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ABSTRACT OF THE DISSERTATION

AFM-based Enabling Nanotechnology for Membrane-Protein Interface and Their
Application to Alzheimer’s Disease.

by

Joon Lee

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2017

Ratneshwar Lal, Chair

Alzheimers disease (AD) is the most common type of dementia affecting more than
44 million patients in worldwide. AD accounts for 60 to 80 percent of dementia cases. AD is
characterized by the progressive loss of memory and cognition. The pathological hallmark of
AD is the deposition of fibrillar amyloid plaques in the brains of AD patients. Amyloid beta
(AP) proteins, the major constituents of these plaques, are derived by enzymatic cleavage
from the transmembrane amyloid precursor protein (APP). Although accumulation of AP
plaques in AD brains was believed to be directly correlated to the disease, increasing

evidence indicates that small AP oligomers are the main toxic species. However, the
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exact disease mechanism has not yet been fully elucidated. A prevailing mechanism
of AD pathology postulates that AP oligomers negatively affect neuronal function and
survival by forming ion permeable pores, resulting in the destabilization of cell ionic
homeostasis. This dissertation investigates the structures and ion conducting properties of
AP oligomers in lipid membranes as well as develops new techniques that can be applied
to elucidate the mechanism of unknown disease pathologies. In chapter 2, I present the
biophysical characterizations of two most abundant AP proteins (ABi_4> and AB,£3-42)
in lipid membranes using AFM and Black Lipid Membrane (BLM) techniques to give
insight toward finding the disease mechanisms. In chapter 3, I show the structures and ion
conducting properties of ABj_42 and AB17_42 (or p3) in membranes comprised of natural
brain total lipid extract and compare the results from other model lipid membranes. In
chapter 4, I show the effect of an AD therapeutic candidate molecule on A structures and
ion conducting activities. In chapter 5, I show the development of new technique called
Nanofiber optical force transducer. This new technique can measure sub pN force from
living organisms. This multiscale study of structure-function relationship in AP proteins
provides insight into AD mechanism and specific targets for the development of therapeutic

strategies for the treatment AD.
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Chapter 1

Introduction

1.1 What is Alzheimer’s disease?

Alzheimer’s disease (AD) is the most common type of dementia and it is found
primarily in elderly individuals over 65 years of age. AD is a devastating neurodegenerative
disease with a progression that develops over a long course of time prior to the emergence of
obvious clinical symptoms. The most commonly associated symptoms of AD are difficulty
in remembering things and cognitive impairment. Clinically, AD is diagnosed by progressive
cognitive and memory deficit which results from fewer synapses and neurons, as well asa
decrease in brain volume.[1] In addition, two types of plaques are found in postmortem
autopsy of AD brains: amyloid plaques and neurofibrillary tangles. Identification of these
plaques in the brain was first reported by Dr. Alois Alzheimer in 1901. Later the main
constituents of the amyloid plaques and neurofibrillary tangles were found to be amyloid
beta (AP) proteins and tau proteins, respectively.[2, 3]

AD is ranked as the sixth leading cause of death in United States and, as of 2013,

one of top 5 leading cause of death in many countries around the world.[4] An estimated 5.3



million Americans suffer from AD and more than 96% of them are older than 65 years. In
contrast to nearly all other major causes of death in the United States, the prevalence of AD
continues to rise at an alarming rate. Between 2000 and 2010 (Figure 1.1), deaths resulting
from heart disease, stroke and prostate cancer decreased 14%, 23%, and 11% respectively,
while deaths from AD increased 71%.[5] Since age is the single greatest risk factor for AD,
and human life span continues to extend with advances in modern medicine, this type of
disease is expected to become even more prevalent. Recent estimates predict that AD will
soon be the third leading cause of death for older people, following heart disease and cancer.
By 2050, the number of AD patients is projected to grow nearly 10 million.[5]

The social impact of AD, as well as economic burden to society, are also significant.
In 2015, more than 15 million family members and unpaid caregivers provided an estimated
18.1 billion hours of care to people with AD and other dementias, a contribution valued at

more than $221 billion.[5]

1.2 Major hypothesis

Numerous research groups and pharmaceutical companies have tried to elucidate the
cause of AD pathology, yet there is no clear understanding of the ultimate cause of AD. The
exact identity of the toxic species and the mechanisms by which they act remain unsolved.
Over time, two major hypotheses have emerged to explain the AD mechanism: the amyloid
hypothesis and the tau hypothesis.

The amyloid hypothesis states that the deposition of A amyloid in the brain causes
a cascade of harmful events that lead to progressive symptoms of AD.[6, 7] It was originally
believed that amyloid plaques cause the disease by damaging neurons and blocking synapse

signaling between neurons. Many studies focused on the amyloid plaques as a main toxic



component and specifically on the toxicity of amyloid fibrils. However, amyloid plaques do
not always correlate in number, or spatial distribution with neurodegeneration or clinical
dementia.[8] For example, amyloid plaques are often found at a distance from sites of neuron
loss. Cognitively normal individuals, with no symptom of AD, have also shown deposition
of amyloid plaques in postmortem analysis.

The amyloid plaques are mainly composed of AP proteins has 40-42 amino acids
and high propensity for self-aggregation. Small A oligomers are formed during the initial
stages of the aggregation process. These small oligomers further aggregate to form fibrils,
and eventually amyloid plauges. The small oligomers were found to cause synaptic loss in
neuronal cells.[9] Over the years a multitude of evidence has suggested that amyloid plaques
or amyloid fibrils are not the main toxic constituent but it is the small A oligomers that are
most toxic to neurons.[9, 10, 11]

In contrast to the amyloid hypothesis, the tau hypothesis states that tau protein is
the primary cause of AD instead of AP protein.[12] Tau protein is mainly located in the
axonal compartment of neurons and is known to stabilize microtubule structures. By a still
unknown trigger and mechanism, tau proteins become hyper-phosphorylated. When the tau
protein is phosphorylated, the protein detaches from the microtubule and starts to aggregate

resulting in the neurofibrillary tangles.[13] These tangles then cause the neurodysfunction.

1.3 Ion channel hypothesis

The ion channel hypothesis builds upon the central premise of the amyloid hypothe-
sis and states that AP oligomers form ion channels in neuronal membranes which disturb
the ionic homeostasis in neurons. Loss of ionic balance leads to neurotoxicity and results in

AD. Although it is not clear how A protein induces neuronal loss and tangle formation,



the protein is known to disrupt calcium homeostasis and increase intraneuronal calcium
concentrations.[7] Arispe et al. reported that AP proteins form cation-selective ion chan-
nels in black lipid membranes (BLM) in electrophysiological studies in 1993.[14] Unlike
conventional ion channel proteins, AP ion channels show heterogeneous ion conducting
activities in BLM with multiple conductance levels. It was also reported that AP induces
ion flux in cellular membranes including liposomes, neurons, oocyctes, and endothelial
cells.[15] This ion conducting activity could be blocked by Zn’>* and Congo red.[16] These
reports support the hypothesis that AB forms ion channels in biological membranes. In
addition to the electrophysiology data, pore-like structures of AP oligomers were seen by
using atomic force microscopy (AFM) and electron microscopy (EM). The first AFM study
reported channel-like structures of AP oligomers consist of tetra to hexameric subunits with
outer diameter of 8-12 nm in Asolection lipid membranes.[17] EM images of A oligomers
isolated from AD patients show annular structures of AP oligomers with variable diameters
of 6-9 nm in outer diameter.[18] Molecular dynamic (MD) simulation also supports the for-
mation of AP ion channels. Jang et al. demonstrated the stable AP pores consisting B-barrel
structures in lipid membranes. The studies show that the pore structure contains 16 to 24 AP

monomers and the dimensions are in good agreement with experimental results.[19, 20, 21]

1.4 Other hypotheses

Besides all the hypotheses mentioned above, many other mechanisms explaining the
toxic behavior of AP proteins in neuronal cell membranes have been proposed. One of them
is that AP proteins disrupt cell membrane by thinning the membrane and induce non-specific
leakage of ions rather than formation of A ion channels.[22] The study pointed out that the

area compressibility of the lipid has a large effect in planar lipid membrane experiments



and showed that membranes formed by using decane as solvent didn’t show leakage current.
Other researchers proposed that AP protein induces reactive oxidative stress in neurons and

results in cytoskeleton disruption.[23]

1.5 Production and molecular properties of Amyloid 3

AP protein consists of up to 42 amino acid residues and is produced by sequential
cleavage of a transmembrane protein called amyloid precursor protein (APP) by multiple
enzymes. (Figure 2) In the amyloidogenic pathway, AB;_4 /42 protein is produced via
cleavage of APP by - and y- secretases. In the nonamyloidogenic pathyway, other enzymes
such as ’- or o~ secretase in combination with y-secretase produce shorter AP peptides,
ABii_40 /42 OF AB17_40 /42-[24] As shown in Figure 2, the charged amino acid residues are
mostly located near the N terminal region whereas the hydrophobic amino acid residues are
located in the C terminal region. For example, AP _4> has 6 negatively charged residues, 6
positively charged residues, and 20 hydrophobic residues.[25] Due to this unique sequence,

AB monomers tend to self-assemble and aggregate with each other to form fibrilar structures.

