some known structures of β -barrel

membrane proteins have β -strands ranging in size from 8 to 22 [133]. We modeled 18-

mer Aβ barrels, with 18 β -strands enclosing the solvated pore. This number is also in

the range of the number of β -strands for natural β -barrels ranging from 8 to 22, which

can form a β -barrel motif. Our previous simulations for Aβ channels indicate that dif-

ferent numbers of Aβ monomers could produce channels with different outer and pore

dimensions [45, 82, 87, 85, 46, 89, 83, 90, 134, 135, 136, 137]. We found that Aβ

channels obtained a preferred size range of 16-24 β -strands lining the pores [85, 46]

This range was also found to hold for other toxic β -sheet channels: K3 channels with

24 β -strands [50], 18- and 24-mer hIAPP channels [138], 26 PG-1 channels with 16-20

β -strands [56, 139], and MAX channels with 20 β -strands [140]. In agreement with

AFM data, these channels have outer and pore dimensions within the range found with

AFM. In this work, the outer/pore diameters of the 18-mer AβpE3−42 barrels are in good

agreement with the experimental AFM ranges [23] and the computational 18-mer wild-

type Aβ barrels [82, 83]. The AFM experiments provide images of channels with a wide

variety of sizes and shapes, but simulated Aβ barrels are limited to cover all ranges of

channel sizes that are imaged by AFM.

To obtain a lipid bilayer, we constructed a unit cell containing two layers of

lipids. In the middle of the unit cell, lipid molecules were randomly selected from the

library of the preequilibrated state and replaced by pseudo vdW spheres at the positions

of the lipid headgroups, constituting the lipid bilayer topology [141]. For a given num-

ber of lipid molecules, the optimal value of lateral cell dimensions can be determined.

An anionic lipid bilayer composed of DOPS and POPE with a mole ratio 1:2, contain-

ing a total of 420 lipids constitutes the unit cell with TIP3P waters added at both sides.

Updated CHARMM [130] all-atom additive force field for lipids (C36) [142] and the

modified TIP3P water model [143] were used to construct the set of starting points and
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to relax the systems to a production-ready stage. The system contains Mg2+, K+, Ca2+,

and Zn2+ at the same concentration of 25 mM to satisfy a total cation concentration

near 100 mM. The bilayer system containing an AβpE3 barrel, lipids, salts, and water

has almost 200,000 atoms. We generated at least 10 different initial configurations for

each conformer AβpE3−42 barrel for the relaxation process to obtain the best initial con-

figuration for a starting point. In the pre-equilibrium stages, a series of minimizations

was performed for the initial configurations to remove overlaps of the alkane chains in

the lipids and to gradually relax the solvents around the harmonically restrained pep-

tides. The initial configurations were gradually relaxed through dynamic cycles with

electrostatic cutoffs (12 Å). The harmonic restraints were gradually diminished with

the full Ewald electrostatics calculation and constant temperature (Nosé–Hoover) ther-

mostat/barostat at 303K. For t < 30 ns, our simulation employed the NPAT (constant

number of atoms, pressure, surface area, and temperature) ensemble with a constant

normal pressure applied in the direction perpendicular to the membrane. After t = 30

ns, the simulations employed the NPT ensemble. Production runs of 100 ns for the start-

ing points with the NAMD code [144] were performed on a Biowulf cluster at the NIH.

Averages were taken after 30 ns, discarding initial transients. Analysis was performed

with the CHARMM programming package [130].

2.4 Results

2.4.1 Pore Activity

PLB electrical recording data demonstrate that AβpE3−42 peptides induce spon-

taneous pore activity through lipid membranes presenting the general features observed

for Aβ1−42 pores (Figure 2.2). At a concentration of 10 µM and at constant voltage both

peptides show stepwise changes in the current flowing through the membrane (Figure

2.2A), characteristic of the opening and closing of ion channels. However, unlike ion

channels that have regulated activity and possess integer values of a unitary conduc-

tance, amyloid pores are not regulated and present multiple conductance values due to

the different number of monomers composing the pore and membrane-channel interac-

tion dynamics [85]. The multilevel conductance seen here in both AβpE3−42 and Aβ1−42
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is a hallmark of amyloid pores [23].

For both peptides, two distinct types of activity were observed. The first, as seen

in Figure 2.2, was characterized by stable, long recording times (> 30 min) following the

first onset of activity. The second type of activity was characterized by ionic conduction

through the membrane that grows rapidly in an exponential-like fashion (Figure 2.3A).

When present, this "exponential" phase began within 20 min of the first observed activity

and typically led to current saturation of the amplifier within 10 min. This type of

growth was seen in 50% (3/6) of AβpE3−42 and 33% (2/6) Aβ1−42 membranes (Table

2.1). At first, only a few pores open (Figure 2.3B), and the membrane stays in the same

conductive state for several 10s of seconds (region inside grey rectangle). However,

after an abrupt increase in the membrane conductivity due to the opening of a large

single pore or several pores simultaneously, the activity is characterized by several short

small steps only a few seconds long, suggestive of the opening of several pores in a

cascade-like fashion. Despite this rapid growth, discrete steps indicative of pore activity

are still clearly observed (Figure 2.3C). In addition, similar to Aβ1−42, AβpE3−42 pores

are voltage-independent and can be blocked by Zn2+ (Figure 2.3A).

Although the overall characteristics of the membrane activity induced by AβpE3−42

and Aβ1−42 pores are similar, distinct differences are present. Table 1 displays the char-

acteristic parameters observed for the electrical activity of both AβpE3−42 and Aβ1−42.

The onset of Aβ1−42 activity in PLB can be observed as soon as several minutes fol-

lowing peptide addition into the chamber and was typically seen within ∼60 min post-

addition with an average of 31.6± 25.7 min. AβpE3−42 demonstrated a significantly

longer (p < 0.05 for a one-tail t test) and more variable lag time, with an average of

98.2±68.5 min.

We next examined whether there was a difference between AβpE3−42 and Aβ1−42

channel conductances. Figure 2.4 shows the histogram distribution of single-channel

conductances calculated from both step and spike activity. The histograms show that

the conductances can be sorted into three groups that demonstrate a shift toward higher

conductances for AβpE3−42 pores (Figure 2.4A) compared with Aβ1−42 (Figure 2.4B).

The first group of conductances, below 100 pS, consisted of 74% of AβpE3−42 and 91%

of Aβ1−42 events. The second group is between 100 and 200 pS and, significantly,
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shows a second peak of activity for AβpE3−42 that is absent for Aβ1−42. While 21% of

the events fall in this range for AβpE3−42, only 5% of Aβ1−42 events are in this range.

The third grouping shows similar rates of sparse activity greater than 200 pS (5 and

4% for AβpE3−42 and Aβ1−42, respectively). While the percentage of activity in the

high conductivity range is similar, close inspection of the histogram shows higher con-

ductances for AβpE3−42 in this region. (Note the additional grouping around 600 pS.)

Table 2.1 shows that the average conductance in this third region is ∼20% higher for

AβpE3−42. These results show an overall trend for higher AβpE3−42 conductance, which

could have relevance to the AβpE3−42 toxicity mechanism.

2.4.2 AβpE3−42 Barrel Conformations in the Lipid Bilayer

We performed 100 ns all-atom MD simulations on AβpE3−42 barrels embedded

in an anionic lipid bilayer composed of DOPS/POPE (mole ratio 1:2). The AβpE3−42

barrels comprising two different U-shaped conformers were initially preassembled as an

annular shape. The initial annular conformation is gradually lost via relaxation of the

lipid bilayer, and no immediate peptide dissociation in the barrels was observed (Figure

A.1). The U-shaped portions of the AβpE3 barrels (residues 15-42 and 11-42 for the

conformer 1 and 2 AβpE3−42 barrels, respectively; see peptide topologies in Figure 2.1),

which mostly include membrane embedded portions, reach equilibration after the initial

transient state, while the extramembranous N-termini of the peptides (residues 3-14 and

3-10 for the conformer 1 and 2 AβpE3−42 barrels, respectively) are disordered (Figure

A.2). Small fluctuations in the pore and C-terminal strands in the lipid bilayer retain

the U-shaped peptide motif in the AβpE3−42 barrels (Figure A.3). In our simulations,

the AβpE3−42 peptide also presents heterogeneity in barrel conformations (Figure 2.5),

as observed in the WT Aβ1−42 [82, 87] and mutant [83, 82, 137] Aβ barrels. The outer

diameters for the membrane embedded portion are∼7.6 and∼7.1 nm for the conformer

1 and 2 AβpE3−42 barrels, respectively. The averaged pore diameters are ∼2.2 and ∼1.9

nm for the conformer 1 and 2 AβpE3−42 barrels, respectively. Both outer/pore diameters

of AβpE3−42 barrel are in the range of the WT barrel [82, 87, 134].

Unlike the WT Aβ1−42 barrels, where the N-terminal strands normally reside in

the bulk water area (Figure A.4), the pE3 N-termini of AβpE3−42 barrels tend to retreat
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to the lipid hydrophobic core due to the hydrophobicity of the lactam ring. To locate the

pE3 residue across the bilayer, we calculated the probability distributions for pE3 as well

as few selected charged groups in the barrels (Figure 2.6). The distribution curves for

pE3 spanning the interior of the lipid bilayer indicate that several pE3 termini interact

with the lipid hydrophobic tails. The interaction energy of the pE3 residue with lipids

shows strong attraction for several pE3 N-termini (blue bars in Figure A.5), while no

strong lipid interactions of the standard N-termini were observed in the WT Aβ1−42 and

mutant barrels [82, 87, 83, 137]. Relocating the pE3 N-termini into the lipid hydropho-

bic core significantly reduces the fluctuations of the N-terminal portions of barrels at the

lower bilayer leaflet, further stabilizing the barrel conformation. With the pE3 anchor-

ing in the membrane, the AβpE3−42 barrel would provide a clear channel mouth at the

lower bilayer leaflet and hence yield a wide-open water pore for ion leakage, suggesting

that AβpE3−42 pores may lead to high ion conductance.

To observe ion activity in the AβpE3−42 pores, we calculated the probability dis-

tribution for ions across the bilayer (Figure A.6). Peaks in the distribution curves reflect

the highly populated ion binding sites in the pore. The locations of ion binding sites in

each conformer AβpE3−42 barrel are similar to those of each corresponding conformer

of WT Aβ1−42 barrels because both barrels share the same U-shaped motif in the lipid

bilayer. To observe ion fluctuation across the pore, we calculated the change in total

charge in the pore as a function of the simulation time (Figure 2.7). Two selected pore

lengths along the pore axis, −1.0 < z < 1.0 nm and −1.8 < z < 1.8 nm, were used in

the calculation. These pore lengths ensure that the charge fluctuations exclude a con-

tribution of ion interactions with the lipid head groups. For |z| < 1.0 nm, the pore of

the AβpE3−42 barrel conformer 1 exhibits larger charge fluctuations than the conformer

2 barrel, because the Glu22 cationic binding site is located at z ≈ 0.6 nm, attracting

more cations into the pore. For the conformer 2 AβpE3−42 barrel, the Glu22 cationic

binding site is located at z≈ 1.8 nm near the channel mouth (as indicated by Ca2+ peak

at z≈ 1.8 nm in Figure A.5B). To correlate these charge fluctuations with experimental

ion conductance, we calculated the maximum conductance, gmax [145], representing the
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ion transport, which can be described as

gmax =
q2

e
kBT L2 〈D(z)eGPMF (z)/kBT 〉−1〈e−GPMF (z)/kBT 〉−1 (2.1)

where qe is the elementary charge, kB denotes the Boltzmann’s constant, T is the sim-

ulation temperature, and L represents the pore length of 36 Å. In the bracket, D(z) and

GPMF(z) denote the 1D diffusion coefficient and the 1D potential of mean force for ions,

respectively. For Mg2+, K+, Ca2+, and Zn2+, the maximum conductances are 667, 338,

115, 155 pS and 137, 271, 92, 89 pS in the pores of conformers 1 and 2 AβpE3−42 bar-

rels, respectively. Averaged maximum conductances for ions are relatively higher than

those calculated for the WT Aβ1−42 barrels [87].

