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Atomic Force Microscopy (AFM) is the prominent techniques for structural
studies of biological materials in physiological relevant fluidic environments. AFM has

been used to resolve the three-dimensional (3D) surface structure of cells, membranes,
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and proteins structures. Ion channels, formed by membrane proteins, are the key
structures that control the activity of all living systems. This dissertation focuses on the
structural evaluation of membrane proteins through atomic force microscopy. In Part I,
AFM is utilized to study one of the most prominent medical issues facing our society,
Alzheimer’s Disease (AD). AD is a misfolded protein disease characterized by the
accumulation of P-amyloid (Af) peptide as senile plaques, progressive
neurodegeneration, and memory loss. Recent evidence suggests that AD pathology is
linked to the destabilization of cellular ionic homeostasis mediated by toxic channel
structures composed of AP peptides. Selectively engineered sequences of A} were
examined by AFM to elucidate the substructures and thus activity AP channels. Key
residues were evaluated with the intent better understand the exact nature by which these
pores conduct electrical and molecular signals, which could aid in identifying potential
therapeutic targets for the prevention/treatment of AD. Additionally, AFM was used to
analyze brain derived AP and newly developed pharmacological agents to study
membranes and Af. Part II, presents a novel technology that incorporates
electrophysiology into the AFM interface, enabling simultaneous imaging and
complementary conductance measurements. The activity of ion channels is studied by
various techniques, including patch clamp, free standing lipid bilayers, droplet interface
bilayers, and supported lipid bilayers. However, direct correlation with channel structures
has remained a challenge. The integrated atomic force microscopy system presented
offers a solution to this challenge. The functionality of the system is demonstrated with

an SfY membrane plaque containing Cx26.
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CHAPTER 1

Introduction

1.1 Atomic Force Microscopy

1.1.1 History and Basic Principles

Atomic Force Microscopy (AFM) was first introduced by Binnig et. al. in 1986 as
a development of the scanning tunneling microscope (STM), a previously presented
technique with Rohrer.[1] Both the AFM and STM are forms of scanning probe
microscopy (SPM). SPM produces a property map of a material’s surface and is based on
a physical interaction between a probe, or tip, and the surface. In AFM, a very sharp
(usually nanometer sized) tip is mounted on a cantilever of known stiffness and raster
scanned across the surface of the material. As the topography of the sample changes, the
scanning cantilever is proportionally deflected due to the interaction of the tip with the
atoms at the surface of the material, creating a relief map. This original principle of
operation, as presented by Binnig et. al.[1] is displayed in Fig. 1.1 A. The deflection of

the cantilever is monitored with atomic resolution by aiming a laser onto the back of the



cantilever and reflecting it first onto a mirror and then to a photodiode. The sample prep
sits on a piezoelectric scanner, which moves the sample in relation to the tip, creating the
x-y scanning action. The deflection information from the photodiode is processed and
translated through a feedback loop to the scanner. The scanner moves the sample in the z-
direction to maintain a constant deflection. A complete schematic of AFM operation is

shown in Fig.1.1B[2]. AFM imaging may be done either in air, liquid, or vacuum.

1.1.2  Contributing Forces

The deflection of the cantilever by the surface is determined by the sum of the
attractive and repulsive forces between the two. The dominating attractive forces are Van
der Waals and, in air, capillary forces from a hydration meniscus. The dominating
repulsive force originates from overlapping of electron orbitals of the tip and surface.[3]
When imaging is done in liquid, the meniscus force is eliminated, however forces such as
electrostatic interactions, hydration force, solvation forces, and adhesion forces persist.[4]
The greater the cantilever deflection, the greater the interaction force between the tip and
the sample.[5] When this interaction force is minimized, images of the surface may be
obtained with minimal damage to its structure. By examining an extension/retraction
force curve for the cantilever at a single position, a deflection threshold, or setpoint, may
be minimized thus minimizing the interaction force. A representative force curve is
shown in Fig. 1.2.[6] As the cantilever approaches the surface it is pulled to the surface

by the meniscus force creating a slight downward deflection of the cantilever. The



cantilever continues to approach the surface, passes the zero deflection point, and is
deflected until the threshold is reached. The corresponding laser deflection on the
photodiode is shown for each point. The cantilever is then retracted along the same path
in the z direction. The deflection follows the same linear path until the zero deflection
point. Upon retraction the deflection dips lower than the zero point because the tip sticks
to the surface. The point at which the tip snaps from the surface and deflection returns to
zero is indicative of the adhesion force. Force from this curve is calculated from Hook’s
law, F=-kx, where F is applied force, k is the spring constant of the cantilever, and x is

the deflection.[1], [2]

1.1.3 Imaging Modes

The two main modes of operation for AFM are contact mode and tapping mode.
In contact mode, the tip maintains constant interaction with the sample surface and the
feedback loop maintains a constant deflection. In tapping mode, the cantilever is
oscillated at a resonant frequency causing the tip to only tap the surface. The tapping
minimizes the total amount of physical interaction between the tip and sample surface
and is therefore ideal for softer samples, such as bilayers or cells. In tapping mode a
constant amplitude is maintained and the feedback adjusts for the amount of damping
throughout the scanned area.[5]

Force volume (FV) mode is an additional imaging option in AFM. In this mode

the sample surface is still raster scanned, however only for a set number of data points.



The cantilever measures a force curve for each data point in the scan in a force map of the
sample’s surface. To produce a force curve for each data point significantly increases the
total scan time of an image and, therefore, force maps exhibit much lower resolution.
Physical properties such as deflection, stiffness, elastic modulus, and adhesion force can
be extracted from a force curve. As a result FV mode is used characterize the physical

properties of a sample by creating a spatial map of the desired property.

1.1.4 Advantages

AFM, as an imaging technique, has many advantages over optical microscopy
techniques. The greatest advantage of AFM is its special resolution, which is based on a
physical interaction and is not limited by the wavelength of light. It is because of this
principle of operation that molecular[7] and even atomic resolution[8] has been achieved
(Fig. 1.3). Many other, non-optical, imaging techniques such as electron microscopy, X-
ray imaging, and magnetic resonance imaging require fixing, coating, or other treatments
that can alter the structure of composition of a sample. AFM may be used for the imaging
of specimens without any of these preparations and, therefore, is ideal for the imaging of
biological speciments.[5], [9], [10] AFM operation, as previously mentioned, can be
performed in either air or fluid. The open interface of the system also allows for
customizable imaging environments such as controlled temperature, humidity, and
pressure. Beyond surface topography imaging, the cantilever and tip can be utilized as a

nanotool to manipulate a surface or individual molecules.[2], [5] By applying controlled



forces to a sample area, layers of the surface can be sequentially stripped away or force
dissected (Fig. 1.4A).[11]-[13] AFM tips can be functionalized and used as a sensor|[14]
(Fig. 1.4 B), tensile test puller[2], [15], [16] (Fig. 1.4 C), or nanopen[17] (Fig. 1.4 D).
Novel tips can be fabricated and incorporated into the AFM interface for innovative
measurements or sample modifications. For example, conducting tips can inject or
measure current[ 18] and nanopipette tips can inject analytes[19] (Fig. 1.4 E, F). The open
interface of AFM provides an accepting environment for incorporation of complementary
techniques and measurements such as ionic conductance, TIRF, fluorescence,
microfluidics or other innovative techniques.[5]

Despite the many advantages of AFM, like any technology there exist challenges.
The most outstanding challenge of AFM is the operation time needed to obtain a high-
resolution image. Additionally, samples imaged with AFM are limited in resolution by
the quality and sharpness of the tip. Broken, dulled, or atypical tips may result in images
with extraneous features. The taper of the tip further limits the accuracy of images
obtained of features with high aspect ratios. The use of AFM, especially when obtaining
high-resolution images of soft, sticky, or delicate samples like biological structures, often
requires a high level of skill and experience with the system. While AFM gives a user
extensive control, the knowledge and ability to manipulate the settings to obtain high

quality images and data is considered an art.



1.1.5 Resolution

While the resolution of AFM is not limited by the wavelength of light, the
resolution limitations of AFM arise from several other sources. Instrumental resolution
includes the spatial resolution capabilities of the piezo scanner, laser, and photo diode.
The sensitivity of the piezoelectric scanner in the AFM system are capable of lateral
resolutions of 0.1 nm and vertical resolutions 0.01nm.[5] Target resolution is a product of
the tip properties, imaging environment, and the specimen itself. Generally, the smaller
and sharper the tip is, the better the spatial resolution. Hard crystalline specimens have
been imaged to the highest resolution at the atomic level (Fig. 1.3 B).[8] AFM has been
used to resolve features <l nm apart in hard noncrystalline materials.[20] Biological
specimens have the lowest resolution due to their soft and dynamic nature. However,
sophisticated sample preparations have enabled small biological structures, such as ion
channels, to be resolved.[21], [22] Individual head groups of lipid membranes have been
resolved when prepared as a Langmuir-Blodgett film (Fig. 1.3 A).[7] The sample
preparation is crucial to the quality of images of biological specimens. Temperature, fluid
environment, and mobility of the sample are all environmental factors that may further
limit the resolution of AFM. Temporal resolution of AFM imaging is sample material
dependent.[23] The lateral diffusion constant of the material is negligible for solid-state
samples but influential in biological specimens. Cells or membranes that are anchored

and packed at a high density limit their lateral diffusion and thus improve the temporal



resolution of the image. Other factors affecting temporal resolution include the speed of
the feedback electronics and scan size.[5], [7], [23] Fast scanning options have been a
major technical objective in AFM developments, with the greatest improvements coming
from the fabrication of smaller cantilevers with higher resonant frequencies.[9]
Manufacturers of new commercial AFM models claim atomic point defect resolutions at

speeds of seconds compared to minutes (Bruker Corporation and Asylum Research).

1.2 Alzheimer’s Disease

1.2.1 History and Societal Impact

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease
characterized by a loss of memory, thinking, and brain functions. AD is one of the largest
health related problem in our society today. It is the 6™ leading cause of death in the US,
taking the lives of 5.4 million Americans every year (www.alz.org), latest facts and
figures 2012).[24] It is believed that as other medical advancements have led to an
increase in the average lifetime, age related diseases such as AD are becoming
increasingly more prominent. Therefore, this stark numbers are only expected to increase
in the generations to come. Despite widespread research on AD the pathogenic

mechanism of the disease remains unclear. AD is the only cause of death in the list of 10



ten without a way to prevent, cure or slow progression. The existing therapeutics for AD
only temporarily ameliorates the symptoms but do not address the pathology. [24]

Alois Alzheimer in 1906 was the first to show that deceased patients, that had
symptoms characteristic of what is now known as AD, showed a build up of protein
plaques in their brain tissue.[25], [26] These protein plaques exist as extracellular
deposits and intracellular bundles of neurofibrillary tangles (NFTs). The NFTs are mainly
composed of the tau protein. Patients showing NFTs without the extracellular deposits
have been found to exhibit different symptoms than those expressing the deposits.[25]
Therefore, these extracellular deposits, mainly composed of amyloid-f (AP) protein, are
considered the main pathological feature of AD.

Proteins are macromolecules synthesized by living systems to carry out the
necessary functions to maintain life. Proteins are composed of a sequence of amino acids
which, when linked together, determine their structure and subsequent function.
Following the synthesis of an amino acid sequence, the protein undergoes a series of
folding events before reaching its final conformation. This series may include interactions
and corrections by enzymes and other species. If problems arise in this processing the
result may be a misfolded protein.[27], [28] Many misfolded proteins are associated with
conformational disorders (Figl.5).[29] Amyloids, are a category of misfolded proteins
that are found in aggregate deposits, exhibit a cross [-sheet structure, are resistant to
proteolytic degradation, and bind congo red.[25], [30], [31] In addition to AD, amyloid
plaques are a pathologic hallmark in victims of Parkinson’s disease, Huntington’s,

Amyotrophic lateral sclerosis (ALS, or Lou Gehrig’s disease), and Type II diabetes.[29],



[30] Progress in AD research, or on any of these disorders, will likely benefit the entire

field of amyloidoses.

1.2.2 B-Amyloid Toxicity Hypothesis

Understanding the evolution and function of A is believed to be key to
preventing and treating AD. The amyloid cascade hypothesis (ACH) is the dominating
postulate for the pathological progression of AD.[29], [32], [33] The hypothesis states
there is an overall connection between the production of Af}, neuronal dysfunction and
death, and dementia. As displayed in Fig. 1.6 the production of A leads to a hierarchy of
aggregated states from monomers to fibrils. An increase in quantity of AP leads to
neuronal stress, resulting in a disruption to cellular homeostasis and, eventually, neuronal
degeneration.[21], [29], [32]-[36]

A central tenant of the ACH is that AP toxicity is linked to the disruption of the
cell’s homeostasis, mainly by a gain of Ca®’, which triggers Ap-induced neuronal
apoptosis.[37]-[39] Gradually, focus has shifted from AP fibrils and plaques to
oligomeric species as the cytotoxic intermediate in A} aggregation in brain cells.[33],
[40], [41] Oligomer toxicity is supported by several observations: (i) amyloid monomers
and fibrils show little cytotoxicity in contrast to intermediate aggregates,[42] (ii)
transgenic mouse models show disease-like phenotypes far earlier than the appearance of
fibrils in protein deposition diseases including Alzheimer’s, Huntington’s, and

Parkinson’s disease,[43], [44] and (iii) non-fibrillar soluble oligomers promote neuronal
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dysfunction death.[31], [41], [45] However, it still remains unclear how these oligomers
are kinetically assembled, which types of secondary oligomer conformations are involved
in the disease, and through which mechanism of cytotoxicity these oligomers work on/in

membranes.

1.2.3 B-Amyloid Ion Channels

The prevailing mechanism of neuronal stress in the ACH and the mechanism of
focus in this dissertation is the formation of ion channels (Fig. 1.6, Fig. 1.7). Arispe et
al.[34], [35], [46]-[48] first reported the groundbreaking discovery, where AP induced
unregulated ionic flux across model membranes in planar lipid bilayer (PLB)
experiments. They concluded that the ionic flux was the result of non-gated ion channels.
This initiated the AP ion channel hypothesis (Fig. 1.7), which has subsequently been
extended for other amyloids. Due to the unfavorable chemistry and there is a high
thermodynamic cost of complete preformed channels sliding into the membrane, it has
been suggested[49, p. 201] that Af} oligomers can irreversibly insert into a membrane and
spontaneously form an ion channel, leading to cell death (Fig. 1.7). The AP channels
exhibited cation selectivity, Tris (tromethamine) and zinc inhibitions, and multiple and
large single channel conductances. The heterogeneity of single channel conductances
suggested that the channels are formed by multiple molecular species in the membrane.

Atomic force microscopy (AFM) has successfully demonstrated a remarkable

ability to capture the images of channels formed by AP peptides. In 2001, Lin et al.[21]
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presented AFM images that showed channel-like structures of Af,,, peptides when
reconstituted in a planar lipid bilayer. They further showed that the channels exhibited
multiple single channel conductances, calcium uptake, neuritic degeneration, and
blockage by zinc. Besides AFM, using electron microscopy (EM), Lashuel et al.[50]
reported pore-like structures of Af} Arctic mutant (E22G) and AS3T and A30P mutants of
a-synuclein associated with Parkinson’s disease. Based on these observations, it became
increasingly clear that channel formation is a general feature for amyloids. Quist et
al.[22] presented a series of AFM images of ion channels for a series of disease-related
amyloid species, including AP, _,, a-synuclein, ABri, ADan, SAA, and amylin. AFM
resolution could determine that the amyloid channels have outer diameter of 8—12 nm and
inner diameter ~2 nm. More interestingly, the AFM images revealed that the amyloid
channels were assembled by several subunits, yielding various channel shapes from
rectangular with four subunits to octahedral with eight subunits (Fig. 1.8), accounting for
the multilevel conductance observed in PLB electrical recording.

An increasing body of evidence has implicated amyloid channel formations. TIRF
images have displayed Ca* transients after the addition of wildtype AP1-42 to
oocytes.[51] The flux of Ca** ions, observed only after the addition of AP, is in
agreement with the ion channel hypothesis. The conceptual designs of AP channels
showed a perfect annular shape with -stands parallel to the membrane normal, or with
an inclination angle between the [-strands and the membrane normal.[52]-[56] The
annular channels gradually evolved in the lipid bilayer during the simulations and the
relaxed channel structures exhibited heterogeneous shapes. In the AFM images, AP«

barrels of 3-6 subunits were observed, in agreement with MD simulations (Fig. 1.8).[52]
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The computational studies reported that the misfolded amyloid channels consist of
loosely and dynamically associated subunits in the fluidic lipid bilayer. This is in contrast
to the stable, function-optimized and evolution-preserved conventional gated ion
channels, which fold into their native state. A central tenant of the amyloid channel
hypothesis states that A3 peptides directly form toxic ion channels in cell membranes

leading to death of neurons in AD.

1.3 Overview of the Dissertation

As an impressive and powerful technology, the real value of AFM is in the
application to meaningful scientific research. The application of AFM in this dissertation
is presented in two sections: Part I- the Structure and Activity of 3-Amyloid Channels and
Part II-Technology Development of Integrated Atomic Force Microscope.