1.6 Atomic Force Microscopy

Atomic force microscopy (AFM) is one of the most versatile and powerful mi-
croscopy technologies for studying samples at nanoscale. AFM can image three dimensional
topography with sub-nanometer height information as well as measure functionality of vari-
ous samples. AFM is especially useful for studying biosamples in physiological conditions.
AFM was invented by Gerd Binnig, a German physicist, shortly after he was awarded the

1986 Nobel Prize in Physics for the design of the scanning tunneling microscope (STM).[26]



AFM is a type of scanning probe microscopy (SPM) that raster scans a sample using a
sharp tip located on the end of the cantilever. One analogy of AFM scanning would be
touching a sample using a fingertip. The radius of an AFM tip can be as small as 1 nm. AFM
cantilevers are typically made of flexible silicon nitride with spring constant as low as 0.01
N/m. AFM makes use of the interaction force between a tip and a sample. When the AFM
tip is approaching a sample surface, attraction forces appear due to the long range Van der
Waals force. When the distance between the tip and the sample surface become very close,
repulsive force starts to dominate. This interaction potential can be simply described by
the Lennard-Jones potential which includes both attractive and repulsive forces (Figure 3).
Depending on the interaction forces, AFM cantilever experiences deflection. This deflection
can be monitored by using a laser beam that reflects from the cantilever to a quadruple
photodetector (Figure 4). Thus by using a Hooke’s law, F= -kex, force can be calculated
where F is the applied force, k is the spring constant of the cantilever, and x is the deflection
of the cantilever in distance. During AFM imaging, the deflection of the cantilever, and thus
the force between a tip and a sample, is maintained constant. The deflection of the cantilever
due to the changes in either force or height is measured by monitoring the position of the
laser light in the quadruple detector and further goes through a feedback loop to adjust the
force or height. The first AFM showed a lateral resolution of 30 A and a vertical resolution
less than 1 A.[26]

There are many advantages of AFM when compared with other imaging techniques.
A significant advantage of AFM over optical microscopy techniques is its high spatial
resolution that is not limited by the diffraction limit of the wavelength of light. The
diffraction limit (d) can be simply calculated by the equation, d = A / 2enesin® where A is

the wavelength of light, n is the refractive index of the medium and 0 is the half angle of the



two discernible spots. When using 500 nm visible light (typically ranges from 400 ~ 700
nm), the diffraction limit is ~250 nm. This means that the light cannot resolve a sample
smaller than 250 nm. However, it should be noted that recent emergence of super resolution
microscopy greatly improved the spatial resolution beyond the diffraction limit. Unlike
optical microscopy techniques, AFM uses a physical interaction between a tip and a sample.
The spatial resolution of AFM is typically in the ~1 nanometer range, easily exceeding the
diffraction limit.[27]

Another great advantage of AFM is that there is no sample preparation requirement.
For instance, electron microscopy requires conductive coating unless the sample itself is
conductive. Fluorescence microscopy requires samples to be fluorescently labeled. All of
these requirements may alter the native structures of the samples. AFM can image samples
in their native conditions. This advantage is ideal for imaging biological samples as AFM
offers imaging these samples in their physiological environments whether it is in air or in
fluid.[28, 29, 30]

In addition to the advanced imaging capability of AFM, the technique offers ad-
ditional functionality that is useful in the field of nanobiotechnology. AFM probes can
be utilized as a nanoscale manipulator that can manipulate a sample surface or chemical
functional groups. Using this nano-manipulator, the mechanisms of molecular recognition
and protein folding, the local elasticity, chemical groups and dynamics of receptor-ligand
interactions in live cells can be studied. AFM cantilever can also be utilized as a sensor that
detects bioanalytes using the sensitive deflection of the cantilever.[31]

Despite the advantages, there are a few challenges in using AFM. First, AFM imaging
is relatively slower than optical microscopy techniques because of its innate reliance on raster

scanning. Thus, imaging a large sample area can be very time consuming. However, the



speed of AFM imaging has been much improved and it can now achieve tens of frames per
second when scan size is in a few hundred nanometer range.[32, 33] Second, since AFM uses
a tip for imaging samples, the quality of AFM image is dependent on the quality of the tip.
AFM tips may pick up small particles during the imaging process and this may result artifacts
that could easily misrepresent the native structures of the sample. Therefore, interpretation
of AFM images should be carefully done and control measurements are essential. Also, in
order to prevent any physisorption on the tip, chemical functional groups can be introduced

on the AFM that makes the tip either hydrophobic or hydrophilic.[27, 34, 35, 36]

1.7 Black lipid membrane

A cell utilizes ion channel proteins in a membrane to maintain ionic homeostasis.
Across this membrane, an electrical potential difference exists between the intracellular and
extracellular membrane which typically is — 70 mV for neurons. Black lipid membrane
(BLM) is a model lipid bilayer that mimics the cellular membrane. BLM can be formed
around a micron size aperture as shown in the Figure 5. The size of a micro aperture typically
ranges from 100 ym to 300 um. This aperture is located in the center of a partition, made
from a hydrophobic material such as Teflon, which divides two liquid filled chambers. An
electrode is placed in each chamber and an electrical potential can be applied. BLM can be
formed in various manners. One method, the “painting” method, utilizes lipids dissolved in
an organic solvent which are painted near the micro pore using a brush, syringe, or glass
pipette. When the bilayer is formed, the electrical current that could flow through the micro
pore is blocked and the two chambers are electrically isolated. Normally, the bilayer has a
large resistance (>G€) and a large capacitance (~ 2 F/cm?). Capacitance (C) is a measure

of how much charge (Q) can be stored on the membrane for a given potential difference (AV)



and is defined as C = Q/AV. C depends on the dielectric constant of the lipid molecule (g),
surface area (A), and thickness (d) of the membrane and it’s defined as C = cegyeA/d where
€p is the electric constant of free space (8.8542 x 10~ 2 Fem™1). Capacitance of a membrane
is an important quantity that determines the stability of the membrane. By measuring the
capacitance of a lipid membrane, we can estimate the thickness of the membrane. An ion
channel protein can be reconstituted in this planar lipid bilayer and the incorporation is
recognized by a flow of ionic currents across the membrane. This is typically observed
as a stepwise deviation from baseline in a current vs. time trace as ions are transported
through the ion channel. The ability of transporting ions through ion channels under an
electrical potential difference can be measured as conductance. Conductance (G) is written
as the reciprocal of resistance (R). Thus by using an Ohm’s law, AV = [eR where AV is the
potential difference, I is the current, and R is the resistance, G can be derived from the slope
of IV curve (I = GeAV).

The greatest advantage of using BLM electrical recording setup is that the setup has
a resolution to measure single ion channel conductivity. Since the BLM setup can measure
currents with pA resolution, study of ion channel activities in various conditions such as pH,

lipid composition, and ionic composition is possible.

1.8 Summary of dissertation

This dissertation consists of two main parts. The first part of the dissertation focuses
on the characterizations of various APs in lipid membranes using AFM and BLM techniques
to give insights toward finding the disease mechanisms of AD. The second part of the
dissertation describes newly developed techniques that can be utilized to study the role

of AP proteins in AD as well as other unanswered biological questions. In chapter 2, I
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show the biophysical characterizations of two most abundant ABs in the brains of AD
patients, ABj_4» and AB,£3_42, in anionic model lipid membranes. In chapter 3, I show
the structures and ion conducting properties of AB;_47 and AB7_42 (or p3) in brain total
lipid extract membranes and compare the results with the other model lipid membranes. In
chapter 4, I show the effect of an AD therapeutic candidate molecule on A structures and
ion conducting activities. In chapter 5, I show the development of new technique, Nanofiber

based optical force transducer, that can measure sub pN force from living organisms.
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Figure 1.4: Schematics of atomic force microscopy. AFM uses a AFM tip attached
at the end of flexible cantilever. Topography of sample can be imaged by raster
scanning the sample using a piezoelectric scanner. Depending on the sample
height, AFM tip experiences either low or high interaction force as the cantilever is
deflected. This interaction force is monitored by a laser aligned on a cantilever and
the deflection of the cantilever is measured using quadruple photodiode. Using a
feedback controller, the interaction force is set to be constant.
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are immersed in each chamber separated by a micron size apeture ( 250 ym).
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Chapter 2

Role of the Fast Kinetics of
Pyroglutamate-Modified Amyloid-3
Oligomers in Membrane Binding and

Membrane Permeability

2.1 Abstract

Membrane permeability to ions and small molecules is believed to be a critical step in
the pathology of Alzheimer’s disease (AD). Interactions of oligomers formed by amyloid-f3
(AP) peptides with the plasma cell membrane are believed to play a fundamental role in
the processes leading to membrane permeability. Among the family of As, pyroglutamate
(pE)-modified AP peptides constitute the most abundant oligomeric species in the brains
of AD patients. Although membrane permeability mechanisms have been studied for

full-length AB;_49 /42 peptides, these have not been sufficiently characterized for the more
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abundant AP ,£3_4> fragment. Here we have compared the adsorbed and membrane inserted
oligomeric species of AB,r3—42 and AP;_speptides. We find lower concentrations and
larger dimensions for both species of membrane-associated AP ,£3_4 oligomers. The larger
dimensions are attributed to the faster self-assembly kinetics of A3 pE3—42 and the lower
concentrations are attributed to weaker interactions with zwitterionic lipid head groups.
While adsorbed oligomers produced little or no significant membrane structural damage,
membrane permeabilization to ionic species is understood in terms of enlarged membrane-
inserted oligomers having the capability to induce increased pore activity. Membrane-
inserted AP ,£3—42 oligomers were also found to modify the mechanical properties of the
membrane. Taken together, our results suggest that membrane-inserted oligomers are the

primary species responsible for membrane permeability.