2.5 Discussion

We have shown that the toxic pE-modified Aβ peptides produce pore activity in

DOPS/POPE anionic membranes. These pores demonstrate similar activity characteris-

tics (heterogeneous step, spike and burst conductance, Zn2+ blockage) as Aβ1−42 pores

as well as other previously studied pores of the Aβ family. However, there are also some

significant differences. The onset of AβpE3−42 pore activity is generally delayed, but

once started, AβpE3−42 pores show increased propensity for larger conductance events

compared with Aβ1−42 pores, particularly in the 100-200 pS range (Figure 2.4). Struc-

turally, the lactam ring of AβpE3 peptides induces a change in the conformation of the

N-terminal strands of the AβpE3−42 pores. While the N-terminal strands of Aβ1−42 pores

normally reside in the bulk water region, the N-termini of AβpE3 pores tend to reside in

the hydrophobic lipid core, providing the AβpE3−42 pores with higher stability.

The longer times required for the onset of AβpE3−42 pore activity are tentatively

attributed to (i) the higher hydrophobicity of AβpE3−42, which decreases the attractive

charge-dipole interactions with the zwitterionic lipid heads, thus also decreasing the

number of adsorbed AβpE3−42 oligomers available for subsequent membrane insertion,

and (ii) the possible longer times required for pores to assemble in the membrane. Our

PLB data demonstrate that the ionic current produced by AβpE3−42 pores can rapidly rise

to levels potentially toxic for cells. Following pore formation, cytotoxicity is produced
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by an abrupt change in cell ionic concentration. According to early estimations [57, 59],

a single pore with a gigantic 4 nS conductance can produce a change of 10 µM/s in inter-

nal Na+ concentration, producing loss of cell homeostasis in seconds. While no single

catastrophic event of this nature was observed (Figure 2.4), the summation of smaller

ionic conductance events can have a similar toxic effect. AβpE3−42 has been shown to

be more cytotoxic than Aβ1−42 in vitro [122, 146]. We showed that AβpE3−42 shows

a greater propensity for higher conductance values when compared with Aβ1−42. This

would lead to a more prevalent and rapid dysregulation of cellular ionic homeostasis for

AβpE3−42, thus suggesting increased cytotoxic properties of AβpE3−42 pores.

The pore structures found for AβpE3−42 had characteristics and dimensions in

accordance with the pores previously reported. Pore structures have been characterized

by AFM and modeled using MD simulations for several Aβ peptides. Our previous

studies indicate that full-length Aβ1−40/42 [48, 23, 82, 87], certain Aβ mutants [23, 83],

Aβ fragments [45, 81, 119, 85, 46, 89], as well as other amyloids [48, 23, 50, 56, 44]

form heterogeneous pore structures showing 4-6 subunits and shapes varying from rect-

angular to hexagonal. Our MD simulations suggest similar pore sizes for both peptides

but increased stability of the AβpE3−42 pores inserted in DOPS/POPE membranes. Sta-

bility in the membrane is likely more important for the formation and longevity of the

larger pores with conductances in the 100-200 pS range. As a result, AβpE3−42 pores

with conductances in this range have a higher population than Aβ1−42 pores (Figure 2.4).

Pores with conductances > 200 pS likely have similar and fast decay rates for AβpE3−42

and Aβ1−42, and thus both populations are similarly low, although still somewhat larger

for AβpE3−42. Such a scenario would also correlate with the greater in vitro cytotoxicity

observed for AβpE3−42 peptides.

The energy of a pore according to the continuum model is [147]

E = γ2πr−σπr2, (2.2)

where r is the pore radius, gamma is the line tension at the pore edge, and σ is the

surface tension of the membrane. Our MD results indicate that AβpE3−42 and Aβ1−42

pores have similar diameters and general characteristics, while the main difference is

the retreat of the N-termini of AβpE3−42 into the hydrophobic lipid core. Therefore, this
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reconfiguration of the N-termini likely decreases the line tension of AβpE3−42 pores,

minimizing their pore energy and rendering them more stable.

Our results suggest potential mechanisms of cellular disruption. The "exponen-

tial" growth of the current, seen in Figure 2.3, would lead to rapid cell death and was

observed in 50% (3/6) of the AβpE3−42 membranes in this study. While pore activity ap-

pears to be the only mechanism present during the early stages (grey rectangle in Figure

2.3B), the activity trace suggests that two mechanisms of ionic conductance act simul-

taneously during exponential saturation: (i) stepwise pore behavior and (ii) nonspecific

drift leakage. The nonspecific leakage could be caused by a number of alternative mech-

anisms leading to Aβ -induced membrane permeability, including carpeting and deter-

gent effects [79]. The data suggest that a combined mechanism (pore and nonspecific

leakage) may be at work during the rapid growth of the "exponential" phase, at least

some of the time. It is important to note that similar behavior was also seen for some

of the Aβ1−42 membranes. Although this behavior was observed for more membranes

with AβpE3−42 pores, this difference (Table 2.1) was not statistically significant to reach

conclusions regarding specific AβpE3−42 cytotoxity.

2.6 Conclusion

In summary, using PLBs and MD simulations, we have shown that AβpE3−42

forms ionic pores in DOPS/POPE lipid bilayers. The activity of these pores follows

the same general pattern as Aβ1−42 pores. Significantly, however, AβpE3−42 pores dis-

play higher conductances than Aβ1−42 pores, in particular, in the 100-200 pS range. In

addition, the onset of AβpE3−42 pore activity is delayed compared with Aβ1−42 pores.

Structurally, AβpE3−42 and Aβ1−42 pores have similar dimensions, but the pE3 residue

induces a change in the conformation of the N-terminal strands of the AβpE3−42 pores.

While the N-terminal strands of Aβ1−42 pores normally reside in the bulk water region,

the N-termini of AβpE3 pores tend to reside in the hydrophobic lipid core, providing the

AβpE3−42 pores with higher stability compared with the Aβ1−42 pores. These studies

are a first step in understanding the role of pores in the enhanced toxicity attributed to

AβpE3 peptides.
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2.7 Associated Content

Time series of AβpE3−42 barrel conformations is shown in Figure A.1. Peptide-

averaged and residue-averaged RMSDs are shown in Figures A.2 and A.3, respectively.

Probability distribution functions for selected residues in the wild type barrels are shown

in Figure A.4. Interaction energy of pE3 residue with lipids is shown in Figure A.5.

Probability distribution functions for ions are shown in Figure A.6.

Chapter 2 in full is a reprint of the material Gillman, A.L., Jang, H, Lee, J., Ra-

machandran, S., Kagan, B.L., Nussinov, R., and Arce, FT. Activity and Architecture of

Pyroglutamate-Modified Amyloid-β (AβpE3−42) Pores. J Phys Chem B 2014 118 (26),

7335-7344 The dissertation author was the primary author.
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Figure 2.1: AβpE3−42 monomer conformers for MD simulations. Monomer confor-
mations of (A) conformer 1 AβpE3−42 with turn at Ser26-Ile31 and (B) conformer 2
AβpE3−42 with turn at Asp23-Gly29, and (C) highlight of pyroglutamate at residue 3
(pE3). Dotted lines on the monomer structures denote the locations of bilayer surfaces.
The initial barrel structures of MD simulations in ribbon representation for the (D) con-
former 1 and (E) conformer 2 AβpE3−42 barrels. In the peptide ribbon, hydrophobic,
polar/Gly, positively charged, and negatively charged residues are colored white, green,
blue, and red, respectively. The pE3 N-terminal termini are highlighted as threads.
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Figure 2.2: Pore activity of AβpE3−42 and Aβ1−42. AβpE3−42 and Aβ1−42 produce
pore activity in anionic lipid membranes. Representative traces for the activity of (A)
AβpE3−42 and (B) Aβ1−42 pores in stable membrane recording. These types of traces
were common to both membranes. The activity seen in both membranes, namely step,
spike, and burst behavior is characteristic of amyloid ion channels. Bilayers were
formed by the painted technique using 1:1 (w/w) mixture of DOPS/POPE. Both sides of
the bilayer chamber contained as electrolyte 150 mM KCl, 1 mM MgCl2, and 10 mM
HEPES (pH 7.4). -50 mV bias potential is applied.
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Figure 2.3: "Exponential’" current growth of AβpE3−42. A +50 mV bias potential is
applied. This type of membrane activity was observed in 50% of AβpE3−42 membranes
and 33% of Aβ1−42 membranes. (A) The current across the membrane increased rapidly
upon disruption of the membrane, exceeding the 1.1 nA saturation current of our am-
plifier. Addition of Zn2+ ions rapidly inhibits AβpE3−42 activity. (B) Enlargement of
the time period indicated by the orange line. The transition from stable step behavior to
"exponential" growth is highlighted. An abrupt increase in the membrane conductivity
due to the opening of a large single pore or several pores simultaneously leads to the
opening of several pores in a cascade-like fashion. (C) Clear step behavior is still ob-
served during exponential current growth (region indicated by the short blue line in (A).
A mixed mechanism involving both channel activity and nonspecific leakage is likely
involved.
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Figure 2.4: Histogram of Aβ1−42 vs. AβpE3−42 activity. Analysis of (A) AβpE3−42
and (B) Aβ1−42 conductances shows that there is an increased propensity for higher
conductance events for AβpE3−42. Both histograms are binned at 5 pS. Solid lines plot
the cumulative percentage of total events. Both sets of conductances can be sorted into
three groups; < 100 pS, 100−200 pS and > 200 pS, as shown in Table 1.1. AβpE3−42
presents significantly more events than Aβ1−42 in the 100−200pS interval. Data sample
size was 1400 for AβpE3−42 and 1192 Aβ1−42. Data were collected in the±50 mV range,
with peptide at a concentration of 10 µM. The electrolyte used was 150 mM KCl, 1 mM
MgCl2, and 10 mM HEPES (pH 7.4). Bilayers were made by the painted technique with
DOPS/POPE lipids dissolved in heptane.
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Figure 2.5: Averaged pore structure of conformer 1 and conformer 2. The averaged
pore structures were calculated with HOLE [148] embedded in the average barrel con-
formations during the simulations for (A) conformer 1 and (B) conformer 2 AβpE3−42
barrels. In the barrel structures with the surface (top view) and the ribbon representa-
tions (angle and lateral views), hydrophobic, polar/Gly, positively charged, and nega-
tively charged residues are colored white, green, blue, and red, respectively. For the
pore structures, red denotes pore diameter of d < 1.4 nm, green denotes pore diameter
in the range, 1.4 nm≤ d ≤2.0 nm, and blue denotes pore diameter of d > 2.0 nm.
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Figure 2.6: Probability distribution functions for Aβ3−42 as a function of distance
along the pore center axis. pE3 (purple), Glu11 (red), Lys16 (orange), and Glu22
(yellow), and the phosphate group of lipid head, PO4 (green), are represented for (A)
conformer 1 and (B) conformer 2 AβpE3−42 barrels. Dotted lines indicate the locations
of bilayer surfaces. Initial locations of pE3 are marked by arrows.
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Figure 2.7: Change in total charge in the pore as a function of the simulation time.
(A) conformer 1 and (B) conformer 2 AβpE3−42 barrels. The pore heights with cutoff
along the pore axis, -1.0< z < 1.0 nm and -1.8< z < 1.8 nm were used.