Part I focuses on utilizing the existing capabilities of AFM to study one of the
most prominent medical issues facing our society, Alzheimer’s Disease. In Chapter 2 and
Chapter 3, T present structural results from AFM to elucidate substructures of AP
channels. Key residues are examined with the intent to find potential therapeutic targets
to prevent channel pathology. In Chapter 4, I present AFM explorations in the utilizing
brain derived AP as well as newly developed pharmacological agents to study
membranes and Af. Chapter 4 also presents future perspectives for therapeutic design

addressing treatment and prevention of Af} channel pathology.
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In Part IT I focus on development of new technology to incorporate into AFM for
improved study of ion channels such as AP channels. Chapter 5 presents the fabrication
of a novel nanopore support that fits in the AFM interface to allow for imaging and
complimentary conductance measurements. Chapter 6 applies the imaging and
conductance system presented in Chapter 5 to a model channel system demonstrating the

benefit and proof of principle of the integrated system.
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FIGURE 1.1 (A) Schematic of the principle of operation of atomic force microscopy.
The front atoms of the tip interact with the surface atoms of the sample as it scans across
the surface.[1] (B) Schematic of the basic parts of an atomic force microscope. A sample
is mounted on a piezoelectric scanner. As the tip scans the surface of the sample,
topographic changes induce a deflection of a cantilever. A laser is reflected off the back
of the cantilever to a mirror and onto a photodiode. The changes of the laser deflection on
the photodiode create a 3D topographical image.[2]
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FIGURE 1.2 A schematic of a representative extension/retraction force curve in atomic
force microscopy. The deflection of the cantilever is plotted in relation to the z piezo
position. Also shown are sequential diagrams of the location of the laser on the
photodiode during the approach and retraction (red dots in blue circles). When the tip
comes close to the surface it is pulled downward by a meniscus force and the cantilever is
deflected down. As the cantilever continues to approach the surface, the repulsive
interaction forces cause an upward deflection. The cantilever is deflected until a set
threshold is reached on the photodiode. The cantilever then retracts from the surface
following the same deflection path. The retraction deflection path varies from the
approach as the tip is pulled from the surface. The adhesion force holds the tip to the
surface until it reaches a height sufficient to snap it off the surface.[6]
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FIGURE 1.3 (A)[7] (left) High resolution AFM image of al-o-DMPG membrane in
buffer at RT on mica. The individual head groups of the lipid membrane are resolved and
match the schematic to the right. Image size = 24 x 30 A, height 0.5 A (Right) schematic
drawing of the membrane as extracted from 3-D crystal data. (B) AFM image displays
atomic resolution of Si(111)-(7x7). Individual unit cells are displayed.[8]



22

(C) Force image

®
/ ‘;

. A 10 ym

20 nm
feedback
0.4 pA
functionalized surface |
o
0 pA _

FIGURE 1.4 (A) AFM image of a force dissected area of a DOPC bilayer on mica. A
strong interaction force applied to the central square area, dissects away the lipid bilayer.
The height profile, shown below the images, obtained after dissection is used to measure
the height of the single bilayer. The red crosses and vertical red lines mark the height
measurements. (B) Schematic of AFM being used as a tensile test puller. The
functionalized AFM tip “grabs” a protein attached to the surface and extends it. The force
curve obtained but the unraveling of the protein reveals properties of individual domains
of the protein.[15] (C) AFM FV image shows the pattern a biotin functionalized tip
revealed of avidin patterned surface.[14] (D) A schematic of dip-pen nanolithography
shows how an AFM tip dipped in an analytes, when in contact with a surface can “write”
a pattern. The analyte diffuses from the tip and adheres to the surface.[17] (E) The top
image shows an AFM height image of an SiO; thin film and the bottom images shows a
corresponding current map of the same area. Stressed locations of the surface show a
contrast in height and current to their surrounding area.[18] (F) the schematic displays
how a double barrel pipette AFM tip, may be used to deposit solution or material to
specific locations on a surface. Here deposition is achieved controlling the voltage
between the two chambers.[19]
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FIGURE 1.5 An electron microscope image of amyloid fibers (center imaged) is shown
as a representation of the many types of amyloid plaques with their corresponding
diseases. The white arrows in each image points to the plaque formation. In the
Alzheimer’s Disease image (top left) yellow arrows point to the NFTs.[29]
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FIGURE 1.6 The amyloid cascade hypothesis (ACH) flow diagram. The hypothesis
starts with the production of A3, which exists in a hierarchy of aggregated states from
monomers to fibrils. An increase in quantity of AP leads to neuronal stress. The stress
may arise from the formation of ion channels, recruitment of cellular factors, oxidative
stress, activation of signaling pathways, or another mechanism. The focus of this
dissertation and the prevailing mechanism is the formation of ion channels. Neuronal
stress is exhibited as a disruption in cellular ionic homeostasis, mainly as a gain in Ca**.
The final result is a loss of synaptic efficacy, neuronal dysfunction and degeneration, the
characteristic symptoms of AD.
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FIGURE 1.7 Schematic diagram of cell toxicity by AP oligomers. Small fibril-like
oligomers with the parallel b-sheet structures and an exposed hydrophobic surface are
believed to be toxic through a channel formation in the cell membranes.[52]
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FIGURE 1.8 Full-length AB;_s>channel conformations in the lipid bilayer. Simulated
barrel structure with an embedded pore structure and highlighted subunits for (A) the
conformer 1 and (B) the conformer 2 Af; 4, barrels,[57] (C) AFM images of AP 4
reconstituted in the lipid bilayer. Individual AB;_4> channels are enclosed by circles. (D
and E) High resolution images of individual channels as indicated by the circles. The

number of subunits is resolved and indicated for each channel. Image sizes are 18.6 nm
(D) and 17.1 nm (E).[52]



PART I: STRUCTURE AND ACTIVITY OF pB-AMYLOID CHANNELS

CHAPTER 2

All-D-Enantiomer of B-Amyloid

2.1 Abstract

Alzheimer’s disease (AD) is a protein misfolding disease characterized by a
build-up of B-amyloid (APB) peptide as senile plaques, uncontrolled neurodegeneration,
and memory loss. AD pathology is linked to the destabilization of cellular ionic
homeostasis and involves AP peptide-plasma membrane interactions. In principle, there
are two possible ways through which disturbance of the ionic homeostasis can take place:
directly, where the AP peptide either inserts into the membrane and creates ion-
conductive pores or destabilizes the membrane organization; or, indirectly, where the Af
peptide interacts with existing cell membrane receptors. To distinguish between these two
possible types of AB-membrane interactions, we took advantage of the biochemical tenet
that ligand-receptor interactions are stereospecific; L-amino acid peptides, but not their
D-counterparts, bind to cell membrane receptors. However, with respect to the ion
channel-mediated mechanism, like L-amino acids, D-amino acid peptides will also form
ion channel-like structures. Using atomic force microscopy (AFM) we imaged the

structures of both D- and L-enantiomers of the full length AB;4; when reconstituted in
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lipid bilayers. AFM imaging shows that both L- and D-Af isomers form similar channel-
like structures. Molecular dynamics (MD) simulations support the AFM imaged 3D
structures. Earlier we have shown that D-AP,.4, channels conduct ions similarly to their
L-counter parts. Taken together, our results support the direct mechanism of AP ion
channel-mediated destabilization of ionic homeostasis rather than the indirect mechanism

through AP interaction with membrane receptors.

2.2 Introduction

Alzheimer’s disease (AD) is characterized by an aberrant buildup of extracellular
protein plaques, uncontrolled neurodegeneration, chronic dementia, and memory
loss.[1]-[4] AD plaques are predominantly composed of B amyloid (ABi-39-42) peptides
derived from the proteolytic cleavage of its precursor protein, amyloid precursor protein
(APP),[5], [6] and form amyloid structures.[7] The role of amyloidogenicity in cellular
toxicity is unclear and mounting evidence supports the role of oligomeric AP.[8], [9]
Further, the AD pathology is increasingly believed to be mediated by globular A
disrupting the ionic homeostasis through its interaction with cellular membranes.[10]—
[14] Understanding the interaction of AP with the cell membrane and its effects on
cellular degeneration is crucial to the understanding of the pathological origin of AD and
would eventually aid the prevention and treatment of the disease.

Two mechanisms have been proposed to explain AB-mediated toxicity. According

to the first, the AP peptide forms oligomeric complexes organized as pores, similar to
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other cytotoxic peptides.[15] Atomic force microscopy (AFM) images support the
presence of AP channels in lipid bilayers.[14], [16] The activity and function of these
channels have been supported by electrophysiological recordings, molecular dynamics
(MD) simulations, and cell calcium and degeneration studies:[17]-[22] amyloid channels
conduct cations resulting in a gain-of-function type pathological response.[15], [23]
According to this mechanism, A inserts directly into the cell membrane and allows
cellular Ca2+ uptake, thus unbalancing the cell ionic homeostasis which can lead to
neurodegeneration. [10], [13], [14], [24], [25] An alternative mechanism for AB-mediated
destabilization of ionic homeostasis suggests that the AP peptide interacts with the
membrane via stereospecific interactions involving membrane receptors.[26]—[28]
Several cellular stereospecificity studies related to AB membrane receptors have been
reported, but with conflicting results.[27]-[29] This may be due to variation in cell lines,
sample preparation and handling, and most importantly, the lack of any definite single
toxic mechanism.

To distinguish between the two mechanisms, we address the question of whether
such specific peptide-receptor interaction is a requirement for AB-mediated toxicity.
Stereospecificity can be studied through comparison of the biological activities of the L-
and D-enantiomers. In a stereospecific receptor-ligand relationship only L- (and not D-)
amino acids are known to interact with membrane receptors. Thus, the formation of pores
in the presence of the D-enantiomer-only would suggest that pore formation can take
place in the absence of stereospecific interactions and as such, any cellular effect(s)

would result from AP toxic channels directly, without receptors.
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To date, there has been no study focusing on the structural stereospecificity of AP ionic
channels. We have reported that the all L- and D-amino acids A;.4; isomers (L- ABj.42
and D- A4z, respectively) exhibit comparable channel conductivity in lipid
bilayers.[30] Here, using AFM imaging and MD simulations, we present direct structural
evidence for the pore-like morphology of the natural L- AB;.4 peptide and its mirror
image, the D- AB;.4> isomer. D APj.4, retains the properties of its L-analog: the oligomer

and fibril formation of the D- A;.4; are indistinguishable from the L- AB;_4.

23 Experimental Methods

2.3.1 Materials

For storage, peptides were solubilized in ultrapure water at a concentration of
I mg/mL, aliquoted, and stored at -80 °C. Aliquots were thawed once and used
immediately. After thawing, an appropriate amount of 0.22 um filtered NH4OH solution
was added to the aliquot to reach a 1% solution. Molecular Biology Grade water from
Fisher Scientific (Pittsburgh, PA) was used for sample preparations and Dulbecco’s
phosphate buffered saline without Ca*" and Mg®" (Fisher Scientific) was used for AFM
imaging in liquid. The phospholipid, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

was purchased from Avanti polar lipids (Alabaster, AL).
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2.3.2 AFM Imaging

A multimode AFM equipped with a Nanoscopellla controller (Bruker, Santa
Barbara, CA) was used. Oxide sharpened cantilevers with nominal spring constants (k) of
0.02 N/m or 0.08 N/m were employed. For experiments performed in liquid, a fluid cell
(Bruker) was utilized. Before each experiment, the fluid cell was washed with detergent
(~5 min) and vigorously rinsed with constant stream of DI water. The fluid cell was then
sonicated for 2 min in molecular grade water, dried with a Kim wipe and used
immediately. Imaging in liquid was performed in phosphate-buffered saline (PBS)
without Ca®* and Mg®". Images in liquid were acquired in tapping mode at scan
frequencies of 0.5-3.0 Hz and drive amplitudes below 100 mV. The cantilever oscillation
frequency was 5-10 kHz. Image analysis was performed using the Bruker Nanoscope
software. Some of the AFM images were low-pass filtered to remove noise.

Since the widths of fibers are increased in the AFM images due to tip-sample convolution
we used a simple geometrical deconvolution model to obtain a good estimation of the
actual size of the fiber width, w, from the width, wo, observed in the AFM image,[31]-

[33]

wy — w = 2(2Rh + h?) /2
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Here, R is the tip apex radius, and 4 is the height of the fiber. We assumed the tip radius

to be 30 nm.[31]

2.3.3 Sample Preparation

Thawed from -80 °C, D- and L- AP.4; aliquots were mixed with 1.01% NH4OH
solution to bring the peptides to a 1% NH4OH solution. For time-lapse imaging of
peptides, these were sonicated for 20 min in an ice bath. New cantilevers or used
cantilevers cleaned for 5 minutes in a UV/ozone chamber (Bioforce Nanosciences, Ames,
IA) were utilized for imaging. Freshly cleaved mica was imaged in PBS without Ca®" and
Mg*" to check for contamination before adding the peptide. The peptide-containing
solution was added through the channel of the fluid cell and mixed with a pipette several
times. Additional PBS was added as needed to account for evaporation. Samples were
kept inside the AFM over the entire span of the experiment. The AFM was maintained at
room temperature and covered with parafilm in a semi-humid environment to minimize
evaporation of the peptide solution.

DOPC bilayers were formed by drying 30 pL of DOPC (10 mg/mL) dissolved in
chloroform in a rotovap and replacing vacuum with Ar. The dried lipid cake was
hydrated with 300 puL (1 mg/mL) of an electrolyte solution containing 150 mM KCI and
1 mM MgCl, buffered with 10 mM HEPES, pH 7.4 and vortexed gently. The liposomes
formed through this procedure were sonicated for 5 minutes in an ice bath. Following

thawing of the aliquoted peptide solutions, this was brought to a concentration of
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I mg/mL in 1% NH4OH and sonicated for ~30 s. To incorporate the peptides in the lipid
bilayer DOPC liposomes and peptide were combined at 20:1 weight ratio and sonicated
in an ice bath for 10 min. The liposome-peptide mixture was allowed to adhere to freshly
cleaved mica for 30 s and washed 10 times with PBS without Ca®" and Mg”". Bilayers
were imaged at room temperature.

For fibrils’ preparation and imaging the peptide solutions were thawed and
brought to solution concentrations of 1% NH4OH (1 mg/mL). These were incubated in
centrifuge tubes at 37 °C for up to 72 h without mixing. Incubated peptides (1 mg/mL)
were allowed to adhere to freshly cleaved mica for 4 min, rinsed gently 3 times with

Molecular Biology Grade Water and dried briefly under a stream of N».

2.3.4 Molecular Dynamics Simulations

To simulate AP barrels, we used two U-shaped monomer conformations: one is
APi.42 as defined in the pentamer based on hydrogen/deuterium-exchange NMR data,
side-chain packing constraints from pair-wise mutagenesis, solid-state NMR and EM
(PDB code: 2BEG);[34] the other is AB;.40 based on the solid-state NMR model of small
protofibrils.[35] However, both conformers miss the N-terminal coordinates due to
conformational disorder. We used the N-terminal coordinates obtained from the solution
NMR structure of A;.16; however, removing the Zn*" (PDB code: 1ZE7).[36] This
structure was used to fill in the missing N-terminal portion of the peptides. For each

combination of the N-terminal structure with the U-shaped motifs, two A;.42 conformers
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were generated. Conformer 1 has a turn at Ser26-1le31, and conformer 2 has a turn at
Asp23-Gly29.30 In the latter conformer, two C-terminal residues, Ile41 and Ala42 were
added to create AP.42.

The coordinates of all D-amino acids A;.4; are mirror-imaged coordinates of all
L-amino acids A;.42 and can be obtained by reflecting the coordinates with respect to the
reference plane. To simulate D-amino acids, a protein force field for asymmetric isomers
is required. The standard CHARMM force field has been designed for L-amino acids.
However, it can be directly used for D-amino acids, since a D-amino acid is a mirror-
image of an L-amino acid. Thus, we adapted the same standard parameters to D-amino
acids as used for the L-amino acids. However, the parameters include the dihedral angle
cross term map (CMAP), which for D-amino acids needs to be corrected, since the map
was constructed for L-amino acids.[37] Thus, in our simulation, we corrected CMAP for
D-amino acids by reflecting the phi-psi CMAP matrix for L-amino acids.

To construct the B-barrel structure, both D- and L- AB;4, (each with two
conformers) were inclined ~37° relative to the pore axis21 and then rotated 18 times with
respect to the pore axis creating AP barrels (supplemental Fig. A.1). The construction
follows known structures of B-barrel membrane proteins such as those in the outer
membranes of bacteria, mitochondria, and chloroplasts, which have 8 to 22 B-strands
with shear numbers ranging from 8 to 24, yielding a B-strand tilt angle range of 36° to
44° relative to the barrel axis.[38], [39] The AP barrels were then embedded in an anionic
lipid bilayer containing 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE). A unit cell containing

two layers of lipids was constructed. An anionic lipid bilayer, composed of DOPS/POPE
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(mole ratio 1:2) containing a total of 420 lipids, constitutes the unit cell with TIP3P
waters added at both sides. For a given number of lipid molecules, the optimal value of
lateral cell dimensions can be determined. The bilayer system containing an A barrel,
lipids, salts, and waters has almost 190,000 atoms. For the bilayer construction, we
closely follow previous B-sheet channel simulations.[17]-[22], [30]

The CHARMM program[40] using the revised CHARMM27 (C27r) force field
for lipids[41] and the modified TIP3P water model[42] were used to construct the set of
starting points and to relax the systems to a production-ready stage. A series of
minimizations were performed for the initial configurations to remove overlaps of the
alkane chains in the lipids and to gradually relax the solvents around the A barrel, which
was held rigid. The initial configurations were gradually relaxed through dynamic cycles
with electrostatic cutoffs (12 A). In the subsequent pre-equilibrium stages, a series of
dynamic cycles were performed with the harmonically restrained peptides in the
channels, and then the harmonic restraints were gradually diminished until gone with the
full Ewald electrostatics calculation. The entire pre-equilibration cycle took 5 ns to yield
the starting point. A Nosé-Hoover thermostat/barostat was used to maintain constant
temperature of 303 K. The simulations for the preequilibrations and production runs were
performed on the NPAT (constant number of atoms, pressure, surface area, and
temperature) ensemble. Production runs of 100 ns for the starting points with the NAMD
code[43] on the Biowulf cluster (http://biowulf.nih.gov) at the NIH was used for the
starting point with the same CHARMM27 force field.[40] Averages were taken after 20

ns discarding initial transients.
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2.3.4 Comparison with Other Models

Recently, the AB;.42 channel was also modeled into 36-mer B-barrel channels.[44]
These consisted of a hexamer-of-hexamers; that is, six B-barrels each consisting of six
monomers, yielding a complex of exactly 36 monomers. The transmembrane pores were
proposed to form between the hexamers’ barrels. The B-barrels of six hexamers span the
bilayer, merging to form a 36-stranded B-barrel. In this model, two 12-stranded parallel
B-barrels formed by the N-terminal domain of A;.4, are located symmetrically at both
extramembranous bilayer leaflets, and 6 parallel B-strands wrap around each B-barrel. In
the membrane core, 24 B-strands containing the central residues (17-21) line an inner
antiparallel B-barrel forming a solvated pore and the C-terminal domain forms an outer
36-stranded antiparallel B-barrel interacting with lipids. This 36-mer barrel complex
differs from our AP barrel in size (being considerably larger than ours), complexity (it is
more complex), AR monomer conformation, barrel organization with respect to the
bilayer (as described above), and its size uniqueness (the channel always consists exactly
of hexamer-of-hexamers, i.e. 36 monomers, whereas our channels are dynamic, in
consideration of bilayer fluidity, thus varied channel sizes as the loosely-associated
subunits associate/dissociate). However, both models share similar residues that are
engaged in a lipid-contacting outer barrel and the solvated pore. We emphasize that as

always, modeling only provides models; eventually, any modeling requires direct, high
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resolution experimental data. In the case of amyloids, given the heterogeneous landscape,

we can expect a range of polymorphic channels.[45]

2.4 Results

2.4.1 D-APi.42 Forms Stable Globular Units

Both D- and L- A4, form oligomeric structures and these structures remain
stable during the imaging by the AFM for up to a 23-25 h period. Within the first 45 min
of AFM imaging after the addition of the peptide we saw mostly monomers
approximately 1-2 nm in height and small oligomeric clusters (Fig. 1A). The amount of
oligomeric clusters increased successively over time though no structural changes were
apparent over the 23-25 h time period. Significantly, we found this pattern for both D-
and L- AP;.42 peptides.

We measured the long axis of the oligomers and globular species at each time
point for both isomers. We found the distribution for the D- AB;.4, oligomers to remain
similar throughout the observation period (Fig. 1B). Similarly, the length distribution of
the L- APj.42 oligomers measured along their long axis, remained stable from the initial
time point, at 1.5 h, throughout the ~24 h observation period (Fig. 1C). It has been shown
that many factors, including concentration, affect the fibril formation kinetics.46 In our

time lapsed study different concentrations were used for the D- AB;.42 (=35 pg/mL) and
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the L- ABi.42 (=13 pg/mL) peptides, therefore, the total extent of oligomerization over the
observation period cannot be strictly compared between isomers. We observed the
stability of the D- and L-isomers to be similar over similar time periods under similar

ambient conditions.