2.2 Introduction

Amyloid-p (AP) peptides play a fundamental role in Alzheimersdisease (AD).[6, 3]
They are formed by enzymatic cleavage of the amyloid precursor protein (APP).[37] Al-
though amyloid fibrils were originally believed to be the cytotoxic species in AD,[38] the
emphasis has shifted toward smaller oligomers,[39, 40, 2, 41, 42, 19, 43, 18, 17, 44, 45] and
a growing body of evidence indicates that intermediate AP oligomers are the toxic species
while fibrils appear not to be involved in cytotoxicity.[46, 47, 48, 49, 25, 1] Among the fam-
ily of AP peptides, oligomers composed of pyroglutamate (pE)-modified ABs appear to be
intimately involved in AD,[48, 50, 51, 52] as they constitute the most abundant oligomeric
species in the brains of AD patients, but their amount is significantly smaller in brains of
age-matched individuals with normal cognition.[48, 50, 51, 52] One of the most abundant

species, the AB,£3_4> fragment, is generated by cleavage of the first two amino acids at the
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N-terminus of AB;_42, leaving a glutamate (E) residue in position 3. The pyroglutamate
(pE) residue is subsequently generated by intramolecular dehydration.[48, 52] Self-assembly
of AP peptides into polymorphic structures and their binding to lipid membranes are key
processes in the pathogenesis of AD.[47, 53, 54, 55, 56] Although the exact molecular
mechanisms of cell dysfunction are insufficiently understood, they involve the interaction of
oligomeric species with the plasma cell membrane.[47, 53, 54, 57, 58, 59] Depending on
lipid composition, membranes can promote the conformational changes of APs that lead to
the formation of toxic B-sheet structures and serve as nucleation sites for faster self-assembly.
In addition, ganglioside-containing membranes have been found to play a role in altering the
aggregation pathways of AB.[60] On the other hand, A oligomers can induce permeabiliza-
tion of the membrane to unregulated passage of small molecules and ions.[3, 47, 54, 61, 62]
Potential mechanisms of membrane permeabilization include carpeting, pore formation,
and the detergent effect.[47, 61, 62, 63, 64] Also, recent solid state nuclear magnetic reso-
nance (NMR) studies of AP and the islet amyloid polypeptide (IAPP) peptides have shown
similarities between the modes of membrane permeabilization of these amyloid peptides
and those of the better studied antimicrobial peptides (AMPs).[65, 66] Permeabilization
mechanisms appear not to be mutually exclusive; for instance, pore formation appears to
occur prior to membrane fragmentation.[21] All permeabilization mechanisms ultimately
lead to changes in the cellular ionic concentration, producing a loss of cell homeostasis and
subsequent cell death. These processes have been characterized for full-length AB;_4¢ /425
but similar studies are missing for the AB,r3_4> fragment. AB,£3_4> is more hydrophobic
than AB;_42 because of the loss of negative charges from residues Aspl and Glu3 and the
formation of the lactam ring in the pE residue. This increased hydrophobicity affects the

kinetics of self-assembly, as well as the interactions of the peptide with the membrane lipids.
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Here, we examine different mechanisms of membrane permeability induced by AB,£3-42
peptides. We compare the kinetics of self- assembly for AB,£3_4» and AB;_4» and examine
the relationship between self-assembly and membrane binding. We used a mixture of
phosphoethanolamine (PE) and phosphoserine (PS) lipid headgroups because these are
dominant lipid components in the brains of the elderly,[21] and these levels have been found
to change in AD brains.[67] We find lower concentrations of A3 pE3—42 oligomers adsorbed
on membrane surfaces, likely reflecting the weaker interactions between the more hydropho-
bic AB,£3—42 peptides and the lipid heads. The faster kinetics of AB,£3_4> self-assembly
leads to larger dimensions of the adsorbed Af,£3_42 oligomers. These adsorbed oligomers
produced little or no significant damage to the membrane. Membrane permeabilization to
ionic species was observed as pore activity and can be understood as a result of oligomers

inserted into the membrane.

2.3 Materials and Methods

2.3.1 Peptide Handling

Both AB_4> and AB,g3-_42 with > 90% purity as provided by the manufacturer
(Bachem, Torrance, CA) were first dissolved in 1% ammonium hydroxide until the peptides
were completely dissolved. They were subsequently sonicated for approximately 2 min.
The desired amount of peptide was aliquoted and lyophilized using a lyophilizer (Labconco
FreeZone 2.5 Plus, Kansas City, KS). The aliquots were stored at -80 °C for a maximum
period of 3 months until used. For every experiment, aliquoted peptides were taken from
-80 °C and hydrated in Tris (pH 7.4) or HEPES (pH 7.0) buffer solutions. The peptide

concentration was measured using the 280 nm UV absorbance (€ = 1490 M~ lecm™h).
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2.3.2 Thioflavin-T (ThT) Assays

A stock solution of 500 uM ThT in water was prepared and 2 uL. were added to 100
uL of 10 mM HEPES (20 mM MgCl,, 150 mM NaCl, pH 7.0) buffer in 96-well black-walled
plates (Nuncatom, Denmark) to make 10 uM ThT solutions. For peptides, 20 mM NaOH
was used to dissolve lyophilized aliquot peptides and prevented from aggregation. After
that, the peptide solution was diluted with HEPES to its final peptide concentration in the
plate well and the content of NaOH was maintained less than 10% of total volume. ThT
fluorescence (450 nm excitation, 490 nm emission) was monitored every 5 min at 25 ° C for
the indicated times using a SPECTRAmax Gemini EM fluorescent plate reader (Molecular

Devices, Sunnyvale, CA). The obtained curves were fitted using sigmoidal curve in eq. 2.1

below,[66]
a

F=Fp+——9%
o+ | 4 e k=1172)

2.1)

where t is time, t; /5 is the time to reach half-maximum of ThT fluorescence, Fj is the initial
fluorescence intensity, a is the amplitude of the maximum intensity, and k is the rate constant.

The lag phase time was calculated from the fitting parameters obtained above, using:

2

fag=T/2— ¢ (2.2)

2.3.3 Lipid Bilayer Preparation for AFM Imaging

For liposome preparation, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) lipids were used in a 1:1
ratio (both purchased from Avanti Polar Lipids, Alabaster, Al). Liposomes were prepared by

mixing 20 uL of each lipid (5 mg/mL) dissolved in chloroform and allowed to dry overnight
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in vacuum. The dried lipid film was hydrated with peptide solution to facilitate peptide
incorporation in the lipid bilayer, resulting in proteoliposome formation. For preparation
of control liposomes, 200 uL. of 25 mM Tris buffer (300 mM NaCl, pH 7.4) were used.
The resulting liposome and proteoliposome suspensions were vortexed occasionally for
approximately an hour for better hydration. The large multilamellar vesicles formed with
this procedure were sonicated for 5 min. These suspensions were subsequently extruded
using 100 nm filters to produce small unilamellar vesicles. Supported lipid bilayers were
formed by (proteo)liposome rupture and fusion on the mica substrate.[17, 44, 63, 64, 65, 66]

Lipid concentrations of 0.1~1 mg/mL were deposited on freshly cleaved mica and
incubated for ~10 min on a hot plate above the lipid transition temperature to facilitate
fusion of the ruptured proteoliposomes on the mica surface. As a last step, samples were
rinsed with buffer to remove unruptured proteoliposomes still in solution. For incubation
of AB,r3—42 on preformed lipid bilayer experiments, liposomes were allowed to form
supported lipid bilayers on mica. The formation of bilayer patches was verified by AFM
before incubation in peptide solutions. AB,r3_4> was injected in a buffer solution at the

final concentration of 20 uM for a given time at room temperature.