Chapter 3

Development of a new analytical

method for quantification of Aβ pore

toxicity in bilayer recordings

3.1 Abstract

Ion channels are membrane protein complexes essential to signaling and com-

munication between cells of living systems. The dysfunction of ion channels has been

widely studied and directly related to the pathology of numerous diseases and has been

linked to cell death in Alzheimer’s disease (AD). The amyloid channel hypothesis of

AD theorizes that Aβ induced ionic leakage of Na+, K+, and Ca2+ could disrupt mem-

brane potential and cellular homeostasis leading to cell death. Amyloid poration of

membranes is studied electrically in model membrane systems. Unfortunately, tradi-

tional analysis of membrane channels is unsuitable for amyloid peptides. Investigation

of amyloid toxicity has suffered from the lack of a quantitative analysis that directly

links changes in ionic current to cytotoxicity and provides a benchmark for comparison

between peptide species. Comparison of amyloid pore activity is most often accom-

plished via histograms of the single channel conductance for the ensemble, which is not

necessarily a good indicator of toxicity. To address this issue, here we present a custom

analysis program that determines the total ionic conductance across the membrane. As

40
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proof of principle for our system, we reanalyze the data from Chapter 2.

3.2 Introduction

Ion channels are essential proteins embedded within the cellular membranes of

living systems. Ion channels are involved in a wide range of physiological functions

including neuronal signaling, muscle contraction, cardiac pacemaking, hormone secre-

tion, cell volume regulation and cell proliferation [149, 150, 151]. Due to their important

role, dysfunctions of channel proteins are closely related to a variety of diseases. These

channelopathies are often caused by mutations in the ion channel encoding genes and

can lead to either a loss or a gain of channel function [149].

The cellular membrane in live cells is very complex involving many variables

which are very difficult to isolate and control. Consequently, studying the ionic flux

across a cellular membrane due to specific membrane proteins is extremely challenging.

This is not a problem for many types of channels which exhibit well defined and uniform

behavior. Through fluorescent labeling, specific channels of interest can be localized

and studied within the living cell membrane. Other membrane permeabilizing peptides,

such as amyloids, do not exhibit this uniform behavior [57, 23, 22, 116, 90] and cannot

be studied effectively by patch-clamping. As a result, ionic flux across lipid bilayers

is studied in the model BLM system. By using a model membrane we ensure a pure

system that isolates specific membrane permeabilizing peptides.

The variable nature of amyloid activity introduces challenges for their analysis.

No current commercial software program is capable of properly analyzing the channel

activity of heterogeneous peptides, such as amyloids. While qualitative conclusions can

be drawn by observing the traces, without unitary conductance, quantitative assessment

is time consuming and labor intensive. As demonstrated in Chapter 2 (Figure 2.4), his-

togram analysis of single channel conductivity is often used to characterize Aβ channels

and is used as a means to compare toxicity between various species [90, 91]. The matter

of analyzing Aβ cytotoxicity is complicated by the different activity types highlighted in

Figure 1.6 (spike, burst, step) [22, 107], which could erroneously bias histogram analy-

sis toward prevalent but short lived pores that may not hold significance to dysregulation
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of cellular ionic balance. Furthermore, in addition to pore formation, Aβ -induced toxic-

ity mechanisms include lipid extraction by peptides on the membrane surface [120, 79].

These mechanisms are not mutually exclusive, as a recent study suggested that pore

formation precedes nonspecific fragmentation of the lipid membrane during amyloid

fiber formation [88]. For these reasons, current techniques make it difficult to draw

conclusions about amyloid peptide cytotoxicity from the BLM alone and even more

challenging to make meaningful comparisons between different amyloid species.

The channel hypothesis of Aβ toxicity suggests that ionic leakages of Na+, K+,

and Ca2+ could disrupt membrane potential and cellular homeostasis leading to cell

death [57, 59, 61]. Initial calculations by Arispe et al. show that a giant 4 nS channel

could cause the intracellular concentration of each of these ions to change by as much

as 10 µM/s, leading to irreversible disruption of cellular homeostasis in a matter of sec-

onds [57]. From this it is clear that the total ionic total flux through the bilayer is the key

parameter that should be analyzed with respect to cytotoxicity. To address this issue, we

have developed a custom Python analysis program that allows for more accurate under-

standing of the characteristics and behavior of amyloid channels. Proper understanding

of toxicity will improve diagnosis, therapeutic development, and ultimately the preven-

tion of amyloid channel diseases and disorders. As proof of concept for the program,

here we reanalyze the data presented in Chapter 2.

3.3 Methods

3.3.1 Materials and peptide handling

As previously described in Chapter 2: AβpE3−42 was purchased from Bachem

(Torrance, CA), and Aβ1−42 was purchased from Bachem and Anaspec (Fremont, CA).

The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphoethan-olamine (POPE) were purchased from Avanti Po-

lar Lipids (Alabaster, AL). All other chemicals were purchased from Sigma-Aldrich (St.

Louis, MO). AβpE3−42 and Aβ1−42 peptides were dissolved in Milli-Q water to a con-

centration of 1 mg/mL prior to being aliquoted for storage. These 50 µL aliquots were

stored at -80◦ C for a maximum of 60 days before use. Samples were thawed only once.
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3.3.2 Planar Lipid Bilayer Recording

BLM/PLB recordings of Aβ1−42 and AβpE3−42 were previously described in

Chapter 2. Briefly: Painted bilayers were formed over a ∼ 250 µm pore in a Delrin

septum (Warner Instruments, Delrin perfusion cup, volume 1 mL) from a 1:1 (w/w)

mixture of DOPS and POPE in heptane. As the electrolyte, we use 150 mM KCl, 10

mM HEPES (pH 7.4), and 1 mM MgCl2. Bilayer stability was verified to ensure low

conductance (< 10 pS) across ±100 mV applied voltage and system capacitance > 110

pF. When both criteria were met, peptide was added directly to the cis (hot wire) side to

a concentration of 10 µM and stirred for 5 min. Bilayer stability was monitored by pe-

riodic capacitance measurements throughout the course of the experiment. Traces were

recorded in voltage clamp mode using the 2 kHz built-in filter cutoff of our BC-535 am-

plifier (Warner Instruments, Hamden, CT) at a sampling frequency of 15 kHz. We used

a custom-made LabVIEW program to record the current and Clampfit 10.2 (Molecular

Devices, Sunnyvale, CA) to analyze traces. For representation in figures, we have fil-

tered the recorded current versus time traces with a digital Gaussian low-pass filter with

a cutoff frequency of 50 Hz.

3.3.3 Software Development

Custom Python code was written to analyze the total conductance through the

membrane. Total conductance was calculated by modification of the formula for con-

ductance as given by Ohm’s Law. By summing the conductance over a given time period

the total ionic flux through the membrane was calculated as a right-handed Riemann sum

of the area under the curve for current, as follows:

Φg =
T

∑
i=1

Ii− I(b|Vi)

Vi
∆t (3.1)

where Φg is the total conductance, T is the total time of integration, Ii is the present

value of the current, I(b|Vi) is the baseline current at the present voltage, Vi is the applied

bias voltage, and ∆t is the time step between data points. Since data is collected at

discrete time points a summation rather than integral was calculated, with the summation
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equaling the integral in the limit as ∆t approaches 0. Total ionic flux was calculated in

terms of conductance rather than charge to account for the increase in charge movement

at higher voltages. To account for small fluctuations due to noise, exclusion criteria

was established within the code. Any deviations below the set threshold (which can be

altered by the user) do not contribute to the calculation.

An easy to navigate user interface was designed for the analysis of total con-

ductive flux. The user workflow follows several easy steps, as highlighted in Figure

3.1. 1) Add file(s). Several files can be stitched together and the full recording time

of a membrane can be viewed in a single window, something that is usually not done

with other packages as the large amount of data can overwhelm the program. 2) Set the

viewer window limits. The time (x) axis zoom is adjusted with the sliders at the bottom

of the screen while the current (y) axis is adjusted by clicking and dragging the cursor

across the desired region. 3) Initialize subintegral sliders. Since multiple voltages may

be present, we have included the ability to piece-wise cover the time period of interest.

The user is prompted to enter the bias voltage (Vi) for each slider set that is initialized.

4) Set baseline and adjust integral limits. The baseline current at the appropriate voltage

( I(b|Vi)) is set by the green slider, while the integration limits are set by the red pair. 5)

Repeat steps 3 & 4 as needed. 6) Compute the total conductive flux. The contribution

of each subintegral is summed and the total conductance is displayed in units of nS·s.

3.3.4 Aβ1−42 & AβpE3−42 membrane analysis

The data from Chapter 2 was reanalyzed using the total conductance program

introduced here. Aβ1−42 (n = 6) and AβpE3−42 (n = 6) were run through the software

and the total time, from first activity event, to reach the toxicity threshold was recorded.

Based on the calculations of Arispe et al. [57, 59], which estimate that a giant 4 nS

channel would lead to a loss of ionic homeostasis and cell death in a only a few seconds,

we have set the toxicity threshold at 15 nS·s. Using this notation a 1 nS channel would

reach toxicity after being open for 15 s while a 100 pS channel would require 150 s.
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3.4 Results

As proof of principle for our newly designed program, we analyzed the total

conductive flux through Aβ1−42 and AβpE3−42 pores and determined the time to the

cytotoxicity threshold (15 nS·s). AβpE−42 membranes reached toxicity after an average

of 4.94±5.80 min (Mean ± SD) as compared to 13.20±17.89 min for Aβ1−42 (Table

3.1). The shorter average time to toxicity for AβpE−42 is indicative of greater cellular

toxicity, though the results were not statistically significant. This is in line with previous

reports on the toxicity of AβpE3−42 [41, 152, 42] as well as with the conclusions drawn

in Chapter 2. We note that these results are highly variable with the standard deviation

exceeding the mean in both cases. This is unsurprising giving the wide range of single

channel conductances seen in Figure 2.4. Interestingly, for both peptides, Trial 3 appears

to be an outlier with a much longer lifetime before toxicity than any of the other cases.

When these trials are excluded, AβpE3−42 still shows shorter time to threshold (2.62±
1.23 min) when compared to Aβ1−42 (6.07± 4.36 min). While the variability in the

measurement is greatly reduced, the results still do not reach statistical significance.

Aβ1−42 pores demonstrate more spike and burst behavior (Figure 3.2) than AβpE3−42

pores (Figure 3.3) which could explain the longer time to threshold. Spikes and bursts,

due to their short lifespans, do not contribute as much to the total conductance as steps.

This is one of the key advantages of our system as it does not give equal weight to all

activity. Aβ1−42 membranes that showed spike and burst activity had extended time

periods that contributed little to toxicity (Figure 3.2A) followed by more concentrated

regions (Figure 3.2B). AβpE3−42 appeared to preferentially show step activity (Figure

3.3A) with toxicity occurring relatively quickly. While histogram analysis is only able

to address defined conductance events, we show that nonspecific membrane leakage,

which would contribute significantly to cytotoxicity, is properly incorporated into the

summation (Figure 3.3B). Overall, the results validate our analysis system.

3.5 Discussion

We have shown that total conductive flux can be used to effectively determine,

and compare, toxicity of different Aβ species in model membrane systems. In the pro-
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cess we have verified the function of our new analysis program. This program has sev-

eral advantages over traditional analysis of amyloid pores. The biggest of these advan-

tages is that it provides a direct quantitative means of comparing a biologically relevant

measure of cytotoxicity in a model system. Previous quantitative analysis of amyloid

peptides [91, 87] relied on histograms of single channel conductivity in an attempt to

draw ensemble level comparisons.

While informative, such histograms are of dubious significance to cellular tox-

icity as they are unfairly biased toward prevalent, but short-lived, events that may not

significantly contribute to disruption of ionic homeostasis. While large spikes and bursts

can be of significance to toxicity, they need to occur with some regularity to induce the

kinds of ionic flux that lead to cell death. As seen in Figure 3.2, it is not until activity is

continuous, or closely spaced, that ionic flux will reach toxic levels. This is especially

true considering that cells are not static entities and have mechanisms in place to actively

maintain ionic homestasis [153]. As a result intermittent transients, with long refractory

periods, caused by spiking amyloid pores are likely to play no role in cell death. The

formula used in our analysis does not currently include a clearance term, and while it

likely would not make much difference in the case of continuous activity, the addition

of one would lead to a more accurate depiction of the cellular environment.