2.4.2 D-APi.42 Forms Fibrils

Fibril formation of the Ai.4, peptide incubated in ultrapure water at 37 °C for
72 h was studied in vitro to evaluate the kinetics and hierarchy of fibril structure for L-
and D- ABi.42.[31], [46], [47] We found the fibril formations for both isomers to be
indistinguishable after 72 h of incubation (Fig. 2, A and B). Both isomers form a complex
network of fibers, protofibrils, and oligomers. In both images globular complexes can be
identified as well as fiber like complexes exhibiting varied widths and lengths.

Aliquots of both isomers after 72 h of incubation were diluted several times in
order to identify and measure the width of individual fibrils (Fig. 2, A and B, insets).
Numerous mature fibers had lengths greater than the maximum scan area (5 x 5 pum2)
achievable with the scanner used for these experiments, and therefore could not be
measured accurately. Random measurements of fibril widths were taken and
deconvoluted.[31]-[33] We calculated the histograms of the distribution of fibril widths
for both isomers (Fig. 2C). The D-isomer (gray bars) and the L-isomer (black bars) show
fibers with widths most frequently between 25 nm and 30 nm. The D-isomer shows a

slight bias towards thicker fiber formation. 43.2 % of the D-isomer width measurements
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were between 25 nm and 35 nm. The L-isomer showed a comparable but slightly lower
distribution of width measurements with 49.1 % of the measurements between 20 nm and
30 nm. The D-isomer and the L-isomer both show local minimum frequencies of width
measurements just below these respective maximum ranges. The D-isomer local
minimum frequency is between 20 nm and 25 nm and the L-isomer local minimum

frequency is between 15 nm and 20 nm.

2.4.3 D-APi.42 Forms Channels in Bilayers Characteristic of L-AP;.42

The channel formation of D- AB;.4, was investigated by imaging the pores formed
in supported lipid bilayers of DOPC. The DOPC lipids were chosen for their low
transition temperature and consistency with previously reported evidence of AB;.4, pore
formation by AFM studies and MD simulations.[14], [16]-[22], [48] The bilayer sample
preparation was optimized using the L-isomer to repeat and confirm previously reported
results.[14], [16] The sample preparation process was repeated exactly for the D-isomer
and channels were consistently and repeatedly observed. We imaged pore-like structures
in bilayer membrane by first finding the edge of the bilayer (with usual height of >5 nm
with respect to the mica substrate plane) and sequentially minimizing the scan area to
obtain a high resolution image of the bilayer surface. This approach ensures that the
features observed were characteristic of the bilayer and inserted peptide and not due to
contamination of the mica surface. Control DOPC bilayers were imaged in high

resolution in the absence of the peptide and no pore-like topography was observed.
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The D- APj.42 peptide forms channels in DOPC bilayers with a varying number of
subunits (Fig. 3, A-C), structurally indistinguishable from the L- AP.4» channels (Fig.
3D). The pores are heterogeneous, presenting trimers, tetramers, pentamers and
hexamers, with tetramers being the most prevalent observed structures (Fig. 3E). Pores
were identified by the presence of individual segments forming a circular group in the
amplitude image, coinciding with a small height increase with respect to the bilayer
membrane surface in the AFM height image. Because of the larger size of the AFM tip
compared to the typical inner diameters of ion channels (~1 nm), the AFM images only
provide information relating to depths which are in close proximity of the lipid
bilayer/solution interface, and cannot discern whether the individual annular structures
actually traverse the entire thickness of the lipid bilayer. However, functional evidence
provided by electrophysiological experiments with lipid bilayers reconstituted with AB;.42
peptides suggests the presence of conductive pores, able to allow the selective passage of
ions.[14], [16], [30]

The inherent tendency of amyloid peptides to adopt the P-sheet conformation
leads to formation of a complex B-barrel-like channel structure comprised of several
B-sheet subunits in the membrane, where lipids promote the B-sheet formation.[49]-[51]
In our previous simulations, we modeled two truncated Af barrels, ABi7.42 (p3) and APo.
42 (N9),[21] using U-shaped peptides with the B-strand-turn-B-strand motif.[34], [35] To
model the full sequence A;.4, barrels, we again employ the U-shaped peptides as the
membrane embedded portion and adopt the N-terminal structure from the A6
(coordinates taken from PDB code: 1ZE7)[36] as the extramembranous portion. Thus,

two AP.42 conformers define the turn: at Ser26-Ile31 (Conformer 1) and at Asp23-Gly29
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(Conformer 2). Using these conformers, we constructed the D- and A4, isomer barrels
and performed 100 ns explicit MD simulations on the AP barrels embedded in an anionic
lipid bilayer composed of DOPS/POPE (mole ratio 1:2). During the simulations, the Af
barrels are gradually relaxed through the interaction with surrounding lipids
(supplemental Fig. A.2). While small fluctuations in the membrane embedded portions
including the pore and C-terminal strands strongly preserve the U-shaped structure in the
AP barrels, large fluctuations convert the N-terminal strands to disordered chains in the
bulk water area (Fig. 4). In the AP barrels, the fluctuation of the individual peptide’s
dynamics is inhomogeneous, although the dynamic motions for some adjacent peptides
are correlated to each other (supplemental Fig. A.3). We note that the MD simulations
employed the anionic lipid bilayer composed of DOPS/POPE, and the AFM experiments
used the zwitterionic lipid bilayer with DOPC; however, the results are expected to relate.
In our modeling, the peptides are pre-inserted into the membrane core and assembled to
form a channel. Under these circumstances, the hydrophobic interactions between lipid-
facing residues in the channel and lipid tails should be an important factor to stabilize the
channel conformation, and formation of the subunits in the channel structure may not
completely rely on the interaction with the negatively charged PS lipid headgroups.
Further, in our previous simulations we compared the subunits in the channel
conformations for the p3 (APi7.42) and N9 (APo.42) channels, when embedded in
zwitterionic DOPC and in anionic POPC/POPG lipid bilayers, and observed no
significant differences between the two.[18], [22] Therefore, our results with the anionic
bilayer are expected to display the essential characteristics of APj.4» channels in the

zwitterionic bilayers.
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The molecular mass of our 18-mer A barrel is ~81.2 kDa, which is in the
intermediate range of the AP channels.[18], [22] The outer/pore diameters of our
simulated barrels are ~7.8/~1.9 and ~8.2/~2.1 nm for the conformer 1 and 2 D- ABj.42
barrels, and ~8.3/~2.2 and ~8.1/~2.0 nm for the conformer 1 and 2 L- A;.4, barrels,
respectively. The sizes measured for the barrels largely depend on the number of peptides
composing the AP barrels and partly on the location of the extramembranous N-terminal
portions. The N-terminal strands containing several charged residues stretch toward the
lipid headgroups. The strong electrostatic interactions can increase the channel size;
alternatively they can interact with each other at the channel mouth blocking the entry
into the pore. We speculate that the interactions of the N-terminal strands near the
channel mouth may correlate with features of calcium selective amyloid channels and
zinc blockage. The 18-mer simulations obtained three to five subunits in the anionic
bilayer (Fig. 5). As we noted in our previous simulations, subunit formations result from
the fluidic lipid bilayer dynamics, and even the same channel sizes may break into
different number of subunits.[17]-[22] To determine the subunits, we calculated the
parameters, including the percentage of B-sheet content based on the intermolecular
backbone hydrogen bonds (H-bonds), the B-strand order parameter, and the description of
secondary structure, using our previous protocol (supplemental Fig. A.4). Both D- and L-
isomer AP barrels present a range of sizes and morphologies similar to the imaged AFM
channels. No difference is found between D- and L- AB;.4, barrels, suggesting that both
ABi.42 isomers form ion channels in the lipid membrane, and thus AP toxicity can take

place in the absence of stereospecific interactions.



43

2.5 Discussion

We have studied the formation of channel-like structures using all D-amino acids
APi.42 and its chiral opposite, the all L-amino acids AP;.4,. We imaged indistinguishable
pore structures formed by both isomers. Since the imaging was carried out in a lipid
bilayer composed of DOPC lipids and without any inserted membrane receptors, we infer
that the channel formation by the peptides in the membrane does not depend on
stereospecificity. Moreover, the formation of channels in the absence of the negatively
charged phosphatidylserine (PS) phospholipids as used in previous studies,[27] indicates
that once inserted into the membrane, AP;.4> does not rely on a stereospecific interaction
with PS to form the segmented channel structure.

Based on the structure-function relationship characteristics of peptides, we
reasoned that the physicochemical behavior of the all D-amino acids enantiomer of AB;.4»
will be identical to the naturally occurring all L-amino acids, if the structural and kinetic
behavior of AB;.4; is independent of chirality. Time-lapse imaging of D- AP.4, on mica
showed that under appropriate physiological conditions, immediately after addition of
freshly dissolved peptides, monomeric and oligomeric clusters are present and are stable
over periods of time of ~23 h. Thus, these 3D structural units are characteristic of those
present during the formation of pores in the presence of a lipid membrane. The
physicochemical behavior of D- ABj.4, in the time lapsed study was similar to that of the

previously reported behavior of L- AB;.42, which was also confirmed in this study.[52]
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We observed the formation of A4, fibers and larger oligomers after 72 h of incubation
at 37 °C in 1% NH4OH. Both isomers exhibited a similar distribution of widths of fibers.
The similar maximum frequency widths preceded by local minimum frequency widths is
likely due to the amyloid fibers’ tendency to form hierarchical fibrillar structures.[31],
[53] The D-enantiomer of Af;.42 showed comparable physicochemical behavior to the L-
enantiomer, with monomeric and oligomeric forms stable over short periods of
incubation at room temperature in physiological buffer and fiber formation over long
time periods at 37 °C in ultrapure water. Therefore, the species available for channel
formation in the preparation of the supported lipid membrane are monomers and
oligomers, but not fibers.

Previous studies on the toxicity D- and L- AP;4, enantiomers presented
conflicting results. Ciccotosto et al reported AP;.4> toxicity through receptor interaction
with the PS lipid flipped to the extracellular side of the lipid bilayer.[27] Cribbs et al
asserted that L- and D- AP;.4, show no difference in cellular toxicity.[29] Both studies
focused on the binding of A4 to the cell membrane and the subsequent toxicity
through fluorescence and viability assays. Neither study identified the mechanism of the
toxicity, such as fibril adhesion, channel formation, oxidative stress, etc.[27], [29] In our
study we focused on peptide insertion and channel formation with ion conductive pores
in an effort to elucidate this path of toxicity and our results show that both L- and D-
isomers form characteristic channels in supported lipid bilayer.

A number of cell membrane receptors which can bind to AP, whether in
monomeric or fibrillar form, have been discussed and summarized by Verdier et al.[54]

Our current data as well as our previous experiments and MD simulations performed with
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model membranes reconstituted with Ab peptides in a receptor free environment,|[14],
[16], [20], [30] show pore-like structural features and functional activity suggestive of an
ion channel conductive mechanism that does not depend on the presence of cell receptors.
However, due to the very nature of these model systems, they cannot rule out the action

of cell receptor mechanisms in the complex cellular environment relevant to the disease.

2.6 Conclusions

In summary, we have studied the structure of channels in the lipid membrane as
well as fibril formation in solution by the naturally occurring L- AB;.4» peptide and its
chiral opposite, the D- A4, enantiomer. We show that the two isomers exhibit
indistinguishable pore structures, consistent with the MD results, and similar fibril
formation behavior and stability. Earlier we have shown that the D- A4, analog
conducts ions, also in a manner indistinguishable from the L- A4 peptides.[30]
Therefore it is likely that insertion and toxic channel formation of Af;.4» does not occur

through a stereospecific interaction but by a direct pathway — through an ion channel.
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FIGURE 2.1 (A) AFM amplitude image (area 402 x 402 nm®) of freshly dissolved all D-
amino acids AP in PBS without Ca*" or Mg”" at ¢ = 0 of time lapsed imaging of the
peptide. White arrows show peptides with heights of 1-2 nm, consistent with the size of
monomers. Black arrows show higher order oligomers and clusters. The freshly cleaved
mica surface was imaged in PBS solution alone to confirm zero contamination. The
peptide was added to the PBS solution directly on the AFM stage to a final concentration
of =35 ug/mL and the adsorbed peptide was imaged within 45 min. The length
distribution of the long axis of the oligomers was measured for the (B) all D-amino acids
APi.42 and (C) all L-amino acids AP.42 isomers. In B, the colors indicate: black for 1.5 h
(n = 25, here n denotes the number of oligomers), red stripes for 5 h (n = 32), and blue for
23 h (n = 23). In C, the colors indicate: black for 1.5 h (n = 31), red stripes for 6 h (n =
23), and blue for 25 h (n = 19). There is little change in distribution for both isomers
indicating stability of the oligomers.
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FIGURE 2.2 The (A) L- and (B) D-AP;.42 isomers induced towards fibril formation in
the absence of a lipid membrane by incubation in 1% NH4OH at 37 °C for 72 h, dried
overnight on fresh mica, and imaged with AFM in air. Both isomers form similar
complex networks of globular units, oligomers, protofibrils, and fibrils. Insets show high
resolution images of individual fibers (scale bars = 250 nm, height color scales = 25 nm,
inset scale bars = 100 nm). (C) The distribution of randomly measured widths (n = 67,
here n denotes the number of samples) of fibers of the D-A;.4, fibers (gray bars) after
incubation at 37 °C for 72 h shows a distribution with fiber widths most frequently
between 25 nm and 30 nm. The distribution of the L-A;.4, fibril widths (black bars),
after similar incubation, also shows a distribution (n = 53) with fiber widths most

frequently between 25 nm and 30nm. The overall range of values is comparable for both
isomers.
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FIGURE 2.3 (A-C) AFM images of individual D-A;.4, channels in high resolution.
Channels are resolved in the error mode image, seen here. These channels are
heterogeneous and were observed as trimeric (not shown), (A) tetrameric, (B) pentameric,
and (C) hexameric subunits assemblies. The channels formed by D-APj4, are
indistinguishable from the previously reported L-A;.4; channels. (D) An example AFM
image of the L-AP;.4, channels from the current study is shown. Channels are not
observed in the absence A4, peptide. Image sizes are 11.5 nm for (A), 18.1 nm for (B),
13.2 nm for (C), and 14.4 nm for (D). (E) The distribution of channels formed by a
varying number of APj.4, subunits. Channels with 3, 4, 5, or 6 subunits were observed.
The most common structure is the channel with four subunits.
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FIGURE 2.4 Residue averaged root-mean-squared deviation,<RMSD> cgique, from the
starting point for C, atoms of the peptides for the (A) conformer 1 and 2 D-AP;_4; barrels,
and the (B) conformer 1 and 2 L-Ap,.4; barrels.
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A Conformer 1 D-AB, 4, barrel

FIGURE 2.5 Averaged pore structures calculated by the HOLE program[55] embedded
in the averaged barrel conformations during the simulations for the (A) conformer 1 and
(B) 2 D-AP, 4 barrels, and the (C) conformer 1 and (D) 2 L-AB;.4; barrels. In the side
(left) and angle (middle) views of the pore structure, whole barrel structures are shown
with the ribbon representation. In the peptide, hydrophobic residues are shown in white,
polar and Gly residues are shown in green, positively charged residues are shown in blue,
and negatively charged residues are shown in red. For the pore structures in the surface
representation, red denotes pore radius of » < 0.9 nm, green denotes pore radius in the
range, 0.9 nm < » < 1.1 nm, and blue denotes pore radius of » > 1.3 nm. The simulated
barrel structures (right) with highlighted subunits for the averaged barrels in the surface
representation are shown in the view along the membrane normal.



CHAPTER 3

Effects of Point Substitutions on the Structure and Activity of p—Amyloid Channels

3.1 Abstract

Alzheimer’s disease (AD) is a misfolded protein disease characterized by the
accumulation of P-amyloid (Af) peptide as senile plaques, progressive
neurodegeneration, and memory loss. Recent evidence suggests that AD pathology is
linked to the destabilization of cellular ionic homeostasis mediated by toxic pores made
of AP peptides. Understanding the exact nature by which these pores conduct electrical
and molecular signals could aid in identifying potential therapeutic targets for the
prevention/treatment of AD. Here using atomic force microscopy (AFM) and molecular
dynamics (MD) simulations, we compared the imaged pore structures with models to
predict channel conformations as a function of amino acid sequence. Site-specific amino
acid (AA) substitutions in the wild type A4, peptide yield information regarding the
location and significance of individual AA residues to its characteristic structure-activity
relationship. We selected two AAs that our MD simulation predicted to inhibit or permit
pore conductance. The substitution of Phel9 to Pro (F19P) has previously been shown to
eliminate conductance in the planar lipid bilayer (PLB) system. Our MD simulations
predict a channel-like shape with a collapsed pore, which is supported by the AFM

channel images. We suggest that proline, a known [-sheet breaker, creates a kink in the
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center of the pore and prevents conductance via blockage. This residue may be a viable
target for drug development studies aiming to inhibit AP from inducing ionic
destabilization toxicity. The substitution of Phe20 with Cys (F20C) exhibits pore
structures indistinguishable from the wild type in AFM images. MD simulations predict
site 20 to face the solvated pore. Overall, the mutations support the previously predicted

[3-sheet-based channel structure.

3.2 Introduction

The -amyloid (AP) peptide is the primary component of extracellular fibrillar
deposits, termed amyloid plaques, found post mortem in brain tissues of patients with
Alzheimer’s disease (AD).[1], [2] These peptides are able to form distinct polymorphic
structures, ranging from globular oligomers to mature fibrils.[2]-[4] Fibrillar structures
have been widely investigated through in vivo and in vitro studies,[5]-[7] but interest has
gradually shifted towards smaller oligomers, as increasing evidence points to the
structures formed by these oligomers as the pathogenic agents involved at the onset of
AD.[4], [8]-[10] More recently, the amyloid channel hypothesis that postulates the
presence of pore structures, formed by small oligomers which are able to disrupt cellular
ionic homeostasis, is emerging as one of the principal hypotheses associated with
pathogenesis.[9], [11]-[14]

Point mutations in the amyloid precursor protein (APP) located within or in close

vicinity of the full length AP peptide have been linked to disease.[15], [16] Of particular
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interest, are the mutations clustered around a central hydrophobic cluster of Af3. These
include the E22Q point mutation, associated with hereditary cerebral hemorrhage by
amyloidosis of the Dutch-type (HCHWA-D); the E22G mutation, known as the arctic
mutation; and the A21G mutation, known as the Flemish mutation, related to cerebral
amyloid angiopathy (CAA) and pre-senile dementia.[15], [16] Proline mutations in this
central region have attracted particular interest, as they have been shown to suppress [3-
sheet and fibril formation in the AP peptide and fragments thereof.[17]-[20] The [3-sheet
conformation in individual AP peptides has been modeled as essential to the formation of
cell membrane penetrating pores.[21]-[23] Cysteine mutations have also been
investigated in this central region, with L17C and V18C point mutations resulting in
decreased fibril formation, but F20C produced a similar degree of fibril formation as the
APi.40 wild type.[24]

Using Molecular Dynamics (MD) simulations of pores formed by ABi7.42 (p3)
peptides inside lipid bilayers, we have previously suggested that the central cluster of the
full-length AP;.4> sequence is located in the (3-sheet lining the pore region.[23], [25]-[27]
According to these MD simulations using the U-shaped peptides with the -strand-turn-
-strand motif, the more hydrophilic N-terminus lines the pore, while the more
hydrophobic C-terminus lines the lipid bilayer. In recent studies, a F19P point
substitution to the p3 peptide (p3-F19P) and to the full length AB;.4» was shown to form
collapsed pores, unable to conduct ionic currents across lipid bilayers.[25], [28] In this
paper, we have used atomic force microscopy (AFM) and MD simulations to investigate
the effect of F19P and F20C mutations on the pore structures formed by the full-length

APBi.42 peptide inside lipid bilayers. We correlate these point substitutions in the amino
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acid sequence of AP with changes in the pore structure, propensity for B-sheet formation,
variations in the peptide-peptide as well as peptide-lipid interaction energies, and
different energy landscape for ions inside the pores. Adding to previous data, this new
study helps elucidate the structure-activity relationship of Af as a toxic pore and provides

additional evidence that A} pores destabilize cellular ionic homeostasis.