2.3.4 AFM Imaging

Topographic images were acquired using a Multimode AFM equipped with a
Nanoscope V controller (Bruker, Santa Barbara, CA). Silicon cantilevers with spring con-
stant of 48 N/m (NSC11, JPK) were used for imaging in air using tapping mode. Silicon
Nitride cantilevers with spring constants of 0.08 N/m (OMCL-TR400, Olympus) were
employed for imaging in fluid using tapping mode. Resonance frequencies of ~8 kHz and

drive amplitudes under 100 mV were used.
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The Nanoscope software was used for analyzing imaging data. Particle analysis was
used for measuring the number of membrane-associated oligomers. Section analysis was
used for measuring widths and heights of membrane-associated oligomers. Oligomer widths
were measured as full widths at half the maximum height (FWHM) in section profiles and
these values were corrected to take tip widening effects into account. Based on previous
models,[21, 68, 69] tip widening of the oligomer structures was corrected by modeling the
tip as a sphere of radius, R, imaging a spherical cap of radius, r, protruding a height, h above
the surface of the lipid bilayer (eqgs. 2.3-2.4).

D=24/(rh— ?> (2.3)

x2 —2Rh+ h?
r=——

T (2.4)

where D is the corrected oligomer diameter and w = 2x is the measured width at half-height.
Similarly, tip widening of the adsorbed oligomers was modeled as a spherical tip of radius

R in contact with another sphere of radius r located on a surface.
y=r—R+/(R+r)>—x? (2.5)

where y is the height of the tip above the surface and w = 2x is the measured width at height
y. Because widths were measured at half the measured oligomer height, we set y equal
to r. Origin software (OriginLab Corporation, Northampton, MA) was used to generate

histograms and fitting curves in this and all other sections.
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2.3.5 AFM Force Mapping

For force mapping experiments, the AFM was changed to force volume mode after
imaging an area of interest. Forces of less than 12 nN forces and tip velocities of 800 nm/s
were used. Force curves were acquired point by point in each point of a 32 x 32 array (force
map). Data processing for force mapping data was done by using custom-made MATLAB
(Natick, MA) program. Breakthrough forces were measured with this program by detecting
the force discontinuity during a breakthrough event. When no event was detected, the
breakthrough force was set to zero and no further analysis was performed on that curve.
Statistical distributions of breakthrough forces were fitted with Gaussian functions. All
experiments were performed at room temperature. Actual spring constants were measured

using the thermal tune method before the experiments.[70]

2.3.6 Planar Lipid Bilayer Electrical Recording

For electrical Recording experiments with planar lipid bilayers (known as BLM for
Black Lipid Membranes because they appear “black™ when viewed by reflected light),[71,
72] ABpE3——42 peptides were dissolved in Milli-Q water to a concentration of 1 mg/mL and
subsequently used a single time. Membranes were composed of DOPS and POPE mixtures
(1:1 by weight) in heptane at a total lipid concentration of 20 mg/mL. For membrane
formation, lipid was added directly over a hole (~250 ym diameter) in a Delrin septum
(Warner Instruments, Delrin perfusion cup, volume 1 mL). As electrolyte, we used 150 mM
KCl, 10 mM HEPES (pH 7.4), and 1 mM MgCl,. Before data acquisition, we verified that
the bilayer was stable for several minutes with low conductance (<10 pS) across =100 mV
applied voltage and that the system capacitance was >110 pF. When both criteria were met,

peptide solution was added to one of the compartments of the bilayer chamber (cis side),
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reaching a final concentration of ~ 10 uM. The solution was stirred for 5 min before data
acquisition. Bilayer stability was monitored by periodic capacitance measurements.

All traces were recorded in voltage clamp mode using the 2 kHz built-in filter cutoff
of our BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling frequency of 15
kHz was used for data acquisition. We used a custom-made LabVIEW (National Instruments,
Austin, TX) program to record the current and Clampfit 10.2 (Molecular Devices, Sunnyvale,
CA) to analyze traces. For representation in figures, time traces were filtered with a digital

Gaussian low-pass filter with a cutoff frequency of 50 Hz.

2.4 Results

2.4.1 Kinetics of AB,£3_4> Self-Assembly in Solution.

The ThT fluorescence was used to compare the kinetics of fibril self-assembly for
APB1_42 and AB,£3_42 peptides (Figure 2.1). AB,£3_42 peptides have faster self-assembly
kinetics, indicated by a considerably shorter lag phase and a faster elongation phase (Figure
2.1A). The lag phase for AB,£3—42 becomes visible only at the lower concentrations (Figure
2.1B). Their lag phase times and rate constants using eqs 1 and 2 are as follows: t;,, = 1.14
h and k =0.51 h™! for the 5 uM solution, and tjqe =2.01 hand k = 0.31 h~! for the 2.5 uM
solution. From the fitted curves in Figure 2.1A, we obtained a t;,, of 13.51 h and a k of 0.46
h~! for AB1-_1.

Our results are in good agreement with previous results for AR _40 and AB,£3-40,[73]
although those lag phase times are considerably longer. This is possibly due to the two
additional hydrophobic residues (Ile41 and Ala42) at the C-terminus of the AB;_4; and

AB,E3-42 peptides. AFM was used to characterize the morphology of the self- assembled
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species. Only globular and small linear oligomers were seen in the initial state of the
freshly prepared AB,r3—42 and AB;_4, oligomers (Figure 2.2). While annular AB,£3_42
protofibrils were already seen after incubation for 30 min at room temperature (Figure 2.2A),
globular AP;_4; oligomers were still found even after incubation for 14 h (Figure 2.2B). The
diameters of AB,r3_42 oligomers changed significantly after 0.5 h, whereas the diameters
of AP;_4» oligomers remained approximately constant after 14 h (Table 2.1). The heights
changed by a factor of ~2 for both peptides (Table 2.1). As regions with high concentrations
of AB,E3—42 fibrils were already seen after 48 h (Figure 2.2A), only protofibrils and large
quantities of AB;_47 oligomers were observed (Figure 2.2B). AP _4» fibrils were found only
after incubation for several days. These results correlate well with the ThT data discussed

above (Figure 2.1A).

2.4.2 Membrane-Adsorbed AfB,£3_4, Oligomers

We used AFM to characterize the morphology of A} oligomers adsorbed on anionic
membranes and the loss of membrane integrity induced by these oligomers. We attempted
to monitor the adsorption of AB,£3_4> oligomers when they were allowed to interact with
preformed supported lipid bilayers. We did not observe oligomer adsorption even after
incubation for several hours in the AFM liquid cell. Instead, fibrils were observed on
membrane regions after ex situ incubation for 38 h (Figure 2.3). Significantly, membrane
patches appeared to be intact without a substantial number of adsorbed AB,£3_4> oligomers
or apparent defects in the lipid bilayer. These results suggest weak interactions between
AB,E3—42 oligomers and headgroups in the lipid membrane. In comparison, oligomeric
and fibrillar self-assembled structures of full-length APs were found to form on different

supported membranes.[74, 75, 76, 77, 78]
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To increase the probability of AP peptides interacting with membrane lipids, lipids
were hydrated into liposomes in the presence of peptides, subsequently sonicated together,
and finally extruded to form unilamellar proteoliposomes. Following this method, large
quantities of AB,£3_42 oligomers adsorbed on a seemingly flat membrane were seen (Figure
2.4A). The adsorbed AB,£3—42 oligomers (green circles) have typical diameters in the range
of 30-40 nm and heights of 2-10 nm (Figures 2.4A and 2.5A,C and 2.1). In addition, bilayer
deep (~ 5 nm) gaps separating regions of seemingly intact patches are observed. Smaller
structures (<2 nm in height) are found in these flatter regions, suggesting the presence of
membrane-inserted oligomers.

We compared the density and dimensions of adsorbed AB,£3_4> oligomers with
those of AP;_4; oligomers. The AB;_42 oligomers have higher concen- trations (~200
oligomers/um) and smaller dimensions compared to those of the AB,£3_4> oligomers even
though their heights are similar (Figures 2.4B and 2.5A,C and Table 2.2). In addition, a large
surface density of membrane defects with depths of one bilayer (dark spots) is observed.
At lower peptide:lipid ratios (Figure 2.4C), the number of these defects was no longer
significant and most of the observed structures protruded <2 nm from the bilayer plane,

suggesting a majority of inserted oligomers.