Comparison of the activity suggested that spikes and bursts are more prevalent

for Aβ1−42 than AβpE−42. AβpE−42 showed little spike behavior, with there being a

strong preference for steps (Figure 3.3A). Given this activity, it is not surprising that

we see AβpE−42 reach the cytotoxicity threshold more quickly. Our MD simulations

in Chapter 2 suggested increased stability of AβpE−42 pores which would lead to the

continuous activity seen with step behavior and could explain its greater in vitro cyto-

toxicity [91]. In addition to the step behavior, nonspecific leakage—seen as an overall

growth of ionic current without any defined conductance event—is demonstrated (Fig-

ure 3.3B). While analyzed here and clearly relevant to toxicity, such behavior is ignored

by the creation of activity histograms.

The analysis that goes into creating histograms is time consuming and tedious.

Creation of the histograms in Figure 2.4 took nearly two weeks of work, as compared to

less than a single day to run the analysis on the 12 membranes shown in Table 3.1. While
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we gain speed and direct toxicity relevance, we lose data quantity and increase variabil-

ity. Histograms can give > 1000 data points for relatively few membranes and allow

for an ensemble level view of activity. Reducing the combined effect of these pores to a

single value (i.e. time to toxicity threshold) gives only a single data point per membrane.

From our analysis it is clear that the opening of a large channel would destabilize cellular

homeostasis much more quickly than burst behavior of a small one. Given the hetero-

geneous nature of Aβ pores, this is seemingly random, introducing more variability in

our analysis and requiring that more membrane experiments be run to get statistically

relevant data. While the data we present here seems to point toward confirmation of

AβpE−42 as more toxic, with it taking less time to reach the toxicity threshold, the re-

sults are far from statistically significant—this is true even when excluding the outlier

trial of each peptide.

The simplicity and speed of our program allows for the analysis of the quantities

of experiments that will be needed to draw meaningful conclusions with regards to tox-

icity. Unfortunately, bilayer recording itself is an inherently tedious and low throughput

technique. Performing experiments with the large numbers of membranes that will be

required is extremely difficult and time consuming using current techniques. However,

in recent years, new technology has emerged that could facilitate large numbers of bi-

layer experiments. Two German companies, Nanion and Ionera, have worked together

to introduce a high throughput automated bilayer recording system. The Nanion Orbit16

makes used of Ionera’s MECA16 chip to enable rapid formation of 16 stable bilayers

that are recorded in parallel [154, 155, 156, 157]. While currently cost prohibitive, one

could imagine having 100+ membranes to analyze using this system which would allow

for statistically meaningful analysis that provides great insight into toxicity mechanisms

of Aβ and other amyloid peptides.

3.6 Conclusion

In summary, we have created a new analysis system for the study of Aβ mem-

brane poration that provides more relevant info for toxicity than current tools. By re-

analyzing the data from Chapter 2, we have successfully provided a proof of principle
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for our software while demonstrating improvement over traditional analysis of channels,

which rely on histograms. The system requires more data and membranes which can be

accomplished by new technology. While statistically meaningful analysis will require

many more bilayer recording experiments, emerging high throughput technologies pro-

vide the means to reach this goal. Our analysis platform is able to quickly process this

data and will be extremely useful for the study of Aβ , and other amyloid, cytotoxicity.

Chapter 3 is original content. The dissertation author was the primary author

of the content. Thanks are given to Joe Phaneuf for his assistance in development and

implementation of the Python code used for the analysis in this chapter.
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Figure 3.1: User interface for total flux analysis. Our program provides the user
great flexibility in an easy to navigate interface. The workflow for membrane analysis is
highlighted. File(s) are added (1) and the user adjusts the limits of the viewer window
(2). Initializing an integral set prompts the user to enter the applied bias voltage (3).
Using the slider bars at the bottom, the baseline—at this voltage—and the integral limits
are adjusted (4). The user may repeat the previous steps as necessary to cover their
region of interest (5). The total conductance is then computed with the click of a button
(6) and displayed in the bottom left corner in nS·s.
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Table 3.1: Time to cytotoxicity threshold for Aβ1−42 and AβpE3−42. All trials are
shown for each peptide. The toxicity threshold was set at 15 nS·s. AβpE3−42 pores
reached toxicity faster and with less variability in the measurement than Aβ1−42 pores.
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Figure 3.2: Aβ1−42 pores show spike and burst activity. Aβ1−42 activity shows more
spike and burst behavior than AβpE3−42 pores which could contribute to its increased
time to the toxicity threshold. The integration limits are seen as vertical red lines while
the toxicity threshold is indicated by the arrow. A) Full recording of Trial 3 for Aβ1−42.
While activity us seen throughout the trace, the majority of the early activity is spikey in
nature. These spikes do not contribute significantly to destabilization of cellular home-
ostasis. More concentrated regions with abundant bursts and steps follow. B) Enlarge-
ment of the time period indicated by the orange line. The toxicity threshold is reached
as indicated by the arrow. Activity persists beyond the threshold and is therefore erro-
neously counted when creating activity histograms.
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Figure 3.3: AβpE3−42 pores preferentially show step behavior and faster toxicity.
Two separate trials of a AβpE3−42 are presented showing that toxicity (indicated by the
arrow) is rapidly reached. A) Step activity is preferred with little to no spike behavior
seen. As shown in Figure 3.2, activity extends well beyond the point that toxicity is
reached. These extra events are irrelevant to toxicity. B) Our analysis takes non-specific
leakage into account, something that is missed by histograms of event conductance.



Chapter 4

Membrane embedded anle138b

compound modulates Aβ pore activity

4.1 Abstract

According to the amyloid cascade hypothesis, accumulation of amyloid-β (Aβ )

peptides in the brain is the primary driver of pathogenesis in AD, including synapse loss

and neuronal cell death. The channel hypothesis for Aβ oligomers postulates that unreg-

ulated Aβ ion channels result in a loss of ionic homeostasis (primarily through a gain of

Ca2+) and neuronal death is one of the oldest explanations of the neuronal dysfunction

and toxicity. To date, there has not been a pharmaceutical compound that would block

pores and be active in mammalian animal models, a necessary element for disease mod-

ulation. In this work, we examine biophysical properties and pore activity modulation

mechanisms of the diphenylpyrazol (DPP) compound anle138b which was previously

optimized for the reduction of prion protein aggregation relevant for Creutzfeld Jakob

Disease (CJD) as well as α-Synuclein aggregation relevant in Parkinson’s disease (PD).

We show modulation of of Aβ induced electrical activity by anle138b in black lipid

membranes despite no change in the membrane embedded pore structure, as seen by

AFM. This suggests that a conformational change within the core of the pore is respon-

sible for the activity modulation.

53
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4.2 Introduction

Aβ and tau are the two proteins whose aggregation is linked to Alzheimer’s dis-

ease (AD). The role of the two proteins in causing dysfunction of neurons and their

cell death is still unclear. According to the amyloid cascade hypothesis, accumulation

of amyloid-β (Aβ ) peptides in the brain is the primary driver of pathogenesis in AD,

including synapse loss and neuronal cell death [110, 111, 112, 35, 18]. In patients,

synapses are lost disproportionally to neurons and this correlates best with dementia

[158, 159, 160]. Oligomers are considered to be the drivers of dysfunction through

spine loss [161] and cell death [75, 120, 41, 146, 162, 163, 164, 165, 28, 166, 135, 167,

168, 48, 23, 25]. Spine loss in brain slices was shown to be reversible by inhibitors of

aggregation of Aβ as well as by antibodies reducing the Aβ load. The channel hypothe-

sis for Aβ oligomers, which postulates that unregulated Aβ ion channels result in a loss

of ionic homeostasis (primarily through a gain of Ca2+) and neuronal death, as proposed

by Arispe et al [59, 61], is one of the oldest explanations of the neuronal dysfunction

and toxicity.

In vivo evidence for this mechanism is still missing and other mechanisms such

as Aβ oligomer induced NMDA endocytosis [161, 12] and modulation of α-amino-

3-hydroxy-5-methyl-4-isoxazole propionic acid surface receptors [12] potentially me-

diated by prion protein acting as an Aβ oligomer receptor [169] have been proposed.

Nevertheless, the channel mechanism was corroborated by the direct observation of pore

structures in black lipid membranes [59, 57] and in AFM studies [48] and by correlat-

ing blocking of Aβ pores by the small molecules, MRS2481 and MRS2485 [170] and

EGCG [170] reduced Aβ toxicity in cell based AD models. EGCG was shown to have

similar activity also on α-Synuclein pore formation [117] and rescues α-Synuclein in-

duced neurotoxicity in cell based assays [171]. However, so far there has not been a

compound that would block pores and be active in mammalian animal models leaving

the request by Arispe and coworkers [59]: "We further propose that a useful strategy

for drug discovery for treatment of Alzheimer’s disease may include screening com-

pounds for their ability to block or otherwise modify AβP (i.e. Aβ protein) channels"

unsatisfied.

In this work, we examine biophysical properties and pore activity modulation
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mechanisms of the diphenylpyrazol (DPP) compound anle138b. Anle138b was previ-

ously optimized for the reduction of prion protein aggregation relevant for Creutzfeld

Jakob Disease (CJD) as well as α-Synuclein aggregation relevant in Parkinson’s disease

(PD). It has shown therapeutic efficacy in PD and CJD mouse models [172, 173, 174]

and blocked α-Synuclein oligomer induced pores in black lipid membranes (BLMs).

Using BLM, we show that these compounds modulate the activity of Aβ1−42 pores.

With AFM, we observe similar Aβ1−42 pore structures in membranes in the presence

or absence of anle138b despite the dramatic change in their conductivity. This sug-

gests the functional modulation of the membrane bound oligomers as a mechanism for

neuroprotection and rescue of neuronal dysfunction by anle138b.

4.3 Methods

Aβ1−42 was purchased from Bachem and Anaspec (Fremont, CA). The phos-

pholipids 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphoethanolamine (POPE) were purchased from Avanti Polar Lipids

(Alabaster, AL). All other chemicals were purchased from Sigma-Aldrich (St. Louis,

MO).

4.3.1 Peptide Handling

For BLM experiments, Aβ1−42 peptides were dissolved in Milli-Q water to a

concentration of 1 mg/mL prior to being aliquoted for storage. These 50 µL aliquots

were stored at -80◦ C for a maximum of 60 days before use. Samples were thawed

only once. For ThT and AFM experiments, powder form of Aβ1−42 (Bachem, Torrance,

CA) was first dissolved in 1% ammonium hydroxide until the peptides were completely

dissolved. They were subsequently sonicated for approximately 2 min. Small volume of

peptides were then aliqouted and lyophilized using a lyophilizer (Labconco FreeZone

2.5 Plus, Kansas City, KS). The aliquots were stored at -80◦ C until used. For every

experiment, aliquoted peptides were thawed and hydrated in 20 mM NaOH and HEPES

buffer solutions at pH 7.4, sequentially. The peptide concentration was measured using

the 280 nm UV absorbance (ε = 1490 M−1 · cm−1).
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4.3.2 Planar Lipid Bilayer Electrical Recording

We prepared planar lipid bilayers using the so-called “painted” technique [96].

Anle138b was mixed with a 1:1 (w/w) solution of DOPS and POPE in chloroform at

a concentration of 10 mM with respect to the volume of the lipids. A lipid specific

gravity of 0.8 was used for the calculation. This mixture was subsequently dried in a

Rotavapor R-210 (Buchi) and resuspended in decane at a total lipid concentration of 20

mg/mL. Bilayers with embedded Anle138b were formed from this solution. Sponta-

neous membrane formation occurs following the addition of lipid directly over a pore

with a diameter of ∼250 µm in a Delrin septum (Warner Instruments, Delrin perfusion

cup, volume 1 mL). In previous studies, this membrane composition was shown to be

stable for long recording times (> 4 h) [90, 91]. Control experiments establishing the

stability of membranes formed with the addition of Anle138b were performed. As the

electrolyte, we use 150 mM KCl, 10 mM HEPES (pH 7.4), and 1 mM MgCl2.