33 Experimental Methods

3.3.1 Materials

For storage, peptides were solubilized in 1% NH,OH ultra-pure solution at a
concentration of 1 mg/mL, separated into aliquots, and stored at -80 °C. Aliquots were
thawed once and used immediately. Molecular Biology Grade water from Fisher
Scientific (Pittsburgh, PA) was used for sample preparations. Electrolyte solutions at
pH 7.4, containing 150 mM KClI, 1 mM MgCl, and buffered with 10 mM HEPES were
used for AFM imaging in liquid. The phospholipid, 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) was purchased from Avanti polar lipids (Alabaster, AL).

Peptides were purchased from Bachem (Torrance, CA).
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3.3.2 Atomic Force Microscopy Imaging

Multimode AFMs equipped with a Nanoscope Illa controller and a Nanoscope IV
controller (Bruker, Santa Barbara, CA) were used. Oxide sharpened cantilevers (Asylum
Research, Santa Barbara, CA) with nominal spring constants (kn) of 0.02 N/m or
0.08 N/m were employed. For experiments performed in liquid, a fluid cell (Bruker) was
utilized. Before each experiment, the fluid cell was washed with detergent (~5 min) and
vigorously rinsed with constant stream of DI water. The fluid cell was then sonicated for
2 min in molecular grade water, dried with a Kim wipe and used immediately. In some
cases the liquid cell, with cantilever mounted, was UV/ozone cleaned for 30 min. Images
in liquid were acquired in tapping mode at scan frequencies of 0.5 - 3.0 Hz and drive
amplitudes below 100 mV. The cantilever oscillation frequency was 5 - 10 kHz. Imaging
of dried fiber samples were performed in air in contact mode. Some of the AFM images
were low-pass filtered to remove noise. Image analysis was performed using the Bruker
Nanoscope software. The average outer diameters of the wild type, F19P, and F20C pores
were determined using the NanoScope software Analyze Width feature and Circular
dimensions option. The area of the pore was determined by selecting a local maximum in

the correlation graph that corresponded with a zoomed in area of the pore.
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3.3.3 Sample Preparation

DOPC bilayers were formed by drying 60 L of DOPC (5 mg/mL) dissolved in
chloroform in a rotovap and replacing vacuum with Ar. The dried lipid cake was
hydrated with 300 #LL (Img/mL) electrolyte solution containing 150 mM KCl and 1 mM
MgCl, buffered with 10 mM HEPES, pH 7.4 and vortexed gently. The liposomes formed
through this procedure were sonicated for 5 mins in an ice bath. Following thawing of the
F19P and F20C mutants solutions, aliquots were sonicated for ~1 min and immediately
incorporated into liposomes of DOPC. To incorporate the peptides in the lipid bilayer
DOPC liposomes and peptide were combined at 20:1 weight ratio and sonicated in an ice
bath for 10 min. The liposome-peptide mixture was allowed to adhere to freshly cleaved
mica for 30 s and washed 10 times with the electrolyte solution. Bilayers were imaged at
room temperature. For imaging of fibers, aliquots of peptide in water were thawed and
incubated without shaking for 72 h at 37 °C. The aliquots were then diluted and deposited

on fresh mica and allowed to dry overnight.

3.3.4 Molecular Dynamics Simulations

To model Alzheimer’s Af} channels, we conceptually designed an Af barrel in an

annular shape using two U-shaped monomers: one is AP;.4> as defined in the fibril based
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on hydrogen/deuterium-exchange NMR data, side-chain packing constraints from pair-
wise mutagenesis, solid-state NMR and EM (PDB code: 2BEG);[29] the other is AP0
based on the solid-state NMR model of small protofibrils.[30] However, both conformers
miss the N-terminal coordinates due to conformational disorder. We used the N-terminal
coordinates obtained from the solution NMR structure of AP.16; however, removing the
Zn** (PDB code: 1ZE7).[31] This structure was used to fill in the missing N-terminal
portion of the peptides. For each combination of the N-terminal structure with the U-
shaped motifs, two AP;.42 conformers were generated. Conformer 1 has a turn at Ser26-
Ile31, and conformer 2 has a turn at Asp23-Gly29.[32], [33] In the latter conformer, two
C-terminal residues, Ile41 and Ala42 were added to create AP;.4,. For convenience, We
divided both AP conformers into four domains: N-terminal chain (residues 1-16 and 1-8
for conformer 1 and 2, respectively), pore-lining 3-stand (residues 17-25 and 9-22 for
conformer 1 and 2, respectively), turn (residues 26-31 and 23-29 for conformer 1 and 2,
respectively), and C-terminal [B-stand (residues 32-42 and 30-42 for conformer 1 and 2,
respectively).

For both conformers, we replaced two phenylalanine residues, Phel9 and Phe20
with Prol9 and Cys20 respectively, creating coordinates for F19P and F20C point
mutants (Figure 3.1A,B). Now we have six AB1-42 monomer conformations, wild type
and two mutants from each conformer, which are subjected to the AP barrel simulations.
These AP conformers were inclined ~37 ° relative to the pore axis,[26] and then rotated
18 times with respect to the pore axis creating AP barrels (Figure 3.1C,D). These A
barrels were embedded in an anionic lipid bilayer containing 1,2-dioleoyl-sn-glycero-3-

phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
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(POPE) (mole ratio 1:2). The anionic lipid bilayer containing a total of 420 lipids
constitutes the unit cell with TIP3P waters, added at both sides. The system contains
Mg*, K*, Ca2+, and Zn*" at the same concentration of 25 mM to satisfy a total cation
concentration near 100 mM. The CHARMM program[34] was used to construct the set of
starting points and to relax the systems to a production-ready stage. For production runs,
the NAMD code[35] on the Biowulf cluster (http://biowulf.nih.gov) at the NIH was used
for the starting point with the same CHARMM?27 force field. Averages were taken after
20 ns discarding initial transients. Analysis was performed with the CHARMM
programming package.[34] More detailed simulations methods can be found

elsewhere.[25]-[27], [32], [33], [36], [37]

34 Results

3.4.1 AFM Analysis of F19P and F20C Pore Structure

High resolution AFM images of F19P and F20C mutants of Af,.4; incorporated in
a DOPC bilayer supported on mica were acquired. When the presence of a single bilayer
was confirmed by imaging hole defects with characteristic depths of ~4 nm, high
resolution imaging of the pores was attempted in the vicinity of the defect. The pores
produced by the F19P mutant in DOPC bilayers show similar behavior as the previously

reported full-length wild type A;.4> (Figure 3.2A).[9], [12] The pores could be identified
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as central dips inside doughnut-like structures and in some cases individual subunits
appeared as protrusions in the amplitude images (Figure 3.2B). The pores were seen in
the AFM images prior to noise removal (Figure S1, Supporting Information). The pore
structures of F19P are multimeric. Trimers, tetramers, and pentamers were identified
(Figure 3.2B). Many of the structures observed could not be resolved into individual
subunits. These unresolved structures may indicate the presence of globular oligomers or
inability of the AFM tip to resolve the subunits. For the F20C peptide, the protruding
structures appeared clustered and could be seen within scan areas of 500 x 500 nm2
(Figure 3.2C and Figure S1, Supporting Information). While the majority of the F20C
pores were seen as pentamers, wild type A;.42 typically showed a preference for trimeric
to hexameric pore conformations (Figure 3.2D).[9], [12] The F20C pore structures were
seen in unprocessed AFM images (Figure S1, Supporting Information).

Height images without noise removal for both F19P and F20C (Figure S1A, C,
Supporting Information), acquired simultaneously to the amplitude images, clearly
indicate a pore structure. From AFM images the average pore diameter (+ standard
deviation) was 11.3 + 1.6 nm (n = 16) for the wild type AB;_42, 11.2 £ 1.6 nm (n = 16)
for the F19P, and 7.9 £ 1.4 nm (n = 16) for F20C, as shown in (Figure 3.2E).

The F19P peptide was incubated for 72 h in water at 37 °C, dried on fresh mica,
and imaged in air. Fiber formation appeared similar to previously reported images of the
wild type peptide (Figure 3.3). This incubation and imaging was preformed several times

with different batches of peptide. Each sample set showed fiber formation had occurred.



66

3.4.2 MD Simulations of F19P and F20C Pore Structure

We performed 100 ns explicit all-atoms molecular dynamics (MD) simulations on
AP barrels, assembled by wild type AP, and its F19P and F20C mutants, embedded in
an anionic lipid bilayer composed of DOPS/POPE (mole ratio 1:2). In the lipid bilayer,
the AP barrels gradually removed the initial frustration in the annular conformation via
relaxation of the lipid bilayer. We calculated the interaction energy for each peptide’s U-
shaped portion with the lipids and then averaged the interaction energy over the number
of peptides as a function of the simulation time (Figure S2, Supporting Information). The
effect of point mutation is not immediately reflected in the peptide-lipid interaction, since
both point mutations occurred in the pore-lining -strands that face the solvated pore. The
lipids are in proximity to the hydrophobic C-terminal -strands. However, the point
mutations elicit peptide fluctuations during the simulations. In particular, the pore-lining
[-strands are less stable due to the mutated residues compared to the wild type,
increasing the overall peptide fluctuations (Figure 3.4). Large fluctuations in the N-
terminal domains indicate that they are disordered chains in the bulk water area, while
small fluctuations in the U-shaped portion including the pore-lining B-strand, the turn,
and the C-terminal 3-stand suggest that the U-shaped portions sustain the assembled AP
barrel structures.

The 18-mer A;.4; barrels gradually relax during the simulations. Heterogeneous
AP barrel structures are presented as cartoon for both conformers and for the wild type
and two mutants barrels (Figure 3.5). The cartoons represent the averaged barrel

structures embedding the averaged pore structures as calculated by the HOLE
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program.[38] Regardless of the point mutations, the outlines of the AP barrels in each
conformer are very similar to each other. However, the inner water pore structures are
significantly evolved toward a collapsed pore in the mutant barrels. While both
conformer 1 and 2 wild type barrels preserve a fat-tube-like pore, wide enough for active
ion conductance, the FI9P pores are completely clogged up and collapsed with
conformer 1 and 2, respectively. In previous simulations, we observed that p3-F19P
mutant also form a collapsed pore.[25] The conformer 1 F19P has the same U-shape as
the p3-F19P mutant, but contains an extra N-terminal chain composing of residues 1 - 16.
With F20C mutations, conformer 1 preserves a wide pore, while conformer 2 yields a
partially collapsed pore. The calculated outer dimensions and pore sizes are summarized
(Table 1). Both mutants decrease the outer and pore diameters.

In the F19P barrel, kinks at Pro19 destabilize an inner [3-sheet formed by the pore-
lining [-strands. As a result, the N-terminal chains containing highly charged residues
bind to each other at the channel mouth in the lower bilayer leaflet. These N-terminal
chains interactions are responsible for the collapsed pore observed in the F19P mutant
barrels. In the wild type barrels, the N-terminal chains interactions are in proximity, i.e.
mostly interacting with neighboring chains. For example, a contour map representing N-
term/N-term interaction energy for the conformer 1 wild type barrel shows strong
interactions along the diagonal, indicating neighboring chains interactions (Figure 3.6A).
In contrast, for the conformer 1 F19P mutant barrel contour lines enclosing the strong
N-terminal chains interactions are dispersed from the diagonal line, indicating that some

chains are cross-linked to other chains at opposite side (Figure 3.6B). In the F20C barrels,
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although the mutation did not provide a kink, the conformer 2 barrel produces a smaller

pore compared to the wild type.

3.5 Discussion

Oligomeric AB’s role in the pathology of Alzheimer’s disease is a growing area of
interest. The ability to form fibers and bind Congo red is characteristic of many amyloids
including wild type AP.[39]-[41] Previous studies of the F19P mutation have reported an
inability to form such characteristic fibers and bind Congo red.[17], [19] Such differences
in the mutant behavior to the wild type, suggests that the F19P point substitution causes a
significant functional change to the peptide. Similarly, we have observed that the F19P
mutant of the p3 (AP,,4,) peptide has the ability to elicit changes in the functional
behavior of the wild type AP17-42. The p3-F19P mutant forms collapsed pores that do
not allow ion conductance through planar lipid bilayers and do not alter the intracellular
Ca* levels in mouse fibroblast cells.[25] Consistent with that behavior, we have found
that the characteristic ion conductance of wild type AP, ., is completely inhibited by the
F19P mutant.[28] Although fiber formation, Congo red binding, and conductance of the
F19P mutation have been previously reported to prevent amyloidogenic behavior, the
effect of the F19P mutation on pore formation has not been examined for the full length
AP. Following the behavior presented by the p3 peptide, we hypothesized that the pore

structure would also be significantly different from the wild type for the full-length Af3,.
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»- We sought to determine if F19P prevents insertion into the lipid bilayer or F19P inserts
effectively but results in a structurally compromised pore.

Through AFM analysis we show that F19P is capable of insertion into the bilayer
and the pore formation on the bilayer surface is structurally indistinguishable from the
wild type. AFM image analysis reports that the channels are multimeric as observed in
the wild type and have outer diameters similar to the wild type. MD simulations show
that the overall outer morphologies of the F19P barrels are very similar to the wild type.
Also, the outer dimensions of the F19P barrels are in the experimental range, although
slightly smaller than the wild type. In the MD simulations, the outer size measured for the
barrels mainly depends on the number of A peptides composing of the barrels. Here, we
reported the values for 18-mer Af} barrels. The AFM experiments provide images of
channels with a wide variety of sizes and shapes, but simulated A barrels are limited to
cover all ranges of channel sizes that are imaged by AFM. MD simulations support the
hypothesis that the different functional behavior of wild type AP, and F19P channels is
due to a modified channel structure. Although the F19P pores are collapsed or clogged,
the AFM images do not reveal any change in its internal dimensions because the AFM tip
is unable to penetrate deep enough inside the pore to detect a change in the inner pore
diameter (Figure 3.5). Overall through MD simulations and AFM imaging we found
F20C to be indistinguishable from the wild type AP,.,. This is in good agreement with
previous activity reports that both the wild type, p3-F20C, and full length F20C mutant
presented ion conductance by electrophysiology and p3-F20C altered intracellular Ca2+

levels.[25], [28]
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The similar structural behavior of pores formed from wild type as well as F19P
and F20C mutants for the full length AP, ,, and the AP,,, fragment in simplified lipid
compositions might suggest that the amyloidogenic and non-amyloidogenic pathways can
be similarly disruptive to cell membranes. The fact that both pathways are not equally
pathogenic to cells is probably due to the presence of additional biochemical processes
related to the cellular network and more complex lipid compositions in cellular
environments.

Our previous MD simulations suggested that the [-sheet structure is essential to
the formation of A} pores.[23], [25]-[27], [36], [37] Our current results further support
the idea that pore formation and [3-sheet formation are linked. Following previous studies,
we suggest two possibilities: (i) The FI9P mutation does not completely inhibit [-sheet
formation and therefore fiber formation may be possible under specific environmental
conditions. (ii) AP pore formation is not solely reliant on (3-sheet formation and involves
other mechanisms. Our preliminary AFM results show that F19P, when incubated at
37 °C in water for 72 h, forms fibers (Figure 3.3). Previous reports that did not observe
fiber formation for the F19P were done under different experimental conditions.[17], [20]
Furthermore, other studies suggested that a proline mutation[42] or an isostructural
mutation[43] at the F19 position may kinetically delay but not prevent oligomer
formation. This inconsistency promotes further study of the role of P-sheets in pore
formation, such as through additional point mutations and oligomer studies including

incubation times, pH conditions, and temperatures.
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3.6 Conclusions

We report a structural study of two point mutations of Alzheimer’s disease A, ..
The propensity of the F19P mutation to form channels was found to be similar to the wild
type through AFM imaging in DOPC bilayer. MD simulations also predicted channel
formation; however, with a collapsed or clogged pore for the two available solid state
NMR-based AP,.,, conformers. This is in agreement with previous electrophysiology
studies, which report no ionic conductance by the F19P mutant. The proline substitution
is a [-sheet breaker. This indicates a role for -sheet in the AP pore, and argues for
further studies of its contribution and conformation during channel formation. The degree
to which the [3-sheet was disrupted by this mutation is still unclear, and is likely to vary in
the heterogeneous channel landscape. Due to the compromised structure and activity the
F19 position and the [(3-sheet structure it may be a viable target for AD therapeutic
development against pore conductance. Structurally, the F20C mutation was found to
behave similarly to the wild type both in MD simulations and AFM imaging of pore

formation.
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Figure 3.1 Monomer conformations of AB1-42 wild-type, F19P and F20C mutants with
different turns at (A) Ser26-Ile31 (conformer 1) and (B) Asp23-Gly29 (conformer 2).
Starting points of the AP1-42 barrels embedded in the lipid bilayer for the MD
simulations for (C) conformer 1 and (D) conformer 2 AP1-42 barrels. Waters are
removed for clarity in lateral and top views, but they are denoted as cyan dots in
simulation box in angle view. In the peptide ribbon, hydrophobic residues are shown in
white, polar and Gly residues are shown in green, positively charged residues are shown
in blue, and negatively charged residues are shown in red.
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Figure 3.2 Amplitude AFM images of (A) F19P and (C) F20C mutants of AB1-42
incorporated in DOPC bilayers on mica. Pores with a central dip were resolved in both
processed, and unprocessed amplitude and height images correlate with height increases
in the height image (Figure S1, Supporting Information). (B) and (D) Individual pores
from the amplitude images were selected and resolved into multimeric structures: trimers,
tetramers, and pentamers. The pores appear characteristic of the wild type AB1-42 and, as
a surface structure image, do not exhibit any indication of a compromised pore structure.
A Gaussian low pass of 4 nm once in the x-direction and once in the y-direction was
applied to (A-D) for noise removal. Lateral scale bars are 50 nm for (A) and (C). The
height color scale is 7 nm in (A) and 5 nm in (C). Image sizes in (B) are: 17.46, 13.15,
and 14.54 nm. Image sizes in (D) are: 14.00, 11.02, 12.5 nm. (E) Histograms for the
average outer pore diameters, d, for the wild type AB1-42, (n = 16) and its F19P (n = 16)
and F20C (n = 16) mutants.
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Figure 3.3 AFM height images of (A) wild type AB1-42 and (B) F19P mutant. Both
peptides were incubated in H20 for 72 h at 37 °C and dried on fresh mica surface and
imaged in air. Similar fiber formation is seen for both peptides as a variety of sizes is
clearly observed. Scale bars are 500 nm and color scale bars are 50 nm.
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Figure 3.4 Averaged root-mean-squared deviation, RMSD, from the starting point for Ca
atoms of the peptides for the (A) conformer 1 and (B) 2 AB1-42 barrels. The RMSD was
calculated separately for the peptides in the barrels by dividing into four domains; N-
terminal chain, pore-lining B-stand, turn, and C-terminal B-stand.
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Figure 3.5 Averaged pore structures calculated by the HOLE program38 embedded in
the averaged barrel conformations during the simulations for the (A) conformer 1 and (B)
2 APi.42 barrels. In the angle views of the pore structure (upper cartoons in each panel),
whole barrel structures are shown with the ribbon representation. In the lateral views of
the pore structure (lower cartoons in each panel), cross-sectioned barrels are given in the
surface representation. In the peptide, hydrophobic residues are shown in white, polar and
Gly residues are shown in green, positively charged residues are shown in blue, and
negatively charged residues are shown in red.
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Table 3.1 The calculated outer and pore dimensions with a description of the pore status
for the conformer 1 and 2 AB1-42 barrels composed of wild type peptide, and F19P and
F20C mutants.