2.4.3 Membrane-Inserted ABpE3_42 Oligomers.

In addition to the adsorbed oligomers discussed above, we observed numerous
smaller structures protruding <2 nm from the membrane plane (red circles in Figures
2.4A,B). These structures are attributed to populations of oligomers inserted into the mem-
brane. Similar to the membrane-adsorbed oligomers, the inserted AB;_4; oligomers have

higher concentrations and smaller dimensions compared to those of the AB,£3_4> oligomers
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(Figures 2.4A,B and 2.5B,D and Table 2.2). Most of these oligomers have a globular ap-
pearance (Figure 2.6A), although a smaller subpopulation of pore-forming oligomers was
also found (inset). Their electrophysiological activity is indicated by discrete features in the
ionic current passing through the lipid membrane (Figure 2.6B), with pore conductances
of <0.7 nS.[79] From these data, the pore diameters can be roughly approximated (Figure
2.6C) using eq. 2.6:[80, 81]

4L /2]

r=ro[l+(1+(—)

o (2.6)

with r is the pore radius, ro = G/46, G is the single-pore conductance, G is the solution
conductivity (~ 1.5 S/m for 150 mM KCl), and L is the pore length (~ 6 nm). After
longer recording times (~ 20 min following the first activity) and in approximately 50% of
our experiments, an exponential-like phase was observed before the saturation current of
the amplifier was reached.[79] We conducted force measurements on membrane patches
with inserted AB,r3—_42 oligomers. We characterized the mechanical properties of these
membranes by measuring the breakthrough force seen in indentation curves. These curves
show that lipid membranes are first deformed elastically by the AFM tip (O-Fp region in
Figure 2.7A). At the critical breakthrough force, marked by a discontinuity in the curve,
the membrane undergoes an irreversible (plastic) deformation. The breakthrough force
has been characterized for different lipid membranes and found to be sensitive to lipid
composition, ionic strength, and temperature.60-69 We measured a value of 1.31 £ 0.22 nN
(mean value =+ the half-width at half-maximum) for the breakthrough force of DOPS/POPE
membranes. Insertion of AB,£3_4> oligomers significantly increased this value by ~40%

(Figure 2.7B-D).
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2.5 Discussion

Using ThT fluorescence, we have found that self-assembly of AB,£3_4> oligomers
into fibrils has faster kinetics than that of AB;_4, (Figure 2.1). During the first phase, the
lag phase, monomers and small oligomers nucleate with very slow kinetics into B-structured
oligomers serving as nucleation seeds. In the second phase, these seeds elongate into
amyloid fibrils at a much faster rate as more peptides are incorporated into the preformed
seeds. Hydrophobic interactions and hydrogen bonding are the driving forces behind the self-
assembly processes leading to amyloid fibril formation.[82] A recent I9F NMR NMR study
has reported multiple oligomeric species in the lag phase, including -helix and reversible 3-
sheet oligomers.[83] In addition, it has been reported that AP _49 adopts a compact, partially
folded structure, forming a 310-helix in the H13-D23 central hydrophobic region,[84] and
that these helical inter- mediates are crucial intermediates in amyloid self-assembly.

Annular protofibrils with polygonal appearances and diameters of 8-25 nm have
been observed by transmission electron microscopy (TEM) for AB;_42 as a product of
their aggregation process.[85] The diameters of the AB,£3_42 annular protofibrils we found
(Figure 2.2A) are significantly larger, ranging from 80 to 200 nm. The shapes we observed
agree with the TEM observations for APB;_47; thus, they cannot be attributed to AFM
imaging artifacts. Although annular protofibrils have been reported for many different
amyloids,[18, 86, 87, 88] their structures, interrelationships, and contribu tions to disease
pathogenesis are not entirely clear.[85]

We have considered mechanisms of membrane permeability and loss of membrane
structural integrity induced by AB,£3_4> oligomers (i) adsorbed on the membrane and (ii)
inserted into the membrane. We observed a higher surface density of adsorbed AB,£3-42

oligomers when they were allowed to interact with lipids during lipid hydration and lipid self-
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assembly into liposomes (method 1) than when the oligomers were injected on preformed
supported bilayers (method 2). This observation suggests that the former oligomers have a
different, more favorable membrane-binding conformation than the latter. The additional
energy necessary for oligomers to acquire this conformation might be provided during the
sonication step in method 1. The higher fluidity of the liposome membrane might also
facilitate rearrangement of the peptide in method 1, compared to the surface-supported
membrane of method 2.

We found significantly larger dimensions and lower densities for membrane-adsorbed
and membrane-inserted AP pE3—42 oligomers than for APBj_4p oligomers (Figures 2.4 and
2.5 and 2.1). The larger size of AB,r3—_4 oligomers is attributed to their faster kinetics
of self-assembly (Figures 2.1 and 2.2). The higher density of Af;_4» oligomers appears
to be counterintuitive because of the repulsion expected between the negatively charged
Aspl and Glu3 residues of ABj_42, with the also negatively charged PS headgroups in
the membrane. However, this higher density of AB;_4, oligomers is under- standable if
we hypothesize that PE-reach domains are induced by AB;_4; oligomers due to attractive
charge-dipole interactions between the negatively charged residues and the zwitterionic PE
headgroups (Figure 2.8), thus leading to formation of PE-rich proteoliposomes during lipid
hydration in our proteoliposome preparation protocol (method 1). In addition, the larger
size of AB,£3—42 oligomers would increase the barrier for membrane insertion leading to
lower densities of inserted AB,£3—_4 oligomers. However, once the peptide is inserted, the
stronger interactions of the more hydrophobic AB,£3—4> with the lipid tails would lead to a
more stable conformation in the hydrophobic lipid core.

We interpret the high level of fragmentation of supported membranes formed from

APB1_4 proteoliposomes (Figure 2.4B) to be due to insufficient vesicle fusion induced by
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the high concentration and steric repulsion of membrane-inserted AP _42 oligomers (Figure
2.8). The larger dimensions of inserted and adsorbed AP ,£3—4> oligomers (Figure 2.5 and
Table 2.2) are attributed to their faster kinetics of self-assembly (Figures 2.1 and 2.2 and
Table 2.1). We believe that even relatively low concentrations of AB,£3_4> oligomers can
produce high cytotoxicity because of higher level of pore formation and higher stability
in the membrane. Our BLM results indicating a larger populations of high-conductance
AB,E3—42 pores as well as our molecular dynamics (MD) simulations indicating a more
stable stable membrane conformation of inserted A,£3—42 pore structures lead to a similar
conclusion.[79]

Among the populations of membrane-inserted oligomers, pore structures are ob-
served less frequently than globular structures, suggesting that the former structures represent
a minority population in the membrane. This is partly due to experimental difficulties in
achieving a sufficiently high resolution by AFM, including the inability of broad tips to
resolve pore features and the potential distortion of pore structures induced by tip-sample
interactions. It should be noted, however, that even small pore populations have the ability
to produce high cytotoxicity. It was estimated that a single pore with a 4 nS conductance
would produce a loss of cell homeostasis in seconds.[89, 90] A group of pores with the
conductances observed in our data (<0.7 nS) would lead to a similar result.

Because of the different sensitivities between AFM imaging and BLM, higher pore
concentrations are required for AFM imaging. For BLM, the opening of a single pore can
produce a detectable increase in the current across the bilayer. As bilayer areas have typical
dimensions of ~104 um?, pore densities of ~ 10~* pores/um?® can be detected by BLM.
However, pore densities of ~102-103 pores/um? are necessary for optimal AFM imaging

(1-10 pores for 100 nm 100 nm imaging areas). Therefore, BLM provides information about
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early stages of pore formation when pore densities are low, while AFM gives information
about later stages when the concentration of membrane-inserted oligomers is higher.

The pore diameters found using eq. 2.6 (Figure 2.5C) are in general smaller than
those predicted in MD simulations and seen by AFM imaging (Table 2.3). The relation
in eq. 2.6 assumes a cylindrical geometry with no charge along the length of the pore,
while AP pores have a charged surface and a nonuniform geometry. As a result, the
relation provides only a very rough estimate of pore diameter that is used as a ballpark
figure. With this in mind, the calculated diameters compare reasonably well with the inner
diameters of AP pores found using MD simulations and AFM imaging (~1.5-2.5 nm). The
structures of these membrane-embedded pores have been well charac- terized by AFM
for full-length ABs,[17, 44, 21] AP _4> point substitutions,[90] AP fragments,[51, 91] and
other amyloidogenic proteins.[44, 92] Here, they were not investigated in detail. The pore
diameters for 18-mers of AB,£3_4> found using atomistic MD simulations were 1.9 and 2.2
nm for two different AP conformers.[79]

We measured a 40% increase in the breakthrough force of membranes allowed
to interact with AB,£3_42 oligomers using method 1 of sample preparation. For these
experiments, we used a 1:10 peptide:lipid ratio. At this ratio, we observed a sizable
population of inserted A ,£3_42 oligomers (Figure 2.6), but not many adsorbed oligomers.
In the presence of the latter population, the mechanical response measured by the tip likely
would have been dominated by the adsorbed oligomers directly under the tip, not by their
influence on the mechanical properties of the membrane. Therefore, our results indicate that
the population of inserted oligomers induces a significant modification of the mechanical
properties of the membrane.