Before performing electrical recordings, we verified that the bilayer was stable

for several minutes with low conductance (< 10 pS) across ±100 mV applied voltage

and that the system capacitance was > 110 pF. When both criteria were met, peptide was

added directly to the cis (hot wire) side and stirred for 5-10 min. Peptide concentration

in the bilayer chamber was approximately 10 µM. Bilayer stability was monitored by

periodic capacitance measurements throughout the course of the experiment.

All traces were recorded in voltage clamp mode using the 2 kHz built-in filter

cutoff of our BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling fre-

quency of 15 kHz was used for all data acquisition. We used a custom-made LabVIEW

program to record the current and Clampfit 10.2 (Molecular Devices, Sunnyvale, CA)

to analyze traces. For representation in Figures, we have filtered the recorded current

versus time traces with a digital Gaussian low-pass filter with a cutoff frequency of 50

Hz.

4.3.3 Lipid Bilayer Preparation for AFM Imaging

For liposome preparation, DOPS and POPE lipids were used in a 1:1 ratio. Lipo-

somes were prepared by mixing 20 µL of each lipid (5 mg/mL) dissolved in chloroform
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and anle138b also dissolved in chloroform was added to have 1000:1 lipid to anle138b

molar ratio. Then they were allowed to dry overnight in vacuum. The dried lipid film

(and anle138b) was hydrated with peptide solution to facilitate peptide incorporation in

the lipid bilayer, resulting in proteoliposome formation. For control, the dried lipid film

(and anle138b) was hydrated with 200 µL of HEPES buffer and vortexed occasionally

for an hour. The large multilamellar vesicles formed with this procedure were sonicated

for 5 min. Supported lipid bilayers were formed by (proteo)liposome rupture and fusion

on the mica substrate [48, 45, 82, 83, 175]. Lipid concentrations of ∼ 0.1− 1 mg/mL

were deposited on freshly cleaved mica and incubated for ∼10 min on a hot plate above

the lipid transition temperature to facilitate fusion of the ruptured proteoliposomes on

the mica surface. As a last step, samples were rinsed with buffer to remove unruptured

proteoliposomes still in solution.

4.3.4 AFM Imaging

Topographic images were acquired using a Multimode AFM equipped with a

Nanoscope V controller (Bruker, Santa Barbara, CA). Silicon Nitride cantilevers with

nominal spring constants of 0.08 N/m (OMCL-TR400, Olympus) were employed for

imaging in fluid using tapping mode. Resonance frequencies of ∼8 kHz and drive am-

plitudes under 100 mV were used. All experiments were performed at room tempera-

ture. Actual spring constants were measured to be within 10% of its nominal value using

thermal tune before the experiments. To measure outer pore diameters, tip broadening

was taken into account by modeling the inserted oligomers as a spherical cap protruding

a height, h above the surface of the lipid bilayer in contact with a spherical tip of radius,

R [84].

4.4 Results

In order to gain further insight in the potential mode of action, we analyzed the

effect of anle138b on the pore formation potential of Aβ in lipid membranes, as well as

the structural features of these pores seen by AFM.
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4.4.1 Effect of compounds on Aβ1−42 pore activity

We used BLM electrical recording to examine the activity of Aβ1−42 pores in

lipid membranes (POPE/DOPS 1:1) treated with 10 mM anle138b (with respect to the

lipid volume). Aβ1−42 pore activity is indicated by discrete features in the ionic current

passing through the lipid membrane (Figure 4.1). Unlike ion channels which have regu-

lated activity and possess integer values of a unitary conductance, amyloid pores are not

regulated and present multiple conductance values [48, 23, 59, 57, 90, 91, 85, 22, 65].

For compound-treated membranes, bulk membrane activity was reduced in 50% of trials

(3 of 6) to < 10% of the maximum value measured in membranes without compound

(Figure 4.1). In all cases of membranes without compound, the overall current through

the membrane kept increasing and eventually reached the saturation value of our electri-

cal current amplifier (Figure 4.1A). The current grows in a stepwise fashion indicative

of channel activity, with newly formed or opened channels adding to the bulk activity of

the membrane. While half of the anle138b membranes also showed this pattern, we ob-

serve clear differences in the activity pattern induced by the compound in the other trials.

Necessary elements of the BLM experimental setup can help to account for the activity

seen in unsuccessful trials and will be discussed further below. Anle138b membranes

showed fewer simultaneously active pores and increased membrane stability (Figure 4.2,

B & C).

4.4.2 Effect of compounds on the structure of Aβ1−42 pores

The structural properties of Aβ pores inserted in lipid bilayers have been charac-

terized by AFM. Our previous studies using 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) lipid bilayers indicate that full-length Aβ1−40/42 [48, 23, 82], certain Aβ mu-

tants [23, 83], Aβ fragments [45, 85, 119, 89], as well as other amyloids [48, 23, 44, 50]

form heterogeneous pore structures, typically protrude < 2 nm above the membrane

plane, have inner pore diameters of 1− 2 nm, typical outer diameters in the range of

8− 12 nm and possess 3-6 subunits [48, 23, 45, 82, 83]. These pore structures and

in particular the subunits are difficult to detect because of additional non-pore forming

oligomer populations inserted in the membrane, as well as the experimental difficulties
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associated with observing disordered pore structures [84].

Here, we studied the structure of Aβ1−42 pores in POPE/DOPS (1:1) membranes

treated with anle138b. Untreated membranes phase separate in lateral POPE and DOPS

domains (Figure 4.2A), discernible by a difference of ∼0.5 nm in bilayer thickness. For

membranes reconstituted with Aβ1−42, the pore structures have similar doughnut-shaped

morphologies (Figure 4.2B), as the pores previously observed in DOPC membranes. We

observed similar Aβ1−42 pore structures in membranes pre-treated with anle138b (Fig-

ure 4.2C). The outer pore diameters in these membranes (Table 4.1) are not significantly

different to the pore diameters in membranes without compound, and within the range

of pore dimensions observed previously with DOPC membranes [48, 23, 45, 82, 83].

4.5 Discussion

The question of which mechanism on the molecular level induces synaptic dys-

function and neurotoxicity is still under debate. Since synaptic function relies on the

integrity of membranes and their ability to modulate ion fluxes in a voltage dependent

way, we investigated more closely whether anle138b would modulate the pore form-

ing activity of Aβ that has been proposed to be a mechanism for impaired function and

cell death already more than 20 years ago [59, 61]. This mechanism was also found

in cell based models for EGCG [170] as well as MRS2481 and MRS2485 [170]. It

was also found for anle138b interacting with α-Synuclein and discussed as a potential

mechanism in neuroprotection [172, 173].

The pore activity was investigated in well-established black lipid membrane

electrophysiological experiment (Figure 4.1). The individual steps in BLM recordings

provide true single-channel conductance resolution. The stepwise growth of bulk mem-

brane conductance, in the absence of compound (Figure 4.1A), indicates that the activity

increases through the combined action of many individual pores. This "stacking" effect

is the result of prolonged pore lifetimes and the formation and/or opening of additional

conducting pores. Pores close and/or break apart (notice that there are closing events

seen in Figure 4.1A) but, given a long enough period of time, Aβ1−42 always leads to a

saturating membrane current. In our experiments, this typically occurs no more than 2
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h after the first activity is observed.

The significantly reduced pore activity observed in anle138b-doped membranes

(Figure 4.1, B & C) suggests activity of fewer Aβ1−42 pores compared to the num-

ber of active pores in membranes without compound. The individual single channel

conductance of the pores does not appear to be significantly altered by the compound.

Individual channels demonstrated conductances in the range of 10−700 pS, similar to

the range previously reported for Aβ1−42 [90, 91]. Instead, the pore dynamics appear

to be affected, resulting in less stable and shorter lived "open" pores, and a reduction in

the total number of conducting pores. Since Aβ1−42 is characterized by heterogeneous

conductance, discreet events of the same conductance suggest the activity of a single

pore. Figure 4.1B highlights three distinct conductance levels—additional smaller con-

ductance events are seen by the increased noise midway through the trace. Multiple

openings and closings return to these distinct conductance levels, suggesting multiple

open-close cycles for the same three individual pores rather than contributions from ad-

ditional new pores. The short lifespan of the "open" state does not allow for the conduc-

tance of multiple channels to add together which keeps the bulk membrane conductance

far lower than in the absence of the compound. One membrane did exhibit pore con-

ductance "stacking" but only two individual channels were involved and all other events

followed the pattern described here (Figure 4.1C).

While pore activity modulation is only observed in 50% of cases, this is likely

the result of the BLM membrane preparation. Anle138b was dissolved in decane along

with the lipids prior to membrane painting. Since Anle138b is soluble in both the decane

and the lipids, the distribution of compound in the lipid membrane that spontaneously

forms upon lipid deposition over the aperture can vary. Lipid monolayers bind to either

side of the partition and the bilayer membrane forms as the monolayers fuse together

at the center, excluding the decane solvent to the perimeter. This solvent annulus acts

as a bridge to the Delrin partition and is essential for membrane stability [97]. If a

significant proportion of the Anle138b is mobile in the decane, the compound could be

partitioned to the solvent annulus rather than incorporated into the membrane leading to

BLM results that appear similar to that seen with Aβ1−42 in the absence of compound.

We then compared with AFM the structure of Aβ oligomers in membranes as
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well as membranes doped with anle138b. The scale and sensitivity differences between

BLM and AFM introduce experimental challenges for imaging different pore states.

While membranes with ∼100 µm diameter are monitored by BLM, the areas observed

by AFM to detect pore structures are ∼105 smaller. Therefore pore densities of ∼10−4

pores/µm2 are detectable by BLM, while densities of ∼10− 100 pores/µm2 are opti-

mal for AFM imaging. Our BLM data suggest that only a handful of pores in anle138b

treated membranes are active at any given time over this large area. Therefore, the

probability of imaging compound treated pores, with AFM, in the "open" state is quite

small and pore-like structures found in the membranes are more likely in the closed

state. Attempts to increase the pore density for AFM imaging by increasing the pep-

tide:lipid ratio, are complicated by the additional populations of membrane-associated

Aβ oligomers also observed [84].

The similar pore structures observed by AFM in untreated and anle138b-treated

membranes (Figure 4.2, B & C) with the apparent diameters of around 10 nm listed in

Table 4.1 suggest that pores remain seemingly intact at the pore mouths imaged by the

AFM tip, and the decrease in pore activity can be attributed to changes that occur in

pore regions embedded in the hydrophobic lipid core of the membranes (Figure 4.2C),

where the AFM tip does not penetrate during imaging. These changes could stem from

the binding of anle138b molecules to intramembranous pore regions consequently pro-

ducing blockage of the pore, or they could be due to conformational changes of the pore

induced by the compound molecules.

Numerous potential modulation mechanisms can be envisioned to explain the

observed structural and conductance properties (Figure 4.3). These mechanisms can be

broadly broken down into three cases: i) the oligomers are unable to insert into the lipid

bilayer (Figure 4.3A); ii) once inserted, oligomers cannot form into pore structures (Fig-

ure 4.3B); iii) a structural change is induced that leads to a non-conducting (collapsed)

pore (Figure 4.3C). Our data contradicts the first scenario. However, it cannot discern

between the latter two mechanisms. Even though a population of pores is still observed

in anle138b-doped membranes, decreased pore formation due to anle138b binding to

smaller oligomers is possible. Thioflavin T and NMR data obtained with the hydrophilic

compound anle138c, differing by only one carbon atom from anle138b (manuscript
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in preparation), indicates that Aβ aggregation is inhibited by anle138c binding to Aβ

oligomers. A statistically significant comparison of pore populations is complicated by

experimental difficulties in observing large numbers of Aβ pores. In the absence of

anle138b, Aβ oligomers insert into lipid bilayers and form pores that are long lived.