Conformer 1 AB;.4, barrel Conformer 2 A4, barrel
Wild type F19P F20C | Wild type F19P F20C
Outer diameter (nm) ~8.2 ~7.7 ~7.9 ~8.1 ~7.6 ~8.1
Pore height (nm) ~4.1 ~5.6 ~5.2 ~4.5 ~5.9 ~5.3
Pore diameter* (nm) ~1.8 ~1.5 ~1.7 ~1.9 ~1.7 ~1.7
Pore status Opened | Clogged up | Opened Opened | Collapsed | Partially collapsed

* Pore diameters are averaged along the pore axis within the cutoffs defined by the height of pore.



CHAPTER 4

Clinical Perspectives

4.1 Abstract

The current paradigm in the amyloid hypothesis brands small oligomers of -
amyloid (AP) as the toxic species in Alzheimer’s disease (AD). These oligomers are
fibril-like; contain [-sheet structure, and present an exposed hydrophobic surface.
Oligomers with this motif are capable of penetrating the cell membrane, gathering to
form toxic ion channels. Preliminary results are presented on utilizing brain derived Af
and pharmacological channel blockers to further understand the toxicity of AP ion
channels. Synthetic A is highly purified and homogeneous. However, brain derived Af
is exposed to diverse environments through its lifetime and may have slight structural
differences from synthetic Ap. Here, the structure of brain derived and synthetic AP are
compared in AFM images of globular species and fibrils. Pharmacologic blockers are
being developed to disrupt the formation of toxic AP ion channels. Preliminary results
show lipid bilayers incorporated with the Anle138b channel blocker appear structurally
indistinguishable from normal bilayers. AP oligomers were incorporated into bilayers
containing anle138b. AFM images show protrusions from the bilayer with and without
anle138b channel blocker. It appears A inserts into the bilayer as normal in the presence

of anle138b and any observed loss in channel activity is likely due to effects of the
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compound within the bilayer leaflet. Finally, a brief overview of therapeutic development
for AP ion channels and an argument for a combination of drugs, targeting oligomers on,

and in, the membrane is presented.

4.2 Brain Derived B-Amyloid

4.2.1 Background

Proteins are responsible for carrying out and controlling many functions in living
systems. The intricate and unique structure of a protein determines its function. Even,
minute differences in structure can cause a healthy protein to have fatal consequences.[1]
B-Amyloid (AP), a misfolded protein associated with Alzheimer’s disease (AD), is
known to exist as several length variations (36-43) and many aggregated states from
monomers to fibrils. The function and therefore the structure of AP has been linked to the
pathology of AD.[2]-[7] Synthetic peptides offers easy access to large quantities of high
quality (known purity), that ensures consistent sample preparation and reliable
characterization. In addition, protein engineering techniques enable point substitutions to
mimic biological mutations to study them in detail. Studies using synthetic AB in vivo
and in vitro has led to a wealth of knowledge on the structure and activity of AB.[8]-[17]
An alternative to synthetic AP, brain derived AP has been extracted from cells or tissue

for examination.[18]-[23] Although synthetic peptides have yielded pivotal information
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in AD research, the findings from synthetic AR must be confirmed with brain derived AP
to fully characterize the true function of Ap in AD.[8], [18]

Due to the slow turnover of the AP in the diseased brain, they are subjected to
post-modifications such as oxidation, glycosylation, glycation, truncation, deamidation,
phosphorylation, methylation, oligomerization, etc., associations with non- A species
such as CLAC-P, ApoE in the plaques, or different folding and bonding within the
peptide.[18] Therefore, research experiments with brain derived AP, may provide
information more true to the biological function of A that is otherwise not possible with
synthetic peptides. Ideally, brain derived AP would be extracted and isolated by a
procedure free of denaturing agents or detergents, thereby preserving the natural state of
the peptide.[8]

Determining the authenticity of extracted brain derived AP has remained
challenging. The degree of influence the extraction process has on the peptide’s structural
and chemical condition is undetermined. Additionally, samples of brain derived AP are
not pure and therefore the concentration A is often unknown. However, the validity of
brain derived AP experiments may be supported by behavioral similarities with synthetic
AB. Presented here, are AFM images of brain derived AP as obtained from the Masliah
Group at UCSD. It is shown that brain derived AP, as received, contains monomers and
oligomers. In spite of detergent treatment during the extraction process, these monomers
and oligomers aggregate to form fibrils similar to synthetic AP, upon incubation. The
similarity in kinetic behavior of the brain derived AP with their synthetic form, suggests
the extraction process does not functionally change the peptide. Therefore this brain

derived AP may serve as a valuable tool for other brain derived A investigations.
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4.2.2 Materials

We obtained brain derived AP in the particulate form. The extraction and
processing of this particulate is detailed elsewhere (Pham et al., 2010) and was performed
in Dr. Masliah lab at UCSD. Briefly, the particulate membrane fraction of a moderate to
advanced AD case was homogenized in Buffer A: NaCl/P;, 0.32 M sucrose, 50 mm
HEPES, 25 mm MgCl,, 0.5 mm dithiothreitol, 200 pg/mL phenylmethanesulfonyl
fluoride, 2 pg/mL pepstatin A, 4 pg/mL leupeptin, and 30pg/mL benzamidine, pH 7.4)
and fractionated at 100,000 g for 1 h. Only the particulate fraction for the oligomer pull
down was used because AP monomer and its oligomers are most concentrated in the
fraction. The elute primarily contained A monomers, oligomers and §2E1 antibody in a
solution containing 130 mM Tris, 4.6 % SDS, 2 % DTT, and 10 % glycerol (pH 8.0). The
sample also contains many unknown proteins. A negative control from a pull down with

normal mouse IgG was also obtained for comparison.

4.2.3 Results and Discussion

Aliquots of the brain derived AP and the negative control were diluted in factors
of 10 in PBS (without Ca or Mg), deposited on fresh mica, and allowed to dry in air at
RT. Each sample was then imaged using atomic force microscopy in air to characterize
each species (Fig. 4.1). The fraction containing A monomers and oligomers shows

circular deposits of varying sizes. In Fig. 4.1 A, larger deposits are 4-10 nm in height as
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indicated with black arrows and smaller deposits exhibit ~1 nm height as indicated with
white arrows. The negative control shows deposits of IgG material at a uniform height of
~1 nm that occurs as a uniform residue on the mica surface (Fig. 4.1 B). The oligomeric
structures seen in Fig 4.1 are absent in the negative control and therefore distinctly
different. A control mica sample of dried PBS was also imaged, and as expected appears
clear of the features observed in Fig 4.1 A and B (Fig. 4.1C). Any features present in the
Fig.4.1C may be due to small amounts of contamination.

The spherical bodies observed in Fig. 4.1A are similar to previously reported
AFM images of synthetic AB. Small synthetic globules have been reported with heights
of 1-3 nm and 8-10 nm for larger globules.[24]-[27] Although it is not possible to
distinguish AP from other proteins in these images it is noted that no fibers were seen in
the AP sample. Therefore, this procedure is a reliable means for extracting natural
monomeric and oligomeric A that, while contaminated with other proteins, is free of the
fibrillar forms.

Aliquots of the brain derived A particulate were incubated at 37 °C as received
and dilutions imaged at 40 h and 4 days. Samples at each time point were deposited on
fresh mica, rinsed to remove remaining salt contents, and dried with N, gas. AFM
imaging was done in air and shown in Fig 4.2 A, B. Fibers appear to have formed at both
time points and circular protofibrils, characteristic of amyloid formation, are visible for
the shorter incubation time. Fiber formation is characteristic of all amyloids including
brain derived A prior to extraction and synthetic AB[25]-[29](Fig. 4.2 C). This fiber
formation supports functional AP composing a high percentage of the monomers and

oligomers observed in Fig 4.1A, regardless the potentially degrading detergent treatment
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used during extraction. High resistance to degradation is an important characteristic of
amyloidogenic proteins.[30] Fiber formation kinetics are highly dependent on many
factors such as concentration, incubation time, purity, and pH which may contribute to
size and shape differences between the natural and synthetic AB.[31]

AFM images of the brain derived AP shows comparable sizes of monomers,
oligomers, and fibrils to synthetic AB.[24]-[28] This is a first step in the pursuit of more
elaborate structural studies of brain derived AP. Access to oligomeric forms of AP is
crucial for ion channel activity and structure studies of the brain derived species.
Electrophysiology and AFM are the two most prominent techniques used to study the
activity and structure of individual AP ion channels. Brain derived AP channels have not
been successfully imaged via AFM in vivo due to resolution limitations and the inability
to be differentiated from other membrane proteins. Isolation of brain derived AP will
enable its use in supported synthetic membranes. Such membrane studies were not
pursued here because of high concentration of SDS in the sample, which destroys
supported membranes. A modified extraction procedure without the use of detergents and
selective isolation and purification of AP without other contaminating species is needed
for better structural and functional characterization of brain derived AP peptides and is

currently being pursued.
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4.3 B-Amyloid Pore Structure in the Presence of a Pharmacologic Blocker

4.3.1 Background

It has been well established that ion channels, including toxic AP pores, can be
visualized and studied through atomic force microscopy.[25], [32]-[34] Currently,
pharmacologic blockers are being developed to disrupt the formation of toxic ion
channels in AD as well as related neurodegenerative diseases.[35]-[38] A novel oligomer
modulator, anle138b, was developed to target neurodegenerative diseases such as prion’s,
Parkinson’s, and Alzheimer’s disease (Fig 4.3).[35], [36] The selection of anlel138b is
described in depth elsewhere and was completed by Wagner et. al. and is published in
Acta Neuropathology, 2013[36] and US Patent: 2011/0293520 A1.[35] Anle138b has
shown to directly target pathological aggregation at the oligomeric level and inhibit the
pore activity of a-syn. AP is similar to a-syn in that both peptides form extracellular
deposits in diseased patients, are rich in B-sheet structures, form ion channels in the cell
membrane, and are associated with neurodegenerative disease.[4], [15] Wagner et. al.[36]
reports the anle138b compound functions by targeting structure dependent epitopes.
Therefore, the similarity in structural features of a-syn and AP aggregation naturally

leads to the application of anle138b to the pore formation of Ap.
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The anle138b compound is highly hydrophobic and insoluble in aqueous
solutions. To observe the effect of anle138b on the pore structure of AP, the compound
must be incorporated into the lipid bilayer. Here we present AFM analysis of lipid
bilayers incorporated with the anle138b compound. We also incorporated Af;.4; into lipid

bilayers with and without the anle138b compound.

4.3.2 Materials and Methods

Peptide preparation: For dilution and storage of AP;.42, (Anaspec Inc., Fremont,
CA), 1.0 % NH4OH was added to the lyophilized powder (35-40 pL to 0.5 mg peptide or
70-80 uL to 1 mg peptide). This solution was further diluted with 1x PBS to a final
concentration of ~ 1mg/mL of peptide concentration. The peptide solution was aliquot
into 50 puL volumes and stored at -20°C. Before use, peptide solutions were sonicated for
about 5 min in a bath sonicator.

Compound incorporation to liposomes: Compound anle138b, in powder form, as
obtained from the Griesinger group (Max Planck Institute for Physical Chemistry,
Gottingen, Germany) was dissolved in chloroform. Anle138b was mixed with lipids (in
chloroform) such that the final concentration of the compound would be 10-20 mM (by
lipid volume) upon hydration of the lipid cake. The lipids/anle138b mixture was dried
under vacuum in a rotovap or overnight in a desiccator. The resulting lipid cake was then
hydrated with buffer or peptide (see below) to a lipid concentration of 1 mg/mL.

Peptide insertion in liposomes: (1) Liposome solutions were the first solution

prepared. Phospholipid, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
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dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased from Avanti polar
lipids (Alabaster, AL). DOPC was typically used (sometimes DOPC/DPPC mixtures, at
1:1 ratios) lipids in PBS at concentrations ranging from 0.1-1 mg/mL. For peptide
insertion, the peptide solution was added to the liposome suspension in peptide/lipid
ratios ranging from 1:100 - 1:10 (by mass) and sonicated for 5-10 minutes. The liposome
suspensions were then extruded in 100 nm filters. (2) Alternatively, the peptide solution
was added directly to the dried lipid cake during the lipid hydration process in the
expectation that peptide insertion into the lipid bilayer would be more efficient. 1:10
peptide/lipid mass ratios were used. The mixture was vortexed for 30 minutes during
hydration and further sonicated for 5 minutes before liposome extrusion using 100 nm

filters.

4.3.3 Results and Discussion

The anle138b compound was incorporated into the lipid bilayer and imaged the
bilayer with AFM (Fig. 4.4). Bilayers incorporated with anlel138 appeared structurally
indistinguishable from bilayers without the compound. Height differences within a single
bilayer and a mica surface may vary by ~1.5 nm especially in contact mode. This
variation is often due to the tip repeatedly scanning a surface area and gently compressing
the lipid layers. Therefore the height differences Fig. 4.4 C and D between DPPC and
DOPC are negligible. The height difference between the DPPC and mica is also not
significant enough to be clearly attributed to the presence of anlel38b. The

bilayer/anle138b images (Fig. 4.4) serve as controls for the later imaging of



93

bilayer/anle138b with AP. The bilayers, free of peptide appear smooth. This similarity is
supported by the previous report by Griesinger et. al. that anle138b functions by direct
interaction with structural epitopes of peptides and not indirectly through changes to the
lipid bilayer.[35] It is therefore reasonable that anle138b does not significantly disrupt the
bilayer due to its small size, 343 D, which can easily fit between the bilayers.[35]

Preliminary results show AP in lipid bilayers with and without the anle138b
compound (Fig. 4.5). Both bilayers with and without anle138b show indications of
oligomeric AP embedded in the bilayers (red arrows). Smaller protrusions are observed in
both bilayers suggesting the possible presence of pore structures (green arrows). Higher
resolution images of bilayers were not obtained for these samples due to instabilities.
Electrophysiology studies of AP pore activity in the presence of anle138b have shown
that it is effective in decreasing and eventually preventing pore activity (unpublished data
Greisinger et. al). Although Fig. 4.5 suggests pore structures may be present it is possible
that the anle138b compound compromises the inner pore channel, inhibits complete pore
formation, or collapses pores preventing activity.

The images suggest AP inserts into the lipid bilayer and therefore that any activity
inhibition observed in the presence of anle138b is due to peptide-compound interaction,
not an artifact of AP failing to insert into the bilayer. It is also notable that no fibrils are
observed in either bilayer. Higher resolution images of A in bilayers with anle138b are
necessary to fully evaluate the presence of pores, oligomers, or other A structures. Such
structural patterns may include inner and outer diameters and number of subunits. Finer
structural details may indicate the exact changes to the pores that occur in the presence of

anle138b and are currently being pursued. In conclusion, we have shown that anle138b
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can be incorporated into supported lipid bilayers and are indistinguishable from lipid
bilayers without it. AP inserts into lipid bilayers and may form pore like structures in the
presence of anle138b. Thus, an effect of the compound on the pore activity may be due to
a structural change within the pore lining or inner pore bilayer interface but more

extensive analysis is necessary.

4.4  Therapeutic Development Recommendations

4.4.1 Introduction

The shift of the amyloid cascade hypothesis gradually toward the focus of
amyloid toxicity of smaller oligomers[39] has prompted us to reexamine AD pathology
and drug discovery. The ion channel hypothesis,[6] and its further validation[40] have
long argued that toxicity is mediated by channel formations. Due to the unfavorable
chemistry and high energetic cost of complete preformed channels sliding into the
membrane, we have previously suggested[41] that AP oligomers can irreversibly insert
into a membrane and spontaneously form an ion channel, leading to cell death. While the
channels can be blocked by drugs,[42] their broad conformational heterogeneity leads us
to suggest that AP directed therapeutics should consider a combination therapy that
targets the toxic AP oligomers on the membrane before they are inserted, and, in parallel,
targets the oligomers that have already penetrated into the membrane, where these agents

could prevent toxic channel formations. While this suggestion currently presents a
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daunting challenge, the development of therapeutic agents to target already formed toxic
channels is further hampered by the channels’ highly polymorphic nature, encompassing
different sizes, shapes, and chemistries, suggesting that a “one size fits all” blocker may,
or may not work. A combination therapy has important implications for the development
and the clinical trials of new therapeutic drugs in the pathogenesis of AD. The free
energy landscapes of AP monomers, oligomers, and membrane-embedded oligomers and
channels are all highly polymorphic,[43], [44] emphasizing the hurdles facing drug
development, and pointing to the need to rethink drug strategies. Such AB-direct ‘attacks’
are in addition to a focus on the complex cellular network controlling and mediating A
expression and processing. We believe that it is unlikely that a single, universal, approach

will suppress all AB-related pathologies.

4.4.2 Tentative therapeutic targets/agents

4.4.2.1 Fibril-like AP oligomers

Wu et al.[45] reported that small soluble AP oligomers, known as fibrillar
oligomers (FOs), contained 3-10 A monomers and exhibited fibril-like morphology rich
in B-sheet structure. They noted that FOs could increase toxicity, since the oligomers
were able to replicate and expose the hydrophobic sheet surfaces. It has been suggested
that a more toxic AP oligomer has a solvent exposed hydrophobic face, while a less toxic
AP oligomer is deficient in B-sheet conformation.[46] Using ssNMR and EM, it was

observed that the small fibril-like AP oligomer intermediates have predominantly parallel
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B-sheet structures.[47] A recent MD study demonstrated that parallel p-sheet AP
oligomers with the U-shaped peptide motif were capable of penetrating the
membrane.[41] Taken together, it is not surprising that fibril-like oligomers with exposed
hydrophobic surface are cytotoxic, since they spontaneously insert into the membranes
and several of these gather to form toxic ion channels. Thus, drugs aimed at inhibiting the
production of these oligomers, or inhibitors preventing the oligomers attachment to the
membranes would attenuate the AP toxicity, indicating that the fibril-like B-sheet

oligomers would be tentative therapeutic targets in AD.