The higher breakthrough force measured for membranes with inserted A PE3—42
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oligomers would suggest (i) the presence of local populations of rigid -sheet oligomers,
leading to increased local stiffness, or (ii) an increased global ordering of the membrane
lipids induced by the AB,£3_4> oligomers, thus leading to a global increase in the stiffness
of the membrane, similar to the modulation of membrane stiffness induced by cholesterol
molecules.[93, 94, 95, 96, 97, 98, 99, 100] From our measurements, we cannot discriminate
which mechanism is predominant. Both stiffer and more flexible membranes could lead
to higher membrane permeability, although by different mechanisms. A membrane hole
would likely heal slower for stiffer membranes, thus enhancing permeability, and a more
flexible hole would decrease the membrane thickness, also leading to increased permeability.
Previous results found the breakthrough force of POPC/POPS membranes to increase
when they were allowed to interact with AB;_49 oligomers and to be dependent on the
aggregation state of the peptide.[101] Significantly, AB;_4» oligomers induced a decrease in
the breakthrough force of supported membranes.[102] Some variability in the results is not
surprising, as the free energy landscape of ABs has been found to be highly dependent on

the exact experimental conditions.[51, 52, §82]

2.6 Conclusion

We have examined the effect of ABpE3,42 oligomers on the ion permeability and
the structural and mechanical properties of anionic lipid membranes. We have found lower
concentrations and larger dimensions for the adsorbed and membrane-inserted AB,£3—42
oligomers compared to those of ABj_4>. The larger sizes of AB,r3_4> oligomers are
attributed to their faster kinetics of self-assembly. The lower concentrations are attributed
to their weaker interactions with the membrane lipids. However, once inserted into the

membrane, these larger AB,£3_42 oligomers induce considerable ion permeability through
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the membrane and are stable in the lipid core of the membrane because of their increased
hydrophobicity. The adsorbed AB,£3_4> oligomers appeared to have little effect on the
structural integrity of the membrane. Membrane permeabilization can be understood more
easily as a result of the membrane oligomers. These oligomers also produced a change in

the mechanical properties of the membrane, suggesting a reordering of membrane structure.
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Figure 2.1: Self-assembly kinetics of APi_4» and AB,r3_42 measured by
thioflavin-T (ThT) fluorescence at 25 °C. The ThT intensity (I) was monitored as
a function of time (t) for (A) AB,£3—42 (black) and AB;_4> (blue) solutions (fitted
curve shown with a solid blue line) with 20 uM concentrations (a.u., arbitrary units)
and (B) 5 uM (dark gray) and 2.5 uM (light gray) solutions of AB,£3_4>. Fitted
curves are shown with black lines. t;,, and k were obtained from the fitted curves
using eqs 1 and 2.

Table 2.1: Heights (h), Widths (W), and Diameters (D) for the globular and annular
oligomers of ABj_4» and AB,£3_4> shown in Figure 2.2 at the indicated times (n
= 28 for all entries)?

ABi_4 ABpE3-42 ABi_4 ABpr3—42
(t=0h)° (t=0h)P (t=14h)® (t=0.5h)°
h (nm) 1.7+0.7 1.1 +£0.6 39+ 1.6 23+09
W (nm) 183+ 4.4 22.1 +6.4 19.0 + 4.4 136.4 + 33.8°
D (nm) 73+3.1 10.1 +£5.0 7.7 +3.1 136.4 +33.8¢

2 The tip widening effect was considered for D using eq 2.5. ° Values are presented as
averages =+ the standard deviation. ¢ The peak-peak distance (not affected by tip widening) was

measured.
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Figure 2.2: AFM images of (A) AB,r3—4> and (B) APj_4» aggregated peptides
after different periods of incubation. Images were acquired in air for samples
deposited on a mica surface. The lateral scale bar is 250 nm for all images and
the vertical color-coded scale is 10 nm everywhere except for the 48 hour images,
where it is 50 nm. A few double tip artifacts along the x-axis can be seen for the
48 hour image in (A).

Table 2.2: Density, np, of membrane-associated oligomers (inserted and adsorbed)
as well as measured widths, diameters and heights of inserted, Wy, Dy, h;, and
adsorbed, Wy, D4 hy of ABi_42 and AB,£3_4> oligomers, respectively.

Peptide | ngp (,um’z) W, mm)* | W4 (nm)? | D; (nm)*? | D4 h; (nm)“ hy (nm)“
(nm)a,b

ABpE3—42| 43 38.19+6.85| 62.16+12.5223.5944.23| 41.11£8.32| 1.38+0.24 | 5.67+1.48

ABi—42 195 22.74+6.74| 33.53+5.73| 13.97+5.72| 23.59+4.23| 1.794+0.44 | 6.204+2.39

“ Values are represented as peak center = HWHM from the Gaussian fitting. ® Diameters

were obtained from the measured widths by taking into account eq. 2.3 for tip deconvolution.
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Figure 2.3: AFM (A) height and (B) amplitude images of AB,£3_4> fibrils formed
on supported DOPS/POPE (1:1) lipid membrane after incubation for 38 hours at
room temperature. Fibril structures on a seemingly membrane intact are observed.

The vertical scale is 25 nm for (A).
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Figure 2.4: AFM images of (A) AB,£r3—42 oligomers and membrane defects in-
duced by the oligomers in a DOPS/POPE (1:1) lipid bilayer. (B) ABj_42 oligomers
adsorbed on a lipid bilayer with the same composition as above. Peptide/lipid mass
ratios are 1:2 in (A)-(B) and 1:10 in (C).
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Figure 2.5: Diameter and height histograms of inserted and adsorbed oligomers
obtained from AFM images similar to Fig. 2.4. (A) Diameter, D, histograms for
membrane-adsorbed oligomers of AB,£3_4> (blue) and AB_42 (black). AB,r3-42
oligomers have a diameter D (AB,£3-42) = 43.774+7.59 nm, while D(AB1_42)
=21.47+7.55 nm for AB;_42 oligomers. (B) Diameter histograms for inserted
oligomers. Inserted AP pE3—42 oligomers (blue) have a diameter D;(AP pE3—42) =
26.00+7.08 nm, whereas D;(AB;_42) = 13.83+4.77 nm for AP;_4> oligomers
(black). Diameters are given as widths of oligomer features at half maximum. (C)
Height, h, histograms for membrane-adsorbed oligomers of AB,£3_4> (blue) and
APBi_42 (black). AB,r3-42 oligomers have a height h4(AB,£3-42) = 5.67£1.48
nm, while ha(AB;_42) = 6.2042.39 nm for AB;_4; oligomers. (D) Height his-
tograms for inserted oligomers of AB,£3_4> (blue) and ABj_4> (black). AB,r3—42
oligomers have a height hj(AB,r3-42) = 1.384+0.24 nm, while h;(ABi_42) =
1.7940.44 nm for AP;_4 oligomers. Histograms were fitted using a Gaussian
function and D and h values are given as peak center value = HWHM of the
distribution. A height of 2 nm was chosen as the boundary between inserted and
adsorbed species. N=20 for all histograms, except N=30 for D;(AB;_42) and
hy(AB1-42).
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Figure 2.6: (A) AFM image of ABPE3,42 oligomers inserted in a DOPS/POPE
(1:1) membrane. A subpopulation of these oligomers forms pore structures. (B)
Electrical recording data demonstrating the activity induced by Af,£3_4> pore-
forming oligomers. (C) Pore diameters estimated from eq. 2.1 for the inter-
val of single pore conductances measured in our experiments (0 - 0.7 nS). (D)
Exponential-like leakage current observed in the late stages of A} pE3—42-induced
membrane permeability stemming from a superposition of discrete activity induced
by AB,E3-42 pore and continuous leakage current induced by globular oligomers.

Table 2.3: Comparison of pore diameters for AB,r3—42, APi—42 and ABi7_42
obtained from eq. 2.3, MD simulations and AFM.

Peptide Pore diameter (nm) Method
Model equation ~ 1.1 Eq. 2.3
ABpE3—42 ~ 2.2 (18-mer, conformer 1) MD [77]
~ 1.9 (18-mer, conformer 2)
AB1_40 ~ 1.0-2.0 AFM [44]
AB1_42 ~ 1.9 (18-mer, conformer 1, D-isomer) MD [64, 103, 88]
~ 2.1 (18-mer, conformer 2, D-isomer)
~ 1.8-2.2 (18-mer, conformer 1, L-isomer)
~ 1.9-2.2 (18-mer, conformer 2, L-isomer)
AB17-42 ~ 1.0-2.0 AFM [89]
~ 1.7 (16-mer channel) MD [89]
~ 0.8, ~ 1.9, ~2.5-2.7 (12-, 20-, 24-mer MD [14, 90]
channels) MD [92]
~ 1.8, ~1.5,~22(12-, 16-, 20-mer barrels)
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Figure 2.7: AFM force measurements demonstrating the effect of membrane-
inserted AB,£3—42 oligomers on the mechanical properties of DOPS/POPE mem-
branes. (A) Indentation curves (only approach is shown) for DOPS/POPE mem-
branes without (black) and with (red) inserted AB,£3_4> oligomers displaying the
breakthrough forces (Fp) and thickness (h) of the membranes. F is force and 0 is
tip-sample separation. (B) Histograms of breakthrough forces show Fpl =1.31 £
0.19 nN for the DOPS/POPE membrane and Fg2=1.83 4+ 0.25 nN for a similar
membrane with inserted AB,£3_42 oligomers. (C) - (D). Force maps of the ana-
lyzed data for (C) the DOPS/POPE membrane and (D) the DOPS/POPE membrane
with inserted AP pE3—42 oligomers. The outline of the membrane patch is seen in
(C). A value of Fp=0 was given to curves that did not show breakthrough forces
outside the membrane. These curves were not analyzed any further.
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Figure 2.8: Schematics of supported membrane (SM) formation via proteolipo-
some (PL) rupture and fusion. (A) ABj_42 proteoliposomes having a very high
concentration of membrane inserted oligomers are not able to form supported
membranes by fusion of ruptured proteoliposomes. (B) AB,£3_42 proteoliposomes
have lower concentrations of inserted oligomers, thus being able to form supported
membranes. The dimensions of the inserted and adsorbed A pE3—42 oligomers are
larger due to faster aggregation kinetics. Attractive interactions between AB;_4;
and PE head groups induce PE-rich proteoliposomes.
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Chapter 3