When anle138b is doped into the lipids, oligomers insert into the membrane most prob-

ably with a similar efficiency as in the absence of DPP compounds, but the vast majority

of pores are inhibited from passing ionic currents across the membrane. The pores that

do conduct stay open much shorter and are in rapid exchange with non-conducting pores

(Figure 4.3C).

Our current data suggests it is likely that anle138b induces a conformational

change within Aβ pores that greatly reduces or, in most pores eliminates, toxic ionic

flux. Steric blockage by anle138b without conformational change of the pore is energet-

ically unfavorable due to the hydrophobicity of anle138b, as this scenario would require

anle138b to be in contact with water molecules inside the pore. The above mentioned

mechanisms provide further insight into the method of action in preventing pore activity

and reducing Alzheimer’s pathogenicity.

4.6 Conclusion

Biophysical characterization of the effect anle138b shows the ability of the com-

pound to significantly modify the activity of Aβ oligomer induced pores in black lipid

membranes while largely unaffecting the pore morphology. Careful analysis of this ac-

tivity indicates that the oligomers are still in the membrane but have a changed conduc-

tivity profile, mainly staying open for shorter time and lacking the possibility of build-

ing up large currents as seen in the absence of the compounds. While this mechanism

is established only in vitro on Aβ it has been found already previously on hydrophilic

compounds [170] and on anle138b acting on α-Synuclein [172, 173]. In the future, this

mechanism is worth being investigated further in-vivo in cell based models.

Chapter 4 in whole contains material currently being prepared for publication.

Thanks are given to the co-authors of the manuscript: Hernandez Martinez, A., Lee, J.,
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Figure 4.1: Anle138b modulates channel activity of Aβ1−42 in BLMs. BLM record-
ings of Aβ1−42 in the A) absence and B) presence of anle138b in DOPS/POPE. A)
Aβ1−42 induces pore-like step ionic current increases across lipid bilayer membranes.
The stepwise growth of bulk membrane conductance indicates that the activity increases
through the combined action of many individual pores. This "stacking" effect is the
result of prolonged pore lifetimes and the formation and/or opening of additional con-
ducting pores. Given a long enough period of time, Aβ1−42 always leads to a saturating
membrane current. B) The presence of anle138b in the membrane modulates activity
and prevents the concurrent activity of many channels that leads to membrane satura-
tion. Discreet conductance levels are highlighted showing multiple opening and closing
events for three individual pores. C) Pore "stacking" was observed in one Anle138b
treated membrane that demonstrated activity modulation, but current saturation was in-
hibited. This is likely due to the large area of BLM membranes which could allow
individual pores to form in isolated membrane regions where they do not encounter the
compound.
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Figure 4.2: Observation of Aβ1−42 pores by AFM in anle138b-doped membranes.
AFM tapping mode images showing similar pore structures in membranes with and
without anle138b. A) POPE/DOPS (1:1) membranes without compound and not ex-
posed to Aβ1−42 showing lateral phase separation. B) Membrane with the same lipid
composition as in A) without compound reconstituted with Aβ1−42 at a 1:60 pep-
tide/lipid molar ratio. C) Membrane with the same lipid composition as above with
anle138b (10 mM with respect to lipid volume) and reconstituted with Aβ1−42 (1:60
peptide/lipid molar ratio).
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Table 4.1: Effect of anle138b on pore size.
The pore size is not changed. Expand on this very briefly
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Figure 4.3: Schematic of potential anle138b mediated pore modulation mecha-
nisms. We propose that the observed changes induced by anle138b could be explained
by any of the following pore modulation mechanisms. At this time we are unable to
further distinguish the precise mechanism. A) Aβ oligomers are prevented from insert-
ing into the lipid bilayer. B) Once inserted, oligomers are unable to aggregate into pore
structures by bound anle138b molecules. C) Anle138b binds to Aβ pores formed in
the membrane leading to a structural change of the monomers and a non-conducting
(collapsed) pore.



Chapter 5

Reduction in β -sheet character

prevents neurotoxic ionic flux through

Aβ1−42 pores

5.1 Abstract

A common mechanism underlying Alzheimer’s disease (AD) pathophysiology

relies upon increased levels of soluble amyloid-beta (Aβ ) oligomers. These oligomers

induce uncontrolled, neurotoxic, ion flux across cellular membranes resulting in the

dysregulation of ionic homeostasis, particularly calcium ions. High calcium is known

to cause neuronal degeneration and death that might underlie AD cognitive impairment.

Previous 3D structural analysis, using atomic force microscopy (AFM), in our labora-

tory has shown that Aβ forms multi-subunit pores. These pore structures are comple-

mented by the expected ionic permeability and conductance in isolated single channel

studies. Since amyloid pore structure-activity relationships are tightly interlinked, phar-

macological and small molecule interventions that modulate channel activity could be

then become an effective strategy to prevent or ameliorate their toxic activity. In this

study, we examined the effectiveness of a small molecule pharmacologic agent in pre-

venting increases in intracellular calcium and reducing ionic flux through Aβ pores.

Co-incubation of the compound with Aβ1−42 effectively prevented influx of intracellu-

68
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lar calcium in B103 rat neuronal cells while short pre-incubation (∼ 10−15 min) prior

to bilayer introduction was needed to prevent ionic conductance. Thioflavin-T and cir-

cular dichroism indicate a reduction in β -sheet character during the incubation period.

We suggest that β -sheet secondary structure is the key structural element of Aβ1−42

permeability of cellular membranes and should be a target for future drug development.

5.2 Introduction

Alzheimer’s disease (AD) is one of the most devastating diseases associated with

aging. It is diagnosed clinically by progressive severe cognitive deficit and substantiated

postmortem by the presence of amyloid-β (Aβ ) plaques in the brains of patients. Brains

of AD patients contain extracellular plaques and intracellular neurofibrillary tangles, as

well as fewer synapses and neurons [176]. According to the amyloid cascade hypoth-

esis, accumulation of Aβ peptides in the brain is the primary driver of pathogenesis

in AD, including synapse loss and neuronal cell death [110, 111, 112, 35, 18]. The

plaques are composed of Aβ peptides aggregated into oligomeric and fibrillar species.

The full-length Aβ1−40/42 peptide is formed via APP cleavage by the action of β - and

γ-secretases [111, 36]. A smaller fragment, Aβ17−42 (p3), is originated by APP cleavage

with α- and γ-secretases [36, 45]. Although amyloid fibrils were believed to be the cyto-

toxic species in AD [21], increasing evidence indicates that intermediate Aβ oligomers

are the most toxic species [75, 120, 41, 146, 162, 163, 164, 165, 28, 166, 177, 135,

167, 168, 48, 23, 25]. A growing number of results suggest that Aβ oligomers inserted

in the cell membrane form pore structures [25, 59, 57, 116, 94, 86, 22, 117, 118, 81].

Pore activity has been observed for full length Aβ s [48, 23, 59, 57, 82, 87], Aβ frag-

ments [45, 65, 119, 85, 46, 89, 91, 84], and point substitutions [45, 83, 82]. Cytotoxicity

results from an abrupt change in cell ionic concentration, in particular the increase in

intracellular calcium levels, producing loss of cell homeostasis [66, 67, 68].

Although there have been several approaches for therapeutic intervention, there

is currently no cure for AD [118, 178, 179]. These approaches included the clearing of

Aβ plaques [118, 180], but plaque removal did not prevent progressive neurodegenera-

tion [118, 181]. Numerous other approaches focused on the processing of the amyloid
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precursor protein (APP) by secretase enzymes [118, 178, 179, 180]. The p3 fragment is

generally believed to be non-pathogenic, thus reducing the concentration of toxic Aβ s

by increasing α-secretase activity in the brain (i.e. producing more p3) emerged as

a potential therapeutics strategy [182]. A widely used approach has been the use of

β -secretase [β -site APP-cleaving enzyme 1 (BACE1)] inhibitors to reduce Aβ1−40/42

production [118, 178, 179]. Other approaches included the reduction of Aβ1−40/42 pro-

duction by inhibition of γ-secretase activity [118, 183, 184], and active immunotherapy

[178, 180].

Here we discuss the biophysical properties and pore activity modulation mech-

anism of an aqueous soluble small-molecule compound. The compound, NPT-440-1,

was designed as an aggregation blocker of Aβ1−42 to prevent the formation of toxic pore

structures (Figure 5.1). We show that the compound impedes Aβ1−42 aggregation, nor-

malizes intracellular calcium levels, and inhibits the electrical activity of Aβ1−42 pores.

We suggest that a likely mechanism of action involves a compound induced conforma-

tional change leading to disruption of the β -barrel structure for membrane-embedded

pore sections leading to nonconducting, and likely, collapsed pores.

5.3 Methods

Aβ1−42 was purchased from Bachem and Anaspec (Fremont, CA). The phos-

pholipids 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphoethanolamine (POPE) were purchased from Avanti Polar Lipids

(Alabaster, AL). The water soluble compound NPT-440-1 was graciously provided by

Neuropore Therapies, Inc. (San Diego, CA). All other chemicals were purchased from

Sigma-Aldrich (St. Louis, MO).

5.3.1 Peptide Handling

For PLB and ThT experiments, lyophilized Aβ1−42 powder was dissolved in

Milli-Q water to a concentration of 1 mg/mL (221.5 µM) prior to being aliquoted for

storage. These 50 µL aliquots were stored at -80 ◦C for a maximum of 60 days before

use. Lyophilized NPT-440-1 powder was dissolved in DMSO to a final concentration



71

of 10 mM, aliquoted and stored long-term at -20 ◦C. Compound stock solution was

then further diluted to 0.5 mM (for 10:1 peptide:compound condition) or 5 mM (1:1

condition) in DMSO and stored at 4 ◦C for a maximum of 3 days before use. Samples

were thawed only once.

5.3.2 SDS-PAGE

Aβ1−42 (American Peptide Company, Sunnyvale CA) was aggregated by incu-

bating the peptides with different concentrations of NPT-440-1 at 37 ◦C for 16 hr, fol-

lowed by 6 hr incubation at 56 ◦C. Western blot analysis was performed as previously

described by Masliah et al, 2000 [185] on a 4-12% SDS-polyacrylamide gel (Life Tech-

nologies, Carlsbad CA) and blotted onto a PVDF membrane. Blots were labeled with

a mouse monoclonal antibody against Aβ1−42 (1:1000) (Covance, Princeton NJ), fol-

lowed by anti-mouse secondary antibodies (1:5000) (American Qualex, San Clemente

CA).

5.3.3 Calcium Assay

B103 rat neuronal cells were co-incubated with 1 µM of oligomerized Aβ1−42

and different concentrations of NPT-440-1 for 16 hrs, followed by Fluo-4 MW Calcium

imaging studies (Life Technologies, Carlsbad CA).

5.3.4 Planar Lipid Bilayer Recording

As before, we prepared planar lipid bilayers using the "painted" technique [96].

1:1 (w/w) solution of DOPS and POPE in chloroform was dried in a Rotavapor R-210

(Buchi) and resuspended in heptane to a total lipid concentration of 20 mg/mL. Bilayers

were spontaneously formed from this solution by direct lipid apposition over a ∼ 250

µm diameter aperture in a Delrin septum (Warner Instruments, Delrin perfusion cup,

volume 1 mL). In previous studies, this membrane composition was shown to be stable

for long recording times (4+ hrs) [91, 90]. As the electrolyte, we use 150 mM KCl, 10

mM HEPES (pH 7.4), and 1 mM MgCl2. Control experiments establishing the stability

of membranes formed with the addition of NPT-440-1 were performed.
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Before performing electrical recordings, we verified that the bilayer was stable

for several minutes with low conductance (< 10 pS) across ±100 mV applied voltage

and that the system capacitance was > 110 pF. When both criteria were met, peptide

was added directly to the cis (hot wire) side and stirred for 5 min. For the compound

added trials, NPT-440-1 was added directly to the peptide aliquot at the desired molar

ratio. The peptide/compound mixture was then either added immediately to the cham-

ber or allowed to preincubate for 10− 15 min prior to addition. Peptide concentration

in the bilayer chamber was 10 µM and DMSO content was ∼ 0.2%. Bilayer stabil-

ity was monitored by periodic capacitance measurements throughout the course of the

experiment.