4.4.2.2 Ion channel blockers

The amyloid hypothesis of AD implicated the toxic ion channel formation in
membranes on the basis of large body of experimental and computational
observations.[6], [7], [15], [25], [33], [48]-[60] Ion channel blockers were thought to be
intuitive therapeutic agents that lead to blockage of conducting pores. Diaz et al.[42]
introduced two small molecular blockers of AP channel: MRS2481 and an enatiomeric
species, MRS2485. While both blockers could potentially protect neurons from AP
toxicity, MRS2485 was found to be virtually irreversible in the channel inhibition.
Developing pharmacologic inhibitors with high specificity aimed to block the pore would
be a major challenge,[61] since structural modeling of AP channels has suggested that
channels are mobile and flexible in the lipid bilayers, with varying sizes and shapes.[53],
[55], [56] Amyloid channels are highly polymorphic, suggesting that “one size fits all”

blockers may not be effective in comprehensive treatment of amyloid channels. Indirect
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strategies to inhibit AP channel activity prompted development of drugs that can control
existing channels. Liu et al.[62] introduced a drug, known as diazoxide, a potassium ATP
channel activator. They demonstrated that diazoxide improved memory and reduced A
and tau pathology in a transgenic AD mouse model. Since AP channels tend to lower the
membrane potential due to their relative lack of selectivity, membrane hyperpolarization
by the potassium opener can suppress the depolarizing effect of the A3 channel. A similar
approach also demonstrated that voltage-gated calcium channel blockers, such as
verapamil, diltiazem, isradipine and nimodipine, exerted protective effects on cultured
neurons from AP toxicity.[63] Thus, drugs that hyperpolarize membranes would be

possible therapeutic agents in AD.

4.4.2.3 Point mutations

Naturally occurring point mutations of AP clustered at residues 22 and 23 were
related to familial forms of AD.[64] These AP mutations were found in fibrillar
aggregates on a membrane[65] and related to cerebral amyloid angiopathy (CAA) and
presenile dementia.[66], [67] Unlike the disease-related AP mutants, proline mutation in
the central region of AP recently demonstrated that substitution of Phe19 with Pro (F19P)
in both truncated AB17—42 (p3) and full length AB1—42 channels could prevent bilayer
channel activity and cellular toxicity.[54], [58], [60] Proline, known as -sheet breaker,
destabilized pore-lining B-strands based on the computational models, producing kinks at
the locations of Prol9. As a result, AP channels formed with collapsed pores

consequently inhibited ions crossing through the pore (Fig. 7). This indicates that the
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mutant exhibits no toxic oligomer, and hence no active functioning ion channel in the
membrane. Function compromising residues of ion channels, such as Phel9, may serve

as potential targets in the drug development

4.4.3 Conclusions

Current therapeutic drugs targeting AP peptides were designed to inhibit proteases
in the process of APP cleavages. Such - and y- secretase inhibitors were aimed at
reducing AP production.[68], [69] Yet the development of safe secretase inhibitor drugs
is not promoted due to side effects; the enzymes have additional physiological substrates
in the cell, most prominent among these is Notch which is cleaved by y-secretase.[70] In
the amyloid hypothesis, small oligomers gained interest as a toxic species.[71] Fibril-like
oligomers rich in B structure were identified as active cytotoxic molecules, spontaneously
inserting into the membrane and assembling to form toxic ion channels.[41], [45]-[47]
The mechanisms of their membrane insertion/disruption are similar to those observed for
antimicrobial peptides (AMPs).[41], [61] Therapeutic development efforts for amyloid-
removing or disassembling agents have not been rewarded, to date largely failing in
clinical trials. This failure of the current agents appears to at least partly stem from poor
permeability of cell membranes. Toxic AP oligomers are irreversibly inserted into the
cells and form channels in the cell membrane or (possibly) in the mitochondrial
membrane in the cytoplasm.[72] Under such circumstances, therapeutic agents might be
unable to penetrate the cell membrane to block or disassemble the channels inside the

membrane and the cell. To compound the challenge, amyloid channels are as highly
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polymorphic as amyloid fibrils. To date, an effective blocker is yet to be discovered.
Here, we argue for a combination of drugs, targeting oligomers on, and in, the membrane.
The properties of the drugs will need to differ, given the varied chemical environment, a
solvated extracellular milieu and a lipidic bilayer. Combined, these drugs would prevent
AP insertion into the membrane and act to retain a healthy membrane, preventing channel
formation by already ‘infected” membranes. The heterogeneity may call for drugs that
recognize the prevailing conformational species. While here we focused on A, similar

strategies may be used in other amyloid species.
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FIGURE 4.1 (A) AFM height image of brain derived AP particulate in air. Large
globular deposits (black arrows) range in height from 4-10 nm and small, likely
monomeric AP are approximately 1 nm in height (white arrows). No fibrillar species are
observed. Scale bar 1 pum, height range 15 nm. (B) AFM height image of IgG in air
(negative control). A uniform deposition of about 1 nm in height is seen absent of
globular structures. Image size 1 um, height range 10 nm (C) AFM height image of
control dried PBS on mica in air. Contamination observed but no fibrillar or globular
species are seen. Image size 3 pm, height range 15 nm.



FIGURE 4.2 AFM height image of dried brain derived A particulate after (A) 40 h and
(B) 4 days of incubation in 37 °C. (C) AFM height image of synthetic dried natural AB;.4,
after 72 h of incubation at 37 °C. Fibers are observed after incubation of both synthetic
and the natural AP. The synthetic AP is composed only of the full length form Ai.4
while the A natural particulate is composed of all forms of Ap. Fiber formation is highly
dependent on the incubation conditions such as pH, concentration, and time which may
account for differences in the appearance of the fibers.
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FIGURE 4.3 Chemical structure of the compound anle138b.[35], [36]
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FIGURE 4.4 AFM height images in tapping mode of (A) DOPC only lipid bilayer
(image size 3 um and height range 20 nm) and (B) DOPC/anle138b lipid bilayer (image
size 4 um and height scale bar 10 nm). (C) AFM contact mode height image of
DOPC/DPPC only bilayer on mica surface. The height difference between the DOPC and
DPPC phases of the bilayer is 1.161 nm (green arrows). The height difference between
the DPPC bilayer phase and the mica surface is 7.523 nm (red arrows). (D) AFM contact
mode height image of DOPC/DPPC/anle138b bilayer on mica surface. The height change
between the DOPC and DPPC phases of the bilayer with anle138b is 1.206 nm (green
arrows). The height change between the DPPC bilayer phase with anle138b and the mica
surface is 6.283 nm (red arrows). In all cases the pure lipid bilayer and the lipid bilayer
incorporated with anle138b are indistinguishable.
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FIGURE 4.5 AFM height images show AP in lipid bilayers (A) with and (B) without the
anle138b compound. Both bilayers (A) and (B) show indications of oligomeric A
embedded in the bilayers (red arrows). Smaller protrusions are observed in both bilayers
indicating the possible presence of pore structures (green arrows). Higher resolution
images of bilayers were not obtained for these samples due to instabilities. Scale bars 500
nm.



PART II: TECHNOLOGY DEVELOPMENT OF AN INTEGRATED ATOMIC

FORCE MICROSCOPE AND ELECTRICAL RECORDING SYSTEM

CHAPTER 5

Fabrication and Characterization of Nanopore Support System for Membrane Studies

5.1 Abstract

Ion channels are membrane protein complexes essential to signaling and
communication between cells of living systems. The dysfunction of ion channels has
been widely studied and directly related to the pathology of neurodegenerative diseases
such as Alzheimer’s Disease and Parkinson’s Disease, addiction, and some genetic
disorders. Understanding the structure-activity relationship of these channels is crucial to
understanding both normal and abnormal signaling mechanisms which can lead to
therapeutic development, diagnosis, and/or prevention. However, direct correlation of the
structure and activity of ion channels has yet to be accomplished. As a result, there is a
disconnect in linking the data with respect to structure and activity of an ion channel,
oftentimes with contradiction in these results. Solid-state substrates containing a single
nanopore provide a unique environment for the study of proteins. Measuring electrical

conductance in a nanopore system provides behavioral information specific to those

113
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proteins localized in the area of the nanopore. Ion channels have been extensively studied
using nanopore systems to characterize their activity by bilayer electrophysiology. Here
we present the fabrication and characterization of a nanopore support system combining
atomic force microscopy and electrophysiology into a single integrated system specific

for the study of membranes and ion channels.

5.2 Introduction

Atomic force microscopy (AFM) has proven to be a useful tool for the 3D
imaging of biological samples in physiological environments.[1]-[3] AFM can also
provide dynamic structural information upon induced physical or chemical changes to the
membrane environment.[4]-[9] By isolating membranes, individual protein structures
such as ion channels have been resolved in AFM at nanometer resolution without staining
or fixing.[1], [10]-[18] Ion channels are protein structures essential to signaling and
maintaining homeostasis in living systems. Dysfunctional ion channels play a central role
in many neurodegenerative diseases, addictions, and some genetic disorders.[10], [15],
[19], [20] AFM provides more physiologically relevant structural data of membrane
proteins over other techniques because ion channels may be observed in their natural
conformations, in a supported lipid membrane, without isolation from the membrane or
fixation treatments. However, an unresolved goal in the study of ion channels is direct
characterization of the structure-activity relationship.[21] The combinatorial practice

linking structure and activity data often leads to incomplete information, misleading data,
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and apparent contradictory results.[21] A single method that examines the structure and
activity of membranes or ion channels simultaneously would address these challenges
and open the field of ion channel research to new and exciting data acquisition. More
accurate information on the behavior of ion channels would improve diagnosis,
therapeutic development, and prevention of ion channel disease and disorders.

Nanoporous samples have emerged as an exciting class of nanosensors that have
gained attention for their sensitivity to conductance changes, especially in relation to the
translocation of biomolecules.[22]-[32] Numerous nanoporous devices have been made
from natural, artificial, and hybrid materials.[33] Graphene, for nanopore suspension, has
been seen as a promising and reliable material due to its unique mechanical, electronic,
thermal, and optical properties.[22], [28], [29], [34]-[36] Graphene is thin enough to be
precisely drilled using a transmission electron microscopy and strong enough to be freely
suspended over areas on the order of microns.[22], [29], [37]-[39]

Although much of the recent research on single nanopore conductance has been
directed toward the application of DNA sequencing or biomolecule translocation, micro
and nanopore devices have also been used to study the activity of ion channels.[20], [40]
Current technologies for observing the electrical activity of ion channels utilize a free
standing lipid bilayer membrane, droplet interface bilayer, or a supported lipid
bilayer.[40] These electrical activity recording techniques are reproducible and widely
accepted.

Presented is a fabrication technique and experimental setup for simultaneous
high-resolution surface imaging by AFM and ionic conductance recording by planar lipid

bilayer electrophysiology. Solid-state single nanopore substrates have been fabricated to
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fit into the open interface of the multimode AFM. A single nanopore, drilled by TEM, is
resolved by the AFM in the substrate and a stable open pore conductance measurement
was recorded. This system is designed for suspended lipid bilayer experiments to obtain
simultaneous functional and structural information.[23], [40]-[42] The correlation of
conductance measurements to the specific structure of individual ion channels has not
been previously possible. The device and setup we present here shows promise in such
studies due to the imaging resolution, nanopore size, and conductance sensitivity shown
on comparative scales with those of ion channels. The use of this technology would have
major implications in, but not limited to, the study of neurological disorders, pathological

studies, therapeutic screening, and drug addiction.

5.3 Materials

Silicon oxide membranes (SiO,) were purchased from AppNano (Mountain View,
Ca). Silicon oxide membranes are 200 nm thick on a 300 um thick silicon substrate. The
silicon substrate consists of a 20 um x 20 um window of suspended SiO, membrane that
expands to 450 um x 450 pum opening on the backside of the silicon (Fig. 1A, Fig. 3A).
Single layer CVD graphene deposited on 20 um thick Cu foil 2°” x 2°” was obtained from
Graphene Supermarket (Calverton, NY). A Quanta™ 3D FEG focused ion beam (FIB)
was used to drill through the SiO; suspended membrane (Calit2 Microscopy Center, UC
Irvine). Either iron(Ill) chloride hexahydrate (FeCl3 < 6H20) > 98% solution (Sigma

Aldrich) or Copper Etch APS-100 (Transene Co.) was used to dissolve the Cu substrate
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of the graphene. Atomic layer deposition (ALD) of 5 nm of Al,O3; was performed using a
GEMSTAR™ Benchtop Atomic Layer Deposition (ALD) Process System (Wanunu
Nanoscale Biophysics lab, Northeastern University) or the Beneq TFS200 Atomic Layer
Deposition (Nano3 Facility, UCSD). A transmission electron microscope (TEM) (JEOL
2010, Japan) from the Nanomaterials Instrumentation Facility at Northeastern University
was used for drilling through graphene/Al,O; membrane layer. AFM imaging was
completed using a Bruker Multimode Nanoscope IV system with silicon nitride
cantilevers (k= 0.08N/m) and AFM force volume imaging was done using silicon
cantilevers (k = 3.0N/m). Conductance measurements were completed using an in-house
designed (Brian Meckes, Lal Lab UCSD) double chamber cup system (Machine Shop
UC San Diego) (Fig. 5.2B), liquid cell, Ag/AgCl wire electrodes, 1 M KCI solution, a
Dakon Amplifier, and Nanoscope IV software. Ecoflex ® Supersoft 5 silicone cured
rubber was used as an insulating sealant of the nanopore sample in the double chamber

cup.

5.4 Results

5.4.1 Nanopore Fabrication Process

To fabricate a single nanopore support the Si/SiO; substrates were used as a base
for the processing (Fig 5.1A, Fig 5.3A). A single hole with a diameter of 1 um was
drilled by FIB through the center of the Si0, 20 um x 20 um suspended membrane area

(Fig 5.1B, Fig 5.3B). FIB provides a fast and reproducible means for opening the 1 pm
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gaping hole in the sample which allows for diffusion of electrolytes to the nanopore. The
SiO, membranes were then cleaned in piranha solution to eliminate organic and inorganic
contamination; in some cases this step was performed in a clean room to further minimize
contamination. A sample of graphene on Cu was spin coated (graphene side up) with
PMMA for 50 s and baked on a hot plate at 180 °C for 10 min. PMMA/graphene/Cu
samples were floated (Cu side down) on a FeCls * 6H,O solution or copper etch APS-100
and left until the Cu foil had completely dissolved (~24 h). Graphene layers float on the
surface of the chosen Cu etching solution and remain intact after dissolution of the Cu
substrate. Using tweezers, the remaining PMMA/graphene sample was transferred
several times to dishes of fresh DI H,O as a rinsing procedure. Using tweezers, a
PMMA/graphene flake was placed over the center of the cleaned SiO, membranes to
ensure coverage of the entire 1 um FIB hole area and allowed to dry (~24 h) (Fig. 5.1C).
Graphene binds tightly to the SiO, upon drying, securing it as a suspended membrane
over the FIB gaping hole. Dried samples were soaked in acetone to dissolve the top layer
of PMMA (Fig. 5.1D). To provide electrical insulation and structural reinforcement 5 nm
of ALLO; was deposited on the sample by ALD (Fig 5.1E, Fig 5.3C). ALD provides a
uniform coating of Al,Os to all surfaces of each sample.[22], [38], [43] Finally, a
nanopore was drilled through the center of the graphene/Al,O3 suspended membrane by
TEM (Fig 5.1F, Fig 5.3D). The nanopore sample was then cleaned with acetone,

isopropanol, and UV/ozone cleaner for 15 min before use in conductance measurements.
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5.4.2 Experimental Setup for Imaging and Conductance

The Bruker multimode AFM’s open interface allows for incorporation of custom
made devices and additional property measurements while scanning a material’s surface.
We utilized this feature to incorporate ionic conductance recording through a nanopore
while imaging simultaneously. A Teflon double chamber cup to hold the nanopore
support was designed by the Lal lab (Brian Meckes, Lal Lab, UCSD) and fabricated at
the UCSD machine shop (Fig 5.2B). This chamber is glued to a metal puck and holds the
nanopore support on the scanner head of the AFM. The nanopore sample sits on the
square inset of the top chamber piece (Fig. 5.2B). When filled with buffer, the only path
electrically connecting the top and bottom chambers is through the nanopore. Therefore
any electrical signal observed is a direct result of ionic transfer through this nanopore.
The nanopore support was sealed into the top chamber using a continuous layer of fast
curing Ecoflex® 5 silicone.

AFM imaging in liquid is completed as normal, by deflection feedback, on the
nanopore sample in the double chamber cup. An Ag/AgCl electrode was placed through a
port of the liquid cell and another similar electrode was embedded in the opposite
chamber of the double chamber cup (Fig 5.2A, green lines). The entire AFM base was
placed in a Faraday cage on in-house bungee cord suspended platform for noise isolation.

A complete schematic of the experimental setup is shown in Fig. 5.2A.
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5.4.3 AFM Analysis and Conductance Characterization of Nanopore

Images of the nanopore support were taken periodically throughout the fabrication
process. The 20 um x 20 pm suspended SiO; area was easily visible in SEM (Fig 5.3A
and Fig 5.3B inset) and in AFM (Fig 5.4A) enabling for eventual centered drilling of the
nanopore. The AFM height images show a large deformation pattern of the suspended
Si0, square that is not seen in SEM (Fig 5.4A). This deformation is likely due to stress
relief during the etching away of the Si layer from below. The center area of this square
where the graphene membrane will reside appears to have very little deformation in
comparison to the edges. The FIB drilled hole placed in the center of this square is also
easily visible in SEM (Fig 5.3B), TEM (Fig 5.3C) and AFM even after deposition of the
graphene/Al,Os layer (Fig 5.4A, B). Complete coverage of the FIB hole with graphene
was confirmed in TEM (Fig 5.3C) before drilling of the nanopore (Fig 5.3D). Complete
coverage of the 1 um hole by the graphene/Al,O; membrane can also quickly be
determined by confirming little to no conductance (<0.05nS). AFM imaging reveals the
nanopore (Fig 5.4C), which is found by sequentially zooming in on the center of the FIB
hole such as seen in Fig. 5.4. In high quality, clean samples with a very sharp AFM tip
the nanopore size can be approximated in the AFM image and compared to the size
observed in TEM as seen in Fig 5.3D and Fig 5.4C. The square shape of the nanopore
shown in Fig 5.4C is likely due to effects of the geometry of the AFM tip (radius ~

30nm). The small scan size and features of the solid state nanopore are on the same scale
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as high resolution scans of membranes and ion channel structures, which are
approximated around ~10 nm in diameter.

Ion conductance measurements are a good way to probe the pore geometry.[22],
[31], [35], [38], [44] Neglecting access resistance for our large pores, pore conductance

relates to geometry via the following equation:[31], [44]

G = 7-’:dzz)ore
4L

40
(ug + pc)ngcre + ug 1

pore pore
Where G is conductance, d,.. is the pore diameter, L,.. is the pore cylindrical length,
nkci 1s the concentration of the buffer, e is elementary charge, o is the surface charge
density in the nanopore, ux and p¢; are the electrophoretic mobilities of the two solution
ions potassium and chloride. A 1 M KCl buffer was used in the work reported here. The
electrophoretic mobilities of potassium and chloride are ux=7.616 x 10° m*/Vs and
tcr=7.909 x 10 m?/Vs at room temperature.[31], [38]

To characterize the mechanical properties of the nanopore supports, three
parameters were evaluated via AFM force mapping, before and after drilling the
nanopore by TEM; (i) the sample deformation (), ii) the sample stiffness (dF/dd) at
F=100 nN load and iii) the adhesion force between the AFM tip and the sample. A silicon
nitride cantilever with k =3.0 N/m was used. A representative example of the results
obtained for one of the nanopores is given in Fig. 5.6 A and B, while the summary of the
mean values obtained for all nanopores (without a nanopore and with a nanopore) is

given in Fig 5.6 C. The missing values (white spots) in some locations of the stiffness
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map mean that the force curves took atypical shapes making it not possible to obtain the

stiffness in those locations.