Amyloid 3 ion channels in a membrane

comprising of brain total lipid extracts

3.1 Abstract

Amyloid B (APB) oligomers are the predominant toxic species in the pathology of
Alzheimer’s disease. The prevailing mechanism for toxicity by AP oligomers includes
ionic homeostasis destabilization in neuronal cells by forming ion channels. These channel
structures have been previously studied in model lipid bilayers. In order to gain further
insight into the interaction of AP oligomers with natural membrane compositions, we have
examined the structures and conductivities of AP oligomers in a membrane composed of
brain total lipid extract (BTLE). We utilized two complementary techniques: atomic force
microscopy (AFM) and black lipid membrane (BLM) electrical recording. Our results
indicate that AB;_4o forms ion channel structures in BTLE membranes, accompanied by
a heterogeneous population of ionic current fluctuations. Notably, the observed current

events generated by AP;_42 peptides in BTLE membranes possess different characteristics
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compared to current events generated by the presence of ABj_42 in model membranes
comprised of a 1:1 mixture of DOPS and POPE lipids. Oligomers of the truncated AP
fragment APB17_42 (p3) exhibited similar ion conductivity behavior as AB;_4> in BTLE
membranes. However, the observed macroscopic ion flux across the BTLE membranes
induced by ABj_42 pores was larger than for p3 pores. Our analysis of structure and
conductance of oligomeric AP pores in a natural lipid membrane closely mimics the in vivo
cellular environment suggesting that AP pores could potentially accelerate the loss of ionic
homeostasis and cellular abnormalities. Hence, these pore structures may serve as a target

for drug development and therapeutic strategies for AD treatment.

3.2 Introduction

Alzheimer’s disease (AD) is one of the most devastating neurodegenerative diseases.
It is characterized by the progressive loss of memory and cognition. One of the patho-
logical hallmarks of AD is the deposition of fibrillar amyloid plaques in the brains of AD
patients.[104] Amyloid beta (AB) peptides, the major constituents of these plaques, are
derived by enzymatic cleavage from the transmembrane amyloid precursor protein (APP); a
process involving o-, B- and y-secretases. The full length AB;_4 /42 1s produced by cleavage
of APP by - and 7y-secretases, and the smaller hydrophobic ABi7_42 (p3) fragment is
produced by o- and y-secretase APP cleavage.[37, 105, 91, 106]

Although accumulation of AP plaques in AD brains was believed to be directly
correlated to the disease, increasing evidence indicates that small AP oligomers are the
main toxic species.[7, 107] However, the exact disease mechanism has not yet been fully
elucidated. A prevailing mechanism of AD pathology postulates that AP oligomers nega-

tively affect neuronal function and survival by forming ion permeable pores, resulting in the
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destabilization of cell ionic homeostasis.[108, 17, 44, 109, 110] This hypothesis is supported
by data from several experimental techniques and molecular dynamics (MD) simulations
studying AB-induced permeability of ions across model lipid membranes.[17, 44, 45, 14],
as well as an “optical patch clamp” method whereby total internal reflection fluorescence
(TIRF) microscopy data revealed the presence of localized Ca’* transients during cellular
influx across Xenopus oocyte membranes.[111]

The p3 fragment represents an additional source of toxicity from APP processing
that contributes to neuronal cell death.[91, 112] It was shown that AB,,_35 peptides induce
specific increases of Ca>* levels in neural cells; these effects of A oligomers on cellular
Ca?" influx could be inhibited by zinc ions.[113] We have previously shown that the p3
and ABy_42 (N9) fragments form pores in black lipid membrane and permeabilize the
membranes of neuronal cells.[91, 51]

The structure and function of these Ca>*-flux inducing AB pores have been primarily
studied using in vitro techniques. Atomic force microscopy (AFM) and Electron microscopy
(EM) have been the most frequently utilized imaging techniques for examining the structure
of AP pores in model membranes because of their high-resolution capabilities.[17, 114, 43]
AFM images of AP oligomers reconstituted in model lipid bilayers show pore-like structures
with outer pore diameters of 8-12 nm.[67, 21, 115] Electrical recording data obtained for
various AP oligomers in suspended lipid membranes (also called black lipid membranes
or BLM) display the heterogeneous multiple conductances characteristic of AP and all
amyloid peptides studied to date.[14, 79] These current fluctuations show weak cation
selectivity, voltage independence, inhibition by Congo red, and reversible blockage by Zn**
ions,[44, 116, 117] Previously, we compared the pore activities and structures of AB;_4»

and AB,£3—42 in anionic lipid membrane comprised of DOPS/POPE (1:1, wt/wt).[115, 79]
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Because of the post translational cleavage of amino acid residues 1 (Asp) and 2 (Ala), (of
which amino acid 1 is a negatively charged residue at neutral pH), and modification of the
3 (Glu) residue to the hydrophobic pyroglutamate (pE), AB,£3—4> oligomeric subunits are
more hydrophobic and more stable in the membrane allowing larger transient pore structures
to form than for AB_4, pores, resulting in larger ion conductance of AB,r3_42 pores.[79]

Most of these previous studies were conducted in model lipid membranes, not thor-
oughly displaying all of the structural complexities of a mixture of lipids found in natural
cellular membranes. Cell membranes contain various lipids that work cooperatively in
specialized domains.[1] AD brains have been shown to contain and increased fraction of
anionic lipids such as phosphatidylserine (PS) and phosphatidylglycerol (PG) compared to
the brains of cognitively normal patients, while the percentage of neutral lipids like phos-
phatidylcholine (PC) remains simliar.[118] Also, anionic lipids, but not neutral lipids, show
dose dependent increase in cation influx by AP peptides[119] and the pore activity in anionic
lipid membranes was decreased when cholesterol was introduced.[15, 120] These findings
suggest the possible role of negatively charged lipids in permeability induced by AP peptides.
Our prior work in this field has focused primarily on DOPS/POPE membranes as an extreme
model of the anionic lipid membrane found in progressed AD patients. To better simulate the
initial pathogenesis of AD, here we used a membrane comprised of natural brain total lipid
extracts (BTLE) which is considered to be the closest mimic of the healthy (or very early
AD stage) neuronal membrane.[121] In the present study, we study the structures and ion
conducting of A peptides in BTLE membranes. We utilize two complementary techniques,
AFM, and BLM electrical recordings, to identify and characterize the biophysical properties
of ABj_47 pore formation and examined the structure and ion conducting properties of

AP pores in BTLE membranes and compared with the anionic DOPS/POPE (1:1, wt/wt)
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membranes. Our AFM images reveal pore-like structures for the APj_42 peptides in both
BTLE and DOPS/POPE membranes. Interestingly, the ion conducting activity of AR _42
in BTLE membranes exhibit notable differences when compared with the ion conducting
properties of these peptides in DOPS/POPE membranes. We observed similar difference in
the ion conducting behavior of p3 peptides when incorporated in BTLE vs. DOPS/POPE
membranes. These studies reveal that both full-length AP and its non-amyloidogenic p3
fragment form pores in natural BTLE membranes, suggesting that both peptides have the

capability to alter neuronal cell homeostasis and play toxic roles in AD.

3.3 Resusts and Discussion

3.3.1 Interaction with BTLE or DOPS/POPE liposomes facilitate the

self-assembly behavior of A3

Thioflavin T (ThT) molecules are often used to monitor the self-assembly kinetics
of AP, as ThT molecules show enhanced fluorescence intensity upon binding to [ sheet
structures in amyloid fibrils.[122, 123] Here, we used ThT fluorescence to monitor the
self-assembly kinetics of AB;_47 in the presence of liposomes comprised of DOPS/POPE
(1:1, wt/wt) or BTLE.(Figure 3.1) We examined the effect of anionic lipid (DOPS) which
is one of the major known compositions of BTLE on AP;_4, self-assembly although the
structural identity of ~60% of the lipids in BTLE samples is unknown.(Table 3.1) All
ThT fluorescence traces show a sigmoidal trend indicating a growth of 3 sheet containing
fibril structures.[124, 66, 125] At the initiation of each experiment, we observed low ThT
intensity, indicating the absence of noticeable B-sheet structures. This low initial intensity

remained approximately constant for the first few hours, and only a slight increase in ThT
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fluorescence was observed during this period. In this phase, known as the lag phase time
(t1a¢), monomers aggregate into small oligomers to form nucleates or seeds.[66, 87] The
ThT intensity then rapidly increased as small AP oligomers elongated into fibrils and the
fluorescence reached the final equilibrium phase. Notably, AB;_4, started self-assembly
faster when either BTLE (red circle) or DOPS/POPE (blue square) liposomes were present
in the solution compared to observed aggregation kinetics of AB|_4; in lipid-free solution
(dark blue triangle). These results indicate that the presence of a membrane surface plays an
important role in self-assembly of ABj_45.