All traces were recorded in voltage clamp mode using the 2 kHz built-in filter

cutoff of our BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling fre-

quency of 15 kHz was used for all data acquisition. We used a custom-made LabVIEW

program to record the current and Clampfit 10.2 (Molecular Devices, Sunnyvale, CA)

to analyze traces. For representation in figures, we have filtered the recorded current

versus time traces with a digital Gaussian low-pass filter with a cutoff frequency of 50

Hz.

5.3.5 Thioflavin-T (ThT) Fluorescence

Stock solution of 500 µM ThT in water was prepared and 2 µL were added to

100 µL HEPES (pH 7.4) buffer in 96-well white-walled plates (Nuncatom, Denmark)

to make 10 µM ThT solutions. For peptides, 221.5 µ M stock aliquots were mixed to

equilibrate peptide populations amongst the test conditions and then diluted to a concen-

tration of 10 µM with 150 mM KCl, 10 mM HEPES (pH 7.4), 1 mM MgCl2 buffer in

the plate well. NPT440-1 dissolved in DMSO was added at desired final concentration

before adding the peptide solution. Thioflavin T (ThT) fluorescence (450 nm excitation,

490 nm emission) was monitored every 5 min at 25 ◦C for the indicated times using

a SPECTRAmax Gemini EM fluorescent plate reader (Molecular Devices, Sunnyvale,

CA). Samples were run in quadruplicate and initial fluorescence intensity was normal-

ized to zero.
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5.3.6 Circular Dichroism (CD) Spectroscopy

An Aviv410 CD spectrometer (Aviv Biomedical, Lakewood, NJ) was used to

measure the differential absorbance of left- and right-handed circularly polarized light.

Aliquots of 221.5 µM Aβ1−42 were diluted in water to a final peptide concentration of

44.02 µM (0.199 mg/mL). NPT-440-1 powder was solubilized in DMSO prior to addi-

tion to Aβ1−42 at the desired molar ratio and subsequent dilution in water. To reduce the

effect of DMSO on the CD spectra, DMSO content was lowered as much as possible to

∼ 0.12% of the cuvette volume. Samples were allowed to sit for 10− 15 min prior to

loading the cuvette. The spectra was recorded as the average of 9 scans over a wave-

length range of 260− 180 nm with 1 nm resolution and an averaging time of 0.5 sec.

A 1 mm path length cuvette was used for all measurements. Background signal, using

water (for Aβ1−42 alone) or water + DMSO (for Aβ1−42 + compound), was subtracted

from the measurement and the observed signal, S in millidegrees, converted to the mean

residue extinction coefficient (∆εMRW ) by the following equation [186, 187]:

∆εMRW =
S×MRW

32980×Cmg/ml×L
M−1cm−1 (5.1)

where L is path length (in cm), Cmg/ml is the peptide concentration in mg/ml, and MRW

is the mean residue weight (107.5 for Aβ1−42).

5.4 Results

5.4.1 Inhibition of Aβ1−42 Aggregation in solution

We first looked at the effect of NPT-440-1 on the aggregation of Aβ1−42 in so-

lution. Our SDS-PAGE data (Fig. 5.2) shows that NPT-440-1 effectively reduces the

formation of aggregates even at compound concentrations ten times smaller than the

peptide content. Co-incubation of NPT-440-1 with Aβ reduced the formation of dimers,

trimers, tetramers and higher order oligomers. There is a concentration-dependent inhi-

bition of overall oligomer formation, though this effect plateaus for the 2, 5, and 7 µM

cases (Figure 5.2, bar graph).
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5.4.2 Recovery of intracellular Ca2+ levels

The effectiveness of NPT-440-1 in maintaining normal intracellular Ca2+ levels

in B103 rat neuronal cells during incubation with Aβ1−42 was investigated (Figure 5.3).

The presence of Aβ1−42 induced a significant increase (p < 0.01) in intracellular Ca2+

(Figure 5.3B). Addition of NPT-440-1 (1:1 molar ratio) during incubation prevented this

increase and Ca2+ levels remained comparable to the vehicle control (Figure 5.3C). This

suggests that the presence of NPT-440-1 prevented the cellular membrane disruption that

leads to Aβ1−42 oligomer induced increases in intracellular calcium.

5.4.3 Inhibion of pore activity

The electrical activity of Aβ1−42 pores in lipid membranes (POPE/DOPS 1:1)

treated with NPT-440-1 was investigated via PLB recording. Aβ1−42 pore activity is

indicated by discrete features in the tracing of ionic current passing through the lipid

membrane (Figure 5.4A). Amyloid pores, unlike ion channels, are not regulated and do

not exhibit integer values of a characteristic unitary conductance. Instead amyloid pores

present with multilevel conductance values [45, 23, 57, 22, 65, 85, 91, 80]. The current

grows in a stepwise fashion indicative of channel activity, with newly formed or opened

channels adding to the bulk activity of the membrane (Figure 5.4A). In all trials with the

sole addition of Aβ1−42 the overall current through the membrane kept increasing and

eventually reached the saturation value of our current amplifier. The effect of NPT-440-1

treatment was first examined at a 10:1 peptide:compound ratio. As shown above, this ra-

tio showed effects on Aβ1−42 aggregation and intracellular calcium. Simultaneous direct

addition of the compound to the test chamber showed no effect on the observed activity

with multilevel conductance events clearly present (Figure 5.4B) eventually leading to

amplifier saturation. This pattern held true even when the compound concentration was

increased tenfold to a 1:1 ratio (Figure 5.4C). However, when NPT-440-1 was allowed to

incubate with Aβ1−42 for 10−15 min–at 10:1 peptide:combound–prior to introduction

to the test chamber, all activity was prevented (Figure 5.4D). In 100% of trials (n = 6)

this held true, with no deviation from baseline detected in at least 4 hr of recording.
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5.4.4 Reduction in β -sheet character

As Aβ1−42 fibrils are known to demonstrate β -sheet secondary structure, we next

studied the effect of NPT-440-1 on peptide secondary structure. As with the gel data, our

ThT fluorescence results indicate a concentration-dependent inhibitory effect of NPT-

440-1 on Aβ1−42 aggregation (Figure 5.5A). At both 10:1 and 1:1 peptide:compound

ratios the maximum ThT signal was significantly reduced (p < 0.001) by 43% and 63%

respectively. This pattern is seen even within the first 15 min of monitoring (Figure 5.5A,

inset), with significant reduction in ThT fluorescence intensity at both 10:1 (p < 0.05)

and 1:1 (p < 0.001). The CD spectra of Aβ1−42 showed β -sheet secondary structure with

a characteristic positive peak at 195 nm and a negative peak at 218 nm (Figure 5.5B).

The 10:1 NPT-440-1 treated Aβ1−42 did not have as clean of a spectrum, due to the

presence of DMSO [187], particularly in the far UV region below 200nm. As a result,

it is difficult to make conclusions about these wavelengths. However, a small, but clear,

upward shift is observed in the 218 nm peak indicating a reduction in β -character. This

result agrees very well with the reduction in ThT staining under this treatment condition

after 15 min of incubation.

5.5 Discussion

We have observed that incubation of NPT-440-1 with Aβ1−42 can effectively

normalize oligomer induced increases in intracellular levels (Figure 5.3) and eliminate

Aβ1−42 pore activity in POPE:DOPS (1:1) membranes (Figure 5.4D). A detailed expla-

nation of pore modulation is difficult to determine because of the numerous potential

modulation mechanisms, compounded by missing knowledge about aspects of pore for-

mation, structure and conduction mechanisms. For the small molecular compound used

in this study, the potential activity modulation mechanisms include: a) prevention of Aβ

binding and membrane insertion, b) prevention of Aβ pore assembly inside the mem-

brane, or c) inducing a nonconducting or collapsed pore. These modulation events are

not necessarily mutually exclusive and a combination of multiple effects if certainly

possible. All of these potential events could be explained by an induced conformational

change in Aβ1−42 oligomer structure.
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Our SDS-PAGE data (Figure 5.2) indicate that NPT-440-1 inhibits aggregation

of Aβ1−42 monomers and small oligomers into intermediate oligomers, which are now

thought to be the toxic species. These oligomers induce membrane deficits, or pores,

which have been shown to lead to increases in intracellular calcium levels. Prevention

of intermediate oligomer formation should lessen, or prevent, the influx of calcium. We

find that incubation of oligomerized Aβ1−42 protein with B103 rat neuronal cells leads to

a significant increase (p < 0.01) in intracellular calcium (Figure 5.3B) when compared

to vehicle (Figure 5.3A). This effect is prevented by 1:1 co-incubation of NPT-440-1

and Aβ1−42 with intracellular calcium levels being significantly reduced (p < 0.001)

when compared to the non-compound treated case (Figure 5.3C). Treatment with NPT-

440-1 normalizes the amyloid induced membrane disturbances and leads to observed

intracellular calcium levels comparable to vehicle control.

Given the success of NPT-440-1 in normalizing cellular calcium levels, we de-

cided to look specifically at the ability of the compound to prevent pore formation in

lipid bilayers. Using PLB electrophysiological recordings we monitored the ionic cur-

rent crossing a model membrane system. PLB provides true single channel resolution

of conduction through the membrane. As expected, Aβ1−42 demonstrated multilevel

conductance events when exposed to the DOPS:POPE (1:1 w/w) bilayer (Figure 5.4A).

Fluctuations in the recorded current represent ionic conductance across the membrane

with clear step events indicative of a channel opening/closing (a movement away from

baseline is an opening). As seen in Figure 5.4A, these channels can be open simulta-

neously and the individual channel conductances stack together to grow the bulk ionic

conductance across the membrane. Given sufficient time, Aβ1−42 activity leads to the

saturation of the current amplifier. An effective inhibitor of channel behavior would

prevent this activity from occurring.

Simultaneous addition of Aβ1−42 and NPT-440-1 to the test chamber showed no

tangible effect on ionic conductance when compared to the peptide alone for both 10:1

(Figure 5.4B) and 1:1 (Figure 5.4C) peptide: compound ratios. In both cases the activity

demonstrated multilevel conductance steps with periods of spike and burst activities that

are also commonly seen in amyloid recordings. As with the untreated case, the activity

led to saturation of the current amplifier. However, when the compound was allowed
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to pre-incubate with Aβ1−42 prior to being added to the test chamber, all activity was

prevented (Figure 5.4D). This effect was seen reliably in all cases with preincubation

(n = 6) at a 10:1 peptide:compound ratio.

The results without incubation are clearly not the result of insufficient concen-

tration, since activity was still seen with ten times more compound than was effective

in the incubated case (Figures 5.4B and 5.4C). From this result it is clear that some

change in the peptide must occur during this incubation period, prior to the introduc-

tion of peptide to bilayer membrane. Aβ1−42 pores are composed of various numbers

of mobile subunits of small oligomers that must find assemble within the membrane

[85]. The variable nature of these pores leads to the heterogenous conductance levels

that are seen in PLB recordings of all amyloid proteins tested so far [23]. The need for

pre-incubation, even at high compound concentrations, suggest that in direct addition at

least a minority population of these subunits insert quickly when exposed to the lipid

bilayer in PLB, where they are shielded from the effect of the compound and are free

to assemble into conducting pores. Preincubation appears to allow time for a conforma-

tional change to be induced prior to exposure to the membrane. Conformational change

could prevent membrane insertion, channel formation, or induce a collapsed pore, all

of which would lead to no activity being seen in our recordings. To test among these

possibilities, structural studies with high resolution AFM would be a natural progression

for the expertise of our lab [48, 23, 47, 82, 84].