5.5 Discussion

Each step in the fabrication of the nanopore support was chosen with
consideration of fabrication ease as well as function. Silicon oxide on silicon is an ideal
material combination to use for the base structure of the nanopore support due to its ease
of fabrication, well-characterized electrical properties, reproducibility, and commercial
availability.[23], [37], [45] Silicon oxide provides an insulating coating to the large area
of the substrate, an essential property to isolate the two compartments of the electrical
recording setup. By using single graphene deposition, as opposed to the multilayer
structure described by Bashir et al., the suspended membrane can be formed quickly (~5 s
of TEM drilling) in one round of fabrication while still producing a functional device.[38]
When the suspended graphene or graphene/Al,O; deposition showed incomplete
coverage or had been damaged during use it could be easily removed with two rounds of
piranha cleaning. Therefore, with a single deposition round of graphene/Al,O; the
Si/Si0; substrates could be redeposited with a new layer of graphene/Al,O; and reused
until the SiO, membrane was compromised, extending the total lifetime of a sample set.
The spin coated PMMA on the graphene enables the graphene to be handled from one

solution to another for cleaning as well as positioned on samples with ease.[46] TEM
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drilling provides a lateral resolution <l nm in the controlled formation of nanopores
through thin membranes.[37], [47]

Comparisons of AFM images between nanopore supports revealed that a large
variation in the final surface structure of these samples was present. In some samples it
was observed that, during TEM drilling of the nanopore, the pore would collapse on itself
and need to be reopened with the electron beam. This behavior was observed to correlate
with the presence of contamination growth (Fig. 5.7A-C).[39] Although pore closing and
contamination growth have been established as independent mechanisms they can be
linked in these samples by processing time.[29], [39] A nanopore that closes upon
drilling requires longer drilling times. Extended beam exposure increases the amount of
contamination growth.[39] Despite this observation, many samples were easily drilled by
TEM in one attempt and as a result appeared to have smooth surfaces. In cases where the
sample surface appeared smooth, the nanopore itself could often be resolved and
measured in AFM images (Fig. 5.4, Fig 5.7D). We did not find these depositions to have
a qualitative correlation to any trend in conductance values. Such depositions could play
a part in the large variation seen in calculated surface charge values, but was not
quantified. The presence of contamination should carefully be considered before utilizing
any nanopore support for additional studies.

The predicted conductance from the given equation is dependent on pore
morphology and surface charge density of the sample. High surface charge density for
graphene/Al,O; layers is considered 200 mC/m* and minimum surface charge is 0
mC/m>.[31], [38] A range of solid-state nanopore sizes was fabricated, with dpore Values

of 20-50 nm and L,..~5 nm. The expected conductance values in this nanopore size
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range for high and low surface charge density samples would be approximately 1100-
6100 nS and 940-5900 nS respectively. Open conductance values of individual solid-state
nanopores were measured by ramping at 0.4 mV/s over £ 10 mV. The conductance of the
~ 25 nm diameter nanopore sample (Fig. 5.5) was measured to be 2765 nS, which falls in
the reasonable range of conductance values for 20-50 nm nanopores.

There appears to be a weak correlation between the topographical features in the
samples and their mechanical properties (Fig. 5.6 A). The elevated topographical features
observed in the AFM images, attributed to contamination, have somewhat distinguishable
deformation and stiffness as compared to the flatter, cleaner, regions. This would suggest
that the contamination is either softer or harder than the underlying graphene/Al,O3 layer.
However, this correlation is lost when observed in detail. Regions of larger sample
deformation (soft regions) should coincide with regions of decreased stiffness, but this is
not observed in the force maps. The adhesion force map also shows non-uniform
characteristics across the sample, but it is difficult to correlate them with the
topographical features. All these non-uniform mechanical and topographical properties
suggest the presence of impurities with similar mechanical properties as the underlying
graphene/Al,Os3 surface. We hypothesize that these impurities are capable of modifying
the surface charge of the nanopore and are responsible for the lack of correlation between
the nanopore conductivity and its diameter. Analysis of the mechanical properties
evaluated before and after TEM drilling show that there is no statistically significant
difference (p>0.05 level) (Fig. 5.6C), indicating that the cavity of the nanopore does not

alter the mechanical properties of the supporting membrane.
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Nanopore supports that showed a smooth surface in AFM also easily revealed the
location and size of the nanopore itself (Fig 5.4C, Fig 5.7D). To our knowledge, such
small nanopores in graphene/Al,O; membranes have not been previously shown in AFM.
Characterizing the local environment of a solid-state nanopore by AFM could potentially
be used in single molecular studies by functionalizing the AFM tip. Additionally, the
resolution and size of these pores, 20 nm nanopore in a 200 nm scan size in Fig. 5.4C and
Fig 5.7D, by AFM are on the same scale as images of supported or suspended lipid
bilayer over the solid state nanopore.[10]-[12], [15] Individual ion channels and
hemichannels in supported membranes have often been resolved at larger scan sizes.[5],
[10]-[12], [15], [21], [42], [48] These solid-state nanopores are therefore suitable for the
intended application of ion channel studies. The deposition of a complete bilayer with
incorporated ion channels opens the possibility of providing simultaneous structural and

functional characterization for these channels.

5.6 Conclusions

We have successfully fabricated nanopore supports that have the potential to be
utilized for simultaneous structure-activity studies of ion channels in suspended lipid
bilayers. We have shown that single solid-state nanopores can be reproducibly fabricated
in graphene reinforced with Al,Os. The conductance values of the open nanopore in a
buffer solution indicate Snm of Al,Os deposition is sufficient for electrical insulation

between the double chambers. The hierarchy of the sample structure allows for quick and
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easy location of the single nanopore in AFM. Lipid bilayers with embedded ion channels
suspended over this nanopore will therefore likely be easily located. The conductance
values of open nanopores were measured in the expected nS range and are, therefore,
suitable for ion channel studies. The use of a solid-state nanopore support in AFM allows
for localized characterization in and around the nanopore. By combining both imaging
and activity characterization techniques we have designed a system suitable for ion
channel studies restricted to a small nanospace. Correlated structure and activity
information on ion channels yielded from this system may have major implications to
study of neurological diseases, drug addiction, biological pathways, and protein

structures.
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FIGURE 5.1 A cross- sectional schematic sequencing of the processing of a solid-state
substrate containing a single nanopore. (A) The starting substrate is a 6 mm x 6 mm X
300 um silicon substrate (black) with a 200 nm SiO, layer (gray). The silicon has been
etched to form a pyramidal window spanning from 450 um x 450 pm to a 20 um x 20 pm
window at the SiO; surface. This results in a 20 pm x 20 pm window of suspended SiO;
in the center of the substrate. (B) A focused ion beam (red) is used to find the center of
the 20 um x 20 pm SiO, window and drill a 1 pum hole. (C) A graphene flake (blue)
coated with PMMA (green) floating on the surface of H,O is placed over the 1 um FIB
hole and allowed to dry. (D) The dried sample is soaked in acetone for 24 hrs to dissolve
the PMMA leaving a graphene sheet suspended over the 1 um hole. (E) 5 nm of Al,O3
(red) is deposited by atomic layer deposition (ALD) on the sample to completely coat the
graphene for electrical insulation and structural reinforcement. (F) A transmission
electron microscope (purple) is used to drill a single nanopore, 20 nm, in the center of the
1 pm hole.
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FIGURE 5.2 Schematic of the integrated AFM system for imaging and conductance
measurements. (A) The nanopore support is glued into the top chamber of the double
chamber cup such that the only liquid path connecting the chambers is through the
nanopore. The double chamber cup (pink) is placed on the scanner head and the liquid
cell with mounted cantilever is placed on top of the sample to allow for AFM imaging.
Electrodes are connected to the bottom chamber though the double chamber cup and to
the top solution through an open port in the liquid cell for measuring conductance
activity. The electrodes can are fed to an amplifier and computer for analysis. (B)
Schematic image of the double chamber cup design. The nanopore support fits into the
top removable piece and set into the bottom piece. The bottom piece is filled with liquid
creating an isolated chamber, accessible only through a nanopore. A liquid droplet is
suspended between the nanopore support and the AFM liquid cell creating the other
chamber.
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FIGURE 5.3 (A) SEM image of the backside of the starting substrate of Si and SiO;
membrane (image adapted from AppNano). This image corresponds to the schematic in
Fig. 5.1 A. (B) Top view SEM image of the drilled FIB 1 um hole. Inset is a zoomed out
SEM of the same hole. The 20 pum x 20 um SiO; area is clearly visible in SEM due to the
200 nm thickness. This image corresponds to the schematic in Fig. 5.1 B. (C) Top view
TEM image of the drilled FIB 1 um hole covered with a layer of graphene. The graphene
completely covers the 1 pm area and no pin holes or gaps are observed. In TEM thicker
regions appear as darker spots. The darker spot seen here are likely areas of multilayer
graphene. This image corresponds to the schematic in Fig. 5.1 D. (D) Top view TEM
image of a single drilled 20 nm pore in the graphene/Al,O; membrane. This image
corresponds to the schematic in Fig. 5.1 F.
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FIGURE 5.4 Progressive AFM height images in tapping mode of a complete nanopore
support. (A) AFM image showing the complete 20 um x 20 pm SiO, area. The large
height variance of this area aids in located the area of the FIB hole which can be seen as
the depressed circle in the center of the square. scale bar = 5 pm, height color scale = 294
nm (B) AFM image of the FIB hole. The image shows uniform coverage by the
graphene/Al,Os.scale bar = 1 pum, height color scale = 208 nm (C) AFM image of a single
nanopore drilled in the graphene/Al,O;. The rectangular shape of the nanopore is an
effect of the shape of the tip and imaging into the pore area. scale bar 20 nm, height color
scale = 17.8 nm. (D) 3D view of the nanopore shown in (C). Image size is 125 nm x 122
nm
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FIGURE 5.5 I-V curve of an open nanopore shown in inset TEM image measuring ~25
nm and conductance of 2765 nS. Scale bar = 20 nm.
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FIGURE 5.6 Results from AFM force mapping of nanopore samples. (A)
Contour map of the height and mechanical properties of 2 um area surrounding the
nanopore of a single sample. Top to bottom are (i) the sample deformation (9), ii) the
sample stiffness (dF/dd) at F=100 nN load and iii) the adhesion force between the AFM
tip and the sample. (B) Histograms of the value distribution for the property maps in (A).
(C) The mean value for samples without (n=5) and with (n=5) nanopores for each
property. There is a weak correlation between the topographical features in the samples
and their mechanical properties. The elevated topographical features observed in the
AFM images, attributed to contamination, have somewhat distinguishable deformation
and stiffness as compared to the flatter cleaner regions. This would suggest that the
contamination is either softer or harder than the underlying graphene/Al,O; layer.
However, this correlation is lost when observed at it in detail. Regions of larger sample
deformation (soft regions) do not coincide with regions of decreased stiffness. The
adhesion force map shows non-uniform characteristics across the sample, does not
correlate with the topographical features. All these non-uniform mechanical and
topographical properties suggest the presence of impurities with similar mechanical
properties as the underlying graphene/Al,O; surface. Analysis of the mechanical
properties evaluated before and after TEM drilling show that there is no statistically
significant difference at the 0.05 level (C), thus indicating that the cavity of the nanopore
does not alter the mechanical properties of the supporting membrane.
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FIGURE 5.7 AFM deflection images in contact mode of the 1 um area (blue circles)
containing the drilled nanopore. (A-C) shows examples of the contamination depositions
seen in some samples after the TEM drilling of the nanopore. Image sizes 1.7 um, 3.2
um, and 3.5 pum respectively. (D) AFM image, 3.5 um image size, of a nanopore support
free from deposition. In samples, free from depositions the 1 um area is easily
identifiable and the drilled nanopore can be located. Blue arrows show the nanopore.
Inset is zoomed in image of the nanopore, scale bar of inset = 50 nm.



CHAPTER 6

Integrated Atomic Force Microscope and Electrical Recording System: Simultaneous 3D

Imaging and Electrical Conductance Measurement of Membrane Ion Channels

6.1 Abstract

Atomic Force Microscopy is an effective technique for structural studies of
membrane proteins in biologically relevant fluidic environments. AFM has been used to
resolve the three-dimensional (3D) surface structure of ion channels, the key structures
that control the activity of all living systems. The activity of ion channels are studied by
various techniques, including patch clamp, free standing lipid bilayers, droplet interface
bilayers, and supported lipid bilayers. In spite of several Nobel prizes in the study of the
3D structure and the activity of ion channels, direct linkage of the 3D molecular structure,
in real time to the activity of these channels has remained elusive. Presented is a design
and proof of principle for an integrated atomic force microscope for simultaneous
imaging and channel conductance measurements. The membrane used in this study was
derived from Sf9 cells expressing a high level of Cx26 hemichannels. Membrane plaques
were deposited over a nanopore substrate in a custom-designed double chamber with a
defined pore. Data presented here shows the conductance of an ensemble of

hemichannels when the membrane is on the supported system and a loss of channel
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conductance only after membrane removal by force-dissection. The system demonstrates
capability for simultaneous data collection of AFM images on an active Sf9 membrane

and corresponding conductance changes.

6.2 Introduction

Atomic Force Microscopy (AFM)[1] has been widely used in biomedicine and
life sciences to study the structure of biological entities ranging from whole cells to single
proteins.[2]-[8] Based on the physical interaction of a nano-sized tip on a cantilever and
the sample surface, AFM is uniquely capable of both <1 nm lateral resolution and
imaging in air or liquid without the fixing of biological material.[9]-[11] This is
particularly beneficial to the study of cell membranes and membrane proteins,[3], [8],
[12]-[19] which when studied at the molecular level by other methods require treatments
(freezing, isolation, dehydration, or staining) that may induce conformational changes.
AFM has been extensively used to resolve the structure of many pathologically
significant ion channels in supported membranes. Ion channels have further been
examined using AFM to observe conformational changes in real time, in the presence of
analytes, and between selected mutants.[17], [18], [20]-[24]

While the structure of ion channels has been resolved by AFM, the
electrophysiology of these channels has typically been studied separately by black lipid
membranes (BLM) or patch clamp.[25]-[35] Using separate techniques presents

complications in correlating structure and activity results due to differences in sample
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preparation, environmental conditions, and experimental timing.[36] Studying the
simultaneous and dynamic structure and activity of ion channels would have major
implications in understanding biological function and pathophysiology.[11] Ion channels
are essential to the control of basic functions in all living systems. Defects in ion
channels, therefore, lead to a vast array of illnesses, diseases, and disorders. For example,
ion channels have been linked to the pathology of neurodegeneration, deafness, heart
failure, and substance abuse. A system that correlates the structural change of ion
channels to its dysfunction would have a major impact on understanding and addressing
these issues.

The discourse in linking structural data to activity data has been especially present
in the field of hemichannels and gap junctions. Two hemichannels from opposing cells
pair to facilitate cell-cell communication through the formation of gap junctions. The
intercellular gap formed allows for the exchange of ions and small metabolites.
Hemichannels are known to cluster together in the membrane, forming high density areas
called plaques.[36] For gap junctions and hemichannels, discrepancies between structure
and activity investigations have been attributed to methodological differences in
investigative techniques—the conformational flexibility of species in electrophysiology
studies is unavailable in fixed systems such as EM-and innate differences between
isolated hemichannels, unpaired hemichannels, and docked hemichannels.[36] A
technique that maintains a single methodology and degrees of freedom for a single
channel type would address these challenges.

Recently, solid state nanopore samples have emerged as a prominent substrate for

the study of ion channel conductance, protein translocation events, and DNA sequencing
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readings.[37]-[44] Nanopores made in graphene membranes have been utilized due to
their unique mechanical, thermal, and electrical properties.[37], [42], [43] Graphene
nanopores are easily and efficiently drilled using transmission electron microscopy.[43],
[45]-[48] Atomic layering of Al,O3 on a suspended layer of graphene provides electrical
insulation while minimally increasing the thickness in a controlled fashion.[46], [47]
Lipid bilayers have been shown to form a complete suspended layer across pores of
various sizes, sealing the opening to prevent ionic flow through the pore.[38], [49], [50]
Here we present an integrated AFM system for simultaneous structural imaging
and electrophysiological recording. High-resolution 3D conformational images are
obtained, via AFM, while electrophysiological measurements (ionic conductance) are
recorded, by BLM, under conditions most similar to the physiological environment. The
model system used in this study consisted of purified Sf9 insect cell membrane plaques
containing connexin26 (Cx26) hemichannels. Upon membrane deposition, a drop in pore
ionic conductance was observed and structural images showed complete coverage of the
I um pore. The drop in conductance was attributed to the plaque sealing the large pore;
any subsequent conductance originated solely from the hemichannels. The conductance
values reported were under applied voltages of £ 50 mV. Hemichannel activity was
manipulated by real time addition of Zn** ions, a known channel blocker. Conductance
activity changes were recorded while simultaneously obtaining AFM structural images of
the Sf9 plaques. Only after the Sf9 plaque was force dissected by AFM, to clear the solid
state pore, was the ensemble conductance value lost. Significant progress is presented
towards obtaining high resolution images of membranes and membrane proteins

correlated with activity readings in this proof of principle study.
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6.3 Experimental Methods

Silicon dioxide membranes (SiO,) were purchased from AppNano. Silicon
dioxide membranes were 200 nm thick on a 300 um thick silicon substrate. The silicon
substrate was etched by AppNano to create a 20 um x 20 pm window of suspended SiO;
membrane that expanded to 450 pm x 450 um opening on the backside of the silicon (Fig
6.1 A). Single layer CVD graphene deposited on 20 um thick Cu foil 2°° x 2’ was
obtained from Graphene Supermarket. A Quanta™ 3D FEG focused ion beam (FIB) was
used to drill through the SiO, suspended membrane (Calit2 Microscopy Center, UC
Irvine). Either iron(Ill) chloride hexahydrate (FeCl3 « 6H20) > 98% solution (Sigma
Aldrich) or Copper Etch APS-100 (Transene Co.) was used to dissolve the Cu substrate
of the graphene. Atomic layer deposition (ALD) of 5 nm of Al,O3; was performed using a
GEMSTAR™ Benchtop Atomic Layer Deposition (ALD) Process System (Wanunu
Nanoscale Biophysics lab, Northeastern University) or the Beneq TFS200 Atomic Layer
Deposition (Nano3 Facility, UCSD). A transmission electron microscope (JEOL 2010,
Japan) from the Nanomaterials Instrumentation Facility at Northeastern University was
used for drilling through graphene/Al,O; membrane layer. AFM imaging was completed
using a Bruker Multimode Nanoscope IV system with silicon nitride cantilevers
(k=10.08N/m) and silicon cantilevers (k=3.0N/m). Conductance measurements were
completed using an in-house designed (Brian Meckes, Lal Lab, UCSD) and fabricated

(Machine Shop UC San Diego) double chamber cup system (Fig 6.1 B), AFM liquid cell,
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Ag/AgCl wire electrodes, 1 M KCIl as the electrolyte solution, a Dagon 3900A
patchclamp amplifier (Dagon Corporation Minneapolis, MN), and Nanoscope IV
software. Ecoflex® Supersoft 5 silicone cured rubber was used as an insulating sealant of
the nanopore sample in the double chamber cup. Membranes containing Cx26-V5-Hise
hemichannels were purified from baculovirus infected Sf9 insect cells as described by
Ambrosi et al.[51] A 0.1 M Zn(NOs), solution was used for blocking of the SF9
channels. 1,2-diphytanoyl-sn-glycero-3-phosphocholine lipids were purchased from
Avanti Polar Lipids (Alabaster, AL).