Numerous MD simulations of Aβ pores have pointed to a β -barrel structure

for the intramembrane region of the pore [85, 89, 84, 82, 90]. We have previously

shown that Aβ1−42 containing a point substituted proline (F19P) showed pore structure

by AFM but did not demonstrate ionic conductance [45, 83, 90]. The chemical structure

of proline introduces a "kink" in the peptide’s secondary structure, which is known to

disrupt β -sheet formation. MD simulations of F19P Aβ barrel structure showed that

β -sheet destabilization led the highly charged N-terminal regions to bind at the peptide

mouth and collapsed the pore [45, 83]. Our current data suggests it is likely that NPT-

440-1 induces a conformational change within Aβ subunits that greatly eliminates toxic

ionic flux.

Based on the previous studies, we decided to look at whether NPT-440-1 had
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any effect on the β -sheet character of Aβ1−42. We first monitored fibril formation

via ThT fluorescence. As with the gel data, our ThT fluorescence results indicate a

concentration-dependent inhibitory effect of NPT-440-1 on Aβ1−42 aggregation (Figure

5.5A). It is interesting to note that while aggregation was monitored via ThT fluores-

cence over the course of 42 hr, a clear and significant (p < 0.05) effect of treatment with

the compound was observed within the first 15 min at the same 10:1 ratio that prevented

ionic conductance in PLB. As ThT primarily detects β -sheet structures [188], these re-

sults suggest that NPT-440-1 may inhibit Aβ1−42 aggregation into β -sheet containing

pore structures acting in the membrane.

This theory is bolstered when analyzing the CD data (Figure 5.5B). The far UV

portion of the compound treated spectra is clouded by the known incompatibility of

DMSO with CD at these wavelengths [187]. While the DMSO content was lowered as

much as possible, increased noise and perturbations are seen below 200 nm. DMSO is

a widely used solvent for small molecule drug screening [189]. Though not ideal for

use in CD spectroscopy, the DMSO content does not fully skew our results. A clearly

noticeable upward shift is seen in the spectra at 218 nm, after 15 min of incubation, for

the compound treated peptide when compared to compound free case. The upward shift

of this peak is indicative of a reduction in β -sheet content [186]. When combined with

our ThT experiments, these results are highly suggestive of disruption of the β -sheet

secondary structure found in Aβ1−42. Taken together, the studies suggest that β -sheet

structure is necessary for toxic conductance through Aβ channels.

5.6 Conclusion

We demonstrate that NPT-440-1 reduces aggregation of Aβ1−42 into the inter-

mediate oligomers that are implicated in cytotoxicity. Treatment of B103 rat neuronal

shows that addition of the compound prevents the increases in intracellular calcium lev-

els induced by peptide addition to culture. This result implies that the inhibition of

oligomer formation prevented the membrane poration that led to calcium influx. Our

PLB recordings show that preincubation of the compound with Aβ1−42 effectively elim-

inates ionic flux across the membrane while introduction to the bilayer prior to incuba-
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tion shows no effect. Investigation of the peptide secondary structure strongly suggests

that NPT-440-1 reduces the β -sheet character of Aβ1−42. We propose that NPT-440-1

and other pharmacologic agents that target the β -sheet nature of amyloid proteins could

prove effective in slowing or preventing the progression of AD and other amyloid me-

diated neurodegenerative diseases and should be investigated further.

Chapter 5 in part contains material currently being prepared for publication.

Thanks are given to the co-authors of the manuscript: Lee, J., Ramachandran, S.,

Capone, Masliah, E., and Lal, R. Thanks are also given to Neuropore Therapies Inc.

for generously providing NPT-440-1. The dissertation author was the primary author of

the material contained within.
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Figure 5.1: Method of action for NPT-440-1. NPT-440-1 was designed as an aggre-
gation inhibitor of Aβ1−42 into intermediate oligomers capable of forming unregulated
cation permeable pores, which are toxic to cells.
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Figure 5.2: SDS-PAGE immunoblot analysis of Aβ1−42 aggregation. 1 µM Aβ1−42
was allowed to aggregate during incubation with NPT-440-1 at different concentrations
(0.1− 12 µM) in a cell free in vitro system. NPT-440-1 reduced the formation of Aβ

dimers, trimers, tetramers and higher order oligomers.Aggregation reduction is dose
dependent, but a response is seen even at a 10:1 peptide:compound ratio.
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Figure 5.3: Oligomer-induced increases in intracellular Ca2+ are normalized by
NPT-440-1. B103 rat neuronal cells were incubated for 16 hr, followed by Fluo-4 MW
Calcium imaging studies (Life Technologies, Carlsbad CA) under the following condi-
tions: A) No Aβ vehicle control; B) 1 µM of oligomerized Aβ1−42; C) 1:1 co-incubation
of oligomerized Aβ1−42 with NPT-440-1. A significant increase (p < 0.01) of intracel-
lular Ca2+ was induced in the presence Aβ1−42 (B). The addition of NPT-440-1 during
incubation with Aβ1−42 prevented this increase and Ca2+ levels remained comparable
to the vehicle control (C).
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Figure 5.4: Preincubation prior to membrane introduction is necessary to prevent
pore activity. A) Aβ1−42 alone shows the expected multi-level conductance behavior;
B)10:1 without preincubation shows no modulation in pore activity; C) 1:1 without
preincubation also shows no modulation of pore activity despite the ten times greater
NPT-440-1 concentration; D) 10:1 preincubated 10− 15 min prior to addition into the
PLB recording chamber showed no pore activity over 4+ hrs of recording. A struc-
tural change is likely induced within the peptide during incubation. Further, the need
for preincubation prior to membrane introduction implies fast binding/insertion of the
peptide into the membrane where it is shielded from the effects of the compound.
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Figure 5.5: NPT-440-1 causes a reduction in β -sheet secondary structure. A)
ThT fluorescence indicates a concentration-dependent inhibitory effect of NPT-440-1
on Aβ1−42 aggregation. Both 10:1 (blue) and 1:1 (grey) peptide:compound ratios signif-
icantly reduced (p < 0.001) the maximum ThT signal. This pattern is seen even within
the first 15 min (inset), with significant reduction in ThT fluorescence intensity at both
10:1 (p < 0.05) and 1:1 (p < 0.001). B) The CD spectra of Aβ1−42 (orange) shows
β -sheet secondary structure with a characteristic positive peak at 195 nm and a negative
peak at 218 nm. 10:1 treatment with NPT-440-1 shows a small, but clear, upward shift
at 218 nm indicating a reduction in β -character after 15 min of incubation.



Chapter 6

Conclusions

Over the past several decades, the prevailing hypothesis for AD pathophysiology

has taken shape and points to dysregulation of intracellular ionic homeostasis as a key

element in the Aβ -induced cascade that leads to neuronal death. While the end result

is clear, the mechanism underlying this dysregulation is not fully understood. Since

the introduction of the channel hypothesis, now more than 20 years ago, BLM/PLB

has played an important role in characterizing the ionic flux caused by various amy-

loid peptides, including Aβ . But while we can observe the end result—ionic flux—the

necessarily structural elements and mechanism of pore formation/insertion are not com-

pletely clear. Understanding these underlying mechanisms is crucial to the development

of effective pharmaceutical interventions.

In Chapter 2, we used BLM and MD simulations to show that AβpE3−42 forms

ionic pores following the same general activity pattern as Aβ1−42 pores. Significantly,

AβpE3−42 pores display higher conductance than Aβ1−42, particularly in the 100− 200

pS range. Structurally, AβpE3−42 and Aβ1−42 pores have similar dimensions, but the

N-termini of AβpE pores tend to reside in the hydrophobic lipid core, providing the

AβpE3−42 pores with higher stability compared with the Aβ1−42 pores. We attribute the

enhanced in vitro cytotoxicity of AβpE peptides to the increased conductance and greater

stability as compared to Aβ1−42.

While we attributed the increased cytotoxicity of AβpE3−42 to the higher con-

ductances seen in our histogram, the true relevance of this measure to cell death was

questionable. To address this, Chapter 3 presents a newly developed analysis program
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that measures the total conductive flux through the membrane. This program corrects

for the bias toward spike and burst activity that histograms introduce and provides an

objection threshold for toxicity comparison. We show proof of concept by analyzing the

previous data on AβpE3−42 and Aβ1−42 recordings. While statistically meaningful anal-

ysis will require many more bilayer recording experiments, emerging high throughput

technologies provide the means to achieve this benchmark.

Chapters 4 & 5 focused on two small molecule compounds targeted at prevent-

ing Aβ1−42 pore activity. In Chapter 4 we used a membrane embedded compound and

found that while pore dimensions remained largely unaffected, the electrical activity

was modulated, but not completely inhibited, by presence of the compound. Based on

our results we suggest that activity modulation is likely the result of either a structural

change within the pore body or compound binding within the pore. Chapter 5 presents

an aqueous mobile compound. We demonstrate that the compound completely inhibits

pore activity when preincubated with Aβ1−42 suggesting a conformational change dur-

ing incubation. Investigation of the peptide secondary structure strongly suggests that

there was a reduction in β -sheet character during the incubation. We propose that phar-

macologic agents that target the β -sheet nature of amyloid proteins could prove effective

in slowing or preventing the progression of AD and should be investigated further.

In summary, the work in this dissertation has aimed to understand the reasons

for differential levels of toxicity amongst Aβ species, while developing new tools for

their study. Additionally we have used small molecule agents to provide insight into the

mechanistic and structural pathways of pore formation. The studies contained within

will aid the future design of small molecule pharmaceuticals for the treatment/prevention

AD.

The content of Chapter 6 is original. The dissertation author was the primary

author.
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Figure A.1: Time series of AβpE3−42 barrel conformations. Conceptual design of
annular structure for the 18-mer AβpE3−42 barrels represented in the starting point of
production run in the DOPS/POPE (mole ratio 1:2) bilayer and snapshots of the barrel
conformations at each 10 ns for the (A) conformer 1 and (B) conformer 2 AβpE3−42
barrels. In the peptide ribbon, hydrophobic, polar/Gly, positively charged, and nega-
tively charged residues are colored white, green, blue, and red, respectively. The pE3
N-terminal termini are highlighted as threads. In lateral view of the bilayer, lipid tail
as gray thread and phosphate atoms as small gray and red beads for POPE and DOPS,
respectively, are shown.
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Figure A.2: Time series of peptide averaged root-mean-squared deviation. Root-
mean-squared deviation (< RMSD >peptide) from the starting point during MD simula-
tion is plotted for backbone heavy atoms of the membrane embedded U-shaped portion
and extramembranous N-terminal portion of AβpE3−42 barrels.
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Figure A.3: Residue averaged root-mean-squared deviation over the simulation
time. <RMSD>residue from the starting point for backbone heavy atoms of the peptides
and then averaged over the simulation time for (A) conformer 1 and (B) conformer 2
AβpE3−42 barrels.
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Figure A.4: Probability distribution functions for selected residues in the wild-type
Aβ1−42 barrels Asp1 (blue), Glu3 (dark blue), Arg5 (purple), Glu11 (red), Lys16 (or-
ange), Glu22 (yellow), and the phosphate group of lipid head, PO4 (green),as a function
of the distance along the pore center axis for (A) conformer 1 and (B) conformer 2
Aβ1−42 barrels in an anionic bilayer composed of DOPS and POPE with a mole ratio
1:2. Dotted lines indicate the locations of bilayer surfaces.
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Figure A.5: Interaction energies of pE3 residue with lipids. (A) conformer 1 and (B)
conformer 2 AβpE3−42 barrels. Blue bars denote the strong pE3/lipid interaction.
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Figure A.6: Probability distribution functions for ions. Mg2+ (green line), K+ (red
line), Ca2+ (blue line), Zn2+ (cyan line), Cl− (gray line), and water (black dashed line)
as a function of the distance along the pore center axis for (A) conformer 1 and (B)
conformer 2 AβpE3−42 barrels.
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