The fabrication process of the nanopore support system is described in detail in
Chapter 5 (see Fig. 5.1). Briefly, a layer of graphene is deposited over a I um hole in a
200 nm thick membrane of silicon dioxide. 5 nm of Al,O;is deposited on the graphene by
atomic layer deposition. A nanopore (~20 nm) is drilled through the graphene/Al,O, by
transmission electron microscopy (Fig. 6.1A). This nanopore sample is set into the
double chamber cup (Fig. 6.1B), sealed with Ecoflex® Supersoft 5 silicone cured rubber,
and filled with buffer solution. Purified Sf9 membrane preparations were deposited in a
HEPES buffer (pH 7.4, 10 mM) with serine protease inhibitors (PMSF 1mM) directly on
the solid state membrane surface.[51]

Sf9 plaques were deposited on the nanopore surface mounted in the double
chamber cup and allowed to settle for 45 min to 1 h. For Sf9 membrane deposition, 30 uL
of pretreatment solution was first deposited followed by 10 pL of the plaque containing
solution. The droplet of solution was rinsed by gentle solution replacement with the 1M

KClI buffer. The double chamber cup was set on the scanner head of the AFM. The area
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containing the nanopore, a 20 um x 20 um area of 200 nm thick SiO, (see Chap. 4 Fig 4.4
A), was aligned under the cantilever tip in an optical system.

Conductance levels of the hemichannels were recorded using a National
Instruments DAC with a custom LabView 8.0 program and the Dagon amplifier under
applied voltages of £ 50 mV. 4 pL of 0.1 M Zn(NOs), was added during live conductance
recording to block the channel activity. When blockage was achieved, the AFM was
engaged and, in contact mode, the area of the 1 um hole covered with plaques was
imaged. Force dissection of the plaques was performed while simultaneous conductance

recordings were taken.

6.4 Results

6.4.1 Suspended Sf9 Plaque Shows Conductance and Zn®" Sensitivity

Over a Solid State Pore

S19 plaques containing Cx26 channels were deposited on a substrate containing a
I um pore (Fig. 6.2 A). The current across the pore, free of plaque, in 1 M KCl saturated
when ramped over 100 mV (Fig 6.2 B). The exact conductance could not be determined
because the recording system immediately reached its maximum measurable current.
Conductance of the pore after Sf9 with Cx26 deposition was measured at 300 pA and

—800 pA under applied voltage of 50 mV and -50 mV respectively (Fig 6.3 A, B). With
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no applied voltage, zero current was observed (data not shown). The conductance value
of the ensemble of Cx26 channels in the plaque over the pore was dependent on voltage
bias. The conductance of the plaque was measured at 6 nS and 16 nS under applied
voltage biases of +50 mV and -50 mV respectively. These values were stable over several
minutes.

4 uL of 0.1 M Zn(NOs), was added through an open port in the liquid cell during
live recording to test the inhibition of active Cx26 channels. After several minutes, the
current jumped to O pA and remained stable across + 50 mV bias potential for the

duration of the experiment (Fig. 6.3 C).

6.4.2 Simultaneous AFM Imaging and Sf9 Plaque Activity

The activity of the suspended Sf9 plaques containing Cx26 in the presence of Zn**
remained stable at O pA while engaging the AFM and throughout imaging in normal
contact mode. The interaction force of the AFM can be minimized such that it does not
interfere with the activity or structure of membrane proteins. The AFM images in Fig.
6.4, of the suspended plaque over the 1 um pore show complete coverage. Fig. 6.4 C
shows the surface of the plaque at higher resolution and displays no indication of gaps in
the plaque suggesting activity readings are likely due to Cx26 hemichannels, not defects
in the coverage of the pore. Individual Cx26 channels were not resolved in this image.

To remove the Zn** from the Cx26 channels, buffer solution was exchanged

several times through an open port on the AFM liquid cell. Several minutes after the
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solution exchange the current value jumped to -2000 pA (Fig. 6.5 A). Possible reasons
for this jump in current may include: the exchange of solution “reopened” the Cx26
channels to conducting ions, cleared stacked plaques, partially damaged the plaque
coverage of the pore, or a combination of these. AFM images shown in Fig 6.5 B and C,
obtained after the solution exchange show no observable change in the pore coverage of

the plaque from Fig 6.4, suggesting no significant damage occurred.

6.4.3 A Solid State Pore Can be Cleared by Force Dissection of Sf9

Plaque

Large contact forces were applied via AFM imaging while continuing to
simultaneously record the ionic activity of the hemichannel ensemble (Fig. 6.5 A, C)).
The plaques were completely removed from the pore area by force dissection (Fig 6.5 A,
C), during which time the current value recorded increased from -2000 pA to saturation
at -9000 pA under a voltage bias of -50mV (Fig 6.5 A). This jump indicates a loss in
channel conductance activity, returning instead to the open pore saturation observed
before membrane deposition. After force dissection, the removal of the plaques is clearly
visible as a smooth, cleaned square area around the pore as shown in in Fig 6.5 C. This
clearing of the plaque and current saturation is an indication of destruction of the plaque
covering the pore. The deposited plaque had a height of 6.3 nm, measured at the edge of

the dissected area, as shown in Fig. 6.6 A. This height is comparable to a single Sf9
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plaque with Cx26 hemichannels imaged on mica, shown in a sectioned height profile in

Fig. 6.6 B.

6.5 Discussion

We have developed an integrated AFM system to simultaneously image
membranes and membrane proteins while measuring their activity, through electrical
recording. The functionality and design of the system is described elsewhere (see Chapter
5). The practicality and benefit of this system was demonstrated using Sf9 plaques
containing Cx26 as model membranes over a defined pore substrate.

Mutations of Cx26, encoded by the GJB2 gene, is linked to hearing impairment,
deafness, and for some mutations hyperkerototic skin disorders.[52], [53] Understanding
the activity and function of the Cx26 hemichannel and gap junction is essential to the
treatment of these disorders. The conductance of Cx26 has been widely reported from
patch clamp studies of devitellinized oocytes.[54]-[57] One study of Cx26 conductance
has also been reported in a Sf9 system suspended over pores of several microns.[58, p.
34] Despite the extensive studies of Cx26, and related hemichannels, the activity and
validity of many of these studies is debated.[36], [59]-[62] We choose the Sf9 with Cx26
system as a model membrane in our integrated AFM due to the structural integrity of the
Sf9 membranes and the importance of relating Cx26 structure to activity.

The reported electrical activity, observed in patch clamp techniques and BLM-

like setups, is inherently devoid of all pertinent information since these are structurally
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blind techniques. Only in analysis are these results linked to conformational data gathered
separately via AFM, EM, X-ray crystallography, or NMR. By pairing the imaging
capabilities of AFM to find the structure of individual hemichannels or other membrane
proteins and recording their conductance, a more accurate single channel conductance
value may be obtained. The current values observed in this study are a collective value of
the activity of many Cx26 active channels across the pore area. We showed that Sf9
plaques can be imaged by an AFM tip across the pore without disruption to the observed
activity or plaque coverage (Fig. 6.3 and Fig. 6.4). Additionally, we confirmed the
presence of suspended plaques across the electrical recording path. The small scan sizes
(300 nm) and repeated imaging of the suspended plaques (Fig 6.4 C) suggest high
resolution imaging of individual channels is possible. The images of complete plaques
across the pore area imply current values are a result of hemichannels not leakage
through incomplete plaque coverage.

Zinc is utilized in many ion channel studies to test the presence and functioning of
Ca* sensitive ion channels.[63] Ca®* is known to alter the structure and behavior of Cx43
and Cx26.[15], [33], [52], [64] Therefore, to induce a measurable activity or structural
change Zn** was added to the conducting hemichannel system. The conductance changes
of the Sf9 plaques in response to addition and removal of Zn** ions was consistent with
the expected behavior of ion channels sensitive to Zn** blocking. In the Sf9 system used
here, ion channels other than Cx26 may also be present and contributing to this behavior.
The system does not distinguish between conductance due to Cx26 and conductance due
to other channels. Regardless, the drop of current to zero upon addition of Zn** and the

reoccurrence of conductance activity after the solution exchange, removing Zn** ions,
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supports the conclusion that functional channel measurements are obtained in our
integrated system. The removal of the plaque by force dissection and subsequent loss of
activity further suggests the plaque had sealed the pore.

The differences of conductance values of the Cx26 channels as reported here
under positive and negative biases is likely the result of a preferential orientation of the
hemichannels.[54] The hemichannels within a single plaque have one orientation,
however plaque orientation upon deposition likely varies. The Cx26 is more sensitive to
negative voltage bias. The conductance of a single Cx26 hemichannel, although debated,
has been reported in the range of 370 pS.[54] Assuming this value for a single open
hemichannel (half a gap junction), we deduce an average 59 open and functioning
channels in the pore area at -50 mV. Hemichannels have been reported to occupy <1% of
the cell surface of hepatocytes.[65] Therefore, the maximum number of hemichannels in
the pore area is 4000, assuming the hemichannels are in an ordered lattice with d=90 A
and the plaque is perfectly stretched flat across the pore.[64]-[66] However, in this
system, plaques were deposited in a large concentration and left to settle for 45 mins,
likely allowing multiple layers of plaque to build up across the pore. Only the areas with
a single layer of plaque bilayer across the pore are likely to contain functional
measureable channels. The AFM image in Fig. 6.5 A shows that the plaque is not
stretched flat across the pore, but rather sags into the pore area as much as 250 nm deep.
This sagging of the plaque likely has a narrowing effect on the area of plaque available
for conducting Cx26 channels. The plaque fragments likely build up along the sides of
the pore, further limiting the number of functional channels. The 59 functional Cx26

with a 90 A lattice constant[65] under -50 mV applied voltage indicates 0.6% of the pore
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area contains channels contributing to the measured conductance. Future investigations
will aim to use the nanopore substrates to minimize sagging of the plaque and use lower
concentrations of plaque fragments to prevent stacking. The aim of this effort will be to
resolve individual channels in the suspended plaque and achieve correlation to channel

distribution and a single open and closed channel conductance value.

6.6 Conclusions

Currently structure and activity of membrane proteins are investigated separately
under varying conditions, risking incomplete or inaccurate corollary results. The system
presented here incorporates a single pore substrate into the AFM interface to localize the
imaging and activity measurement of a model ion channel containing membrane. To date,
the structure of ion channels has not been directly correlated to their activity. Our system
has simultaneously produced AFM images of Sf9 plaques containing Cx26 hemichannels
with real time channel activity across the membrane. This system can further be applied
to study membrane proteins by depositing lipid bilayers across small nanopores. The
precise structure-activity correlation of membrane conducting proteins is essential to
understanding normal biological signaling. Additionally, linking the dysfunctional
activity of toxic channels to their exact structure change will open new research paths for
the understanding of neurodegenerative disorders, addictions, and therapeutic

development and evaluation.
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FIGURE 6.1 (A) Schematic of the design for the double chamber AFM setup for
simultaneous AFM imaging and electrophysiology. The support substrate sample, is
designed to have a ~20 nm nanopore in grapheme coated by in Al,O3; by ALD. The large
pore in the SiO, membrane portion (red) is formed by FIB and base of the sample is Si. A
lipid bilayer with connexin hemichannels or other ion channels is deposited over the pore
area electrically isolating the two chambers. Open channels provide the only path for
ionic conductance across the open pore area. Electrodes in both chambers record this
activity during simultaneous imaging by an AFM tip. The entire sample is emerged in a
buffer of choice. (B) Schematic of the double chamber cup placed on the scanner head of
the AFM. The Si/SiO,/graphene/Al,O3 sample is to be placed in the top chamber and
glued into place, sealing off the liquid above and below the sample.



160

pA

1000 4—w—m—u—m—N—u—n

500/

T T T T
-100 -50 50 100 mV

.y

—u—m—u—N—N—%000 -

FIGURE 6.2 (A) Side view schematic and 3D AFM height image in contact mode in air
of clear open 1 pm pore area. This is the pore prior to plaque deposition. This pore does
not have the graphene/Al,O; membrane present. The pore is clear of contamination or
blockage prior to membrane deposition. Image size = 1.4 um; Height color scale = 324
nm (B) IV curve of the open pore shown in (A). The current is immediately saturated as
expected for a 1 pm pore. The conductance is at least 14890 nS. The exact conductance
could not be determined because the recording system immediately reached its maximum
measurable current.
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FIGURE 6.3 Electrophysiology recording of the Sf9 membrane with Cx26 deposited
over a 1 um pore. (A) A current of 300 pA was observed under a voltage bias of +50 mV
and (B) a current of -800 pA was observed under a voltage bias of -50 mV. (C) Zn>" was
added live through an open port in the AFM liquid cell. After several minutes the current
jumped to O pA (indicated here) and remained stable across + 50 mV bias potential for
several minutes. This inhibition is likely due to Zn*" ions blocking ion channels in the Sf9
membrane, inhibiting conductance activity.



162

FIGURE 6.4 (A) Side view schematic of channel containing plaque deposited over a
pore. This is a representation of the AFM images shown in (B and C). (B) AFM top view
image of 1 um and (C) 300 nm deflection image in contact mode in Tris buffer of Sf9
plaques covering a 1 pm solid state pore. No gaps or holes are observed in either image
and plaque was stable enough to continually image for several minutes. Instability
observed in top left side of (A) was not observed in the corresponding height image, and
is therefore likely due to AFM tip features. Individual Cx26 channels are not resolved.
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FIGURE 6.5 Electrophysiology real time reading with corresponding AFM deflection
images of the pore area before and after the force dissection removal of plaque. (A) Real
time current recording under -50 mV voltage bias before force dissection measured -2000
pA. A schematic of the pore covered by a suspended plaque containing hemichannels is
shown. An AFM image corresponding to this schematic and section of the current record
is shown in (B). In real time, force dissection was then applied to the pore area. During
this force dissection the recorded current dropped to -9000 pA. After the force dissection
and current drop the AFM image of the pore area in (C) was taken. Image (C) shows the
pore area has been cleared of the plaque, as shown in the side view schematic in the drop
in current.
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FIGURE 6.6 (A) AFM height image of the pore area after force dissection of the pore
area has cleared the pore. The blue box highlights an edge of the plaque that has been
cleared. (B) AFM 3D height profile of the blue box highlighted in (A). The height of the
single layer edge is 6.3 nm which is comparative to the height of a single Sf9 plaque.
Image size is 800 nm x 733 nm. (C) Representative AFM height image of a Sf9 plaque on
mica sectioned at the white line and height profile shown below. The height between the
two blue arrows, measuring the height difference from the mica surface to the plaque is
6.5 nm. The heights in (B) and (C) are comparative further confirming the cleared away
mass was Sf9 plaques.
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A D-AB,_4, Conformer 1 with Ser26-1le31 turn

Supplementary Figure A.1 Monomer conformations (left) and the initial barrel
structures of MD simulations in ribbon (middle) and surface (right) representations of all
D-amino acids AB1-42 peptides with different turn at (A) Ser26-1le31 (conformer 1) and
(B) at Asp23-Gly 29 (conformer 2). In the peptide ribbon, hydrophobic residues are
shown in white, polar and Gly residues are shown in green, positively charged residues
are shown in blue, and negatively charged residues are shown in red. In the surface
representation for the barrels, the front part of the barrels in the lateral view has been
removed to allow a view of the pore, and the peptide ribbons are embedded on the cross-
section.
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Supplementary Figure A.2 Time series of averaged peptide interaction energy with

DOPS and POPE lipids for the conformer 1 (red line) and 2 (yellow line) D-AB1-42
barrels, and the conformer 1 (green line) and 2 (blue line) L-AP1-42 barrels.
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Supplementary Figure A.3 Peptide averaged root-mean-squared deviation,
<RMSD>peptide, from the starting point for Ca atoms of the peptides for the (A)
conformer 1 and (B) 2 D-AB1-42 barrels, and the (C) conformer 1 and (D) 2 L-AB1-42
barrels. The RMSD was calculated separately for the peptide by dividing into four
domains; the N-terminal, pore stand, turn, and C-terminal portions.
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Supplementary Figure A.4 Examples of parameters to define the subunits for the
conformer 1 D-AP;.4; barrel: (A) Percent of B-sheet content based on the intermolecular
backbone hydrogen bonds (H-bonds), (B) the p-strand order parameter using

N 2
Sy = %Z(%), where 0, i1s the angle between the positional vectors
=1

connecting two C, atoms and N is the total number of vector pairs, and (C) the
description of secondary structure by STRIDE (Frishman, D. and Argos, P. 1995.
Proteins 23:566). The B-sheet content and the B-strand order parameter are calculated for
the pore (blue circles & area) and C-terminal (yellow circles & and green area) strands
separately as a function of the peptide number. The secondary structure by STRIDE was
calculated for the averaged structure.
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Supplementary Figure B.1 AFM unprocessed (A) height and (B) amplitude images for
F19P, and (D) height and (E) amplitude images for F20C mutants incorporated in DOPC
bilayers on mica. Height and amplitude images were acquired simultaneously and
optimized for the amplitude signal, causing streaking in the height images. (C) F19P and
(F) F20C show isolated individual pores from amplitude images for comparison. To only
(C) and (F) images, a Gaussian low pass of 4 nm once in the x-direction and once in the
y-direction was applied for noise removal. F20C pore structures were seen more clearly
after minimal noise filtering of the amplitude image (Fig. 2). The scale bar for is 50 nm
for (A), (B), (D), (E) images. The color scale bar for (A) is 7 nm and for (D) is 5 nm.
Image sizes in (C) are: 17.46, 13.15, and 14.54 nm. Image sizes in (F) are: 14.00, 11.02,
12.5 nm.



Supplementary Table B.1 The table displays the distribution of multimeric
pores measured for wildtype AP1-42, F19P-AB1-42, and F20C-AB1-42. There
was not a very large variation in distribution for the F19P mutant or the F20C
mutant from the wildtype. The most common pores seen for all peptides were
tetramers and pentamers for this sample size. The least common pores seen in

this sample set were trimers and hexamers (n=16 for each peptide type).

Number of Subunits

Trimer | Tetramer | Pentamer | Hexamer
2 [ wildtype AB 1 5 6 4
=
3 F19P- AB 3 6 5 2
<1
& F20C- AB 3 6 6 1
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Supplementary Figure B.2 Time series of averaged interaction energy of the U-shaped
portion of the peptide with DOPS and POPE lipids for the (A) conformer 1 and (B) 2
APB1-42 barrels.