The observed time-course of ThT fluorescence curves were background corrected
by subtracting the ThT fluorescence curve without AB;_4; for AB;_4 in lipid-free solution
or ThT fluorescence curve with the liposomes (either BTLE or DOPS/POPE) in solution for

AP _4p with the liposomes, respectively and were fitted using eq. (3.1).[115, 66]

a

F = FO + 1 —|—e*k(t*tht)

3.1)

where tis time, ty,1s the time it takes to get half-maximal ThT fluorescence, F{ is the
initial ThT fluorescence intensity, a is the amplitude of the highest intensity, and & is the
rate constant. The lag phase time (#;,,) was calculated from the fitting parameters obtained

above using eq. 3.2.

2
tlag =1Ip — % (32)

From the fitted curves (black solid lines) in Figure 3.1, we obtained a #;,, of 8.4 +
0.3 h for AB;_4p with BTLE liposomes, 11.3 £ 0.5 h for AB;_4; with DOPS/POPE, and

19.7 &+ 3.4 h for AB;_4 alone. The shortest observed tiqg for AP;_4p aggregation was in
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BTLE membranes suggesting that the mixture of various lipids present in BTLE might
increase the speed of the formation of seeds. The low ThT fluorescence intensity at this
initial phase of the aggregation process suggests that there are very few protofibril species
in solution. Previous reports from AFM experiments reveal small globular shape of AP
oligomers[115, 126] and from structural NMR experiments of AP _4 in this phase reveals
a partially folded structure forming a 3¢ helix[84] and the presence of oligomers containing
o-helix and reversible -sheet structures.[83]

Although the observed #,, for AB1_42 was shortest in the presence of BTLE lipo-
somes, the aggregation rate constant (k) of AB;_4, with DOPS/POPE (1.1 + 0.1 h~!) was
faster than AB;_4 with BTLE (0.8 & 0.1 h™!) or AB;_4> alone (0.3 & 0.1 h~!). These
results suggest that AB;_4, peptides prefer more to form seeds with BTLE than to elongate
into fibrils compared to the seeds formed with DOPS/POPE. As small oligomeric APspecies
are found to play a more prominent role in AD neuropathology[39, 41] than e.g., AP fibrils,
the structure of these oligomeric species in the lipid membranes and the electrophysiological

activities were studied using AFM and BLM.

3.3.2 Distribution of AB;_4; oligomer structures on DOPS/POPE and

BTLE membranes

We employed AFM to study the pore-like structures and surface interactions of
AP _47 oligomers in BTLE and DOPS/POPE (1:1, wt/wt) membranes. As a control, intact
BTLE membranes that were not exposed to APB;_4» oligomers were imaged. The untreated
membrane (bright region, Figure 3.2A) had a flat and smooth surface with a bilayer thickness
of ~5.4 nm, in agreement with previous reports on the thickness of DOPS/POPE membrane

(~5nm).[115] When AB;_4> oligomers were reconstituted at 1:20 peptide to lipid mass ratio
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in a BTLE membrane, we observed a large population of small annular objects protruding 1
- 2 nm out of the plane of the membrane (Figure 3.2B). Structures containing features that
protrude < 1.5 nm protruding outside of the plane of the membrane were interpreted to be
AP oligomers inserted in the membrane. Their surface density was estimated to be 300 - 500
oligomers/um? and the majority of these structures had measured diameters between 10 - 20
nm (Figure 3.2B). Two predominant subpopulations of oligomers with diameters centered
around 12 nm and 16.5 nm were observed. One of these subpopulations centered around
12 nm displayed pore-like structures (inset, Figure 3.2B), comparable to those previously
observed with AP oligomers inserted into synthetic lipid.[17, 17, 44, 21, 14]. In addition, we
observed another minor subpopulation of larger oligomers partitioned on the bilayer surface
with heights of 3 - 4 nm above the membrane plane. In DOPS/POPE membranes, AB;_4;
oligomers were populated with a heights ranging from 1 - 5 nm outside the membrane plane,
and a diameters ranging from 10 - 45 nm (Figure 3.2C). We found that the density of AB;_4»
oligomers was lower in DOPS/POPE membranes compared to BTLE membranes, although
more of larger oligomers were present in DOPS/POPE membranes. This result suggests
that more oligomers interact with the surfaces of BTLE membranes than to membranes
comprised of DOPS/POPE and might possibly be responsible for shorter #;,, for ABi_4»

with BTLE liposomes.

3.3.3 Porestructures of AB; 4, in BTLE and DOPS/POPE membranes

Computational studies can provide predictions of membrane-bound conformations
of the AP pores with atomic-level detail. Anionic DOPS/POPE (1:2 molar ratio) lipid
membranes were used to simulate the pore structure of AB;_47. We modeled AP;_4, pores

in a B-barrel topology using two AP;_42 conformers with the -strand-turn-3-strand motif
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in a similar manner as we reported in previous computational studies.[21, 127, 58] Explicit
MD simulations on AP;_4, barrels embedded in the DOPS/POPE membrane provided
fully relaxed pore conformations in the lipid environment.[127] For the 18-mer barrels, the
calculated averaged pore diameter and the maximum pore height across the bilayer are
~7.9 and ~6.9 nm for the conformer 1, and ~8.0 and ~6.8 nm for the conformer 2 barrels
(Figure 3.3A). The lateral pore diameter depends on the number of A monomers involved
in the pore, suggesting that large sizes of pore might be possible with a large number of
AP subunits. However, the pore height across the membrane is almost the same among the
different computed conformers, since each conformer contains a distinct turn region. The
longer heights of the APj_4 barrels compared to the bilayer thickness of ~5 nm suggest
that both sides of the full-length AP pores protrude from the membrane surface (Figure
3.3A).

The MD models of the AB;_4, pores show that the N-terminus of AB;_4, extends
approximately 1-1.5 nm outside of the plane of the DOPS/POPE bilayer, while the turn
region at the other bilayer leaflet only protrudes less than 0.5 nm (lateral view in Figure 3.3A).
The calculated extensions of the N-terminus of AP;_4, protruding out of the membrane in
APi_42 oligomers agree well with the measured pore heights by AFM (Figure 3.2B and
Figure 3.3C).

Among these oligomer structures imaged by AFM, well-defined AP;_4, pore struc-
tures were observed in both BLTE and DOPS/POPE membranes (Figure 3.2 and Figure 3.3).
The quality of AFM images can often vary among different samples due to tip degradation,
but high resolution imaging, when achieved, still revealed that pore structures are usually
composed of 4 to 5 subunits of AB;_4 oligomers and that the outer diameters of pore

structures are comparable to each other with the average diameters of 11.4 £+ 1.5 nm (n =
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11) in BTLE membrane and 13.9 &+ 2.5 nm (n = 12) in DOPS/POPE membrane, and these
dimensions are comparable to the previous results found in other lipid membranes (Figure

3.3B and Figure 3.3C).[91, 17, 44, 21]

3.3.4 Ion Conducting Activity of AB; 4> in DOPS/POPE and BTLE

membranes

We examined the ion conducting activity of AB;_4; in BTLE and model DOPS/POPE
(1:1, wt/wt) lipid membranes, using a BLM electrical recording setup.[17, 17, 44, 128] Upon
addition of AP;_4, into the recording electrolyte solution, we observed a heterogeneous
population of ion current fluctuations by recording current vs. time trances under a constant
applied potential of 100 mV (Figure 3.4), consistent with the formation of AB;_4, oligomer-
icpores of varying size.[129] These transient ion conducting events can be categorized
into three types; bursts, steps and spikes.[79] We observed mostly burst-like activities in
the current vs. time traces of ABj_42 in the BTLE membrane (Figure 3.1A and Figure
3.4B). Notably, the observed frequency of burst-like events was lower in DOPS/POPE
membranes compared to the frequency of bursts in BTLE membranes, while the frequency
of well-defined, step-wise current events typically characteristic of ion channels was more
pronounced in DOPS/POPE membranes (Figure 3.4C). Based on these observations of the
ion conducting activity of ABj_4; in the two different types of lipid membranes, we hypoth-
esized that the ion conducting properties of A oligomers is dependent on the composition
of lipid head groups that could influence the observed populations of ionic bursts, steps
or spikes across membranes. To support this hypothesis, we examined the ion conducting
properties of p3 (AP;7-42), which is a truncated version of AB;_4> losing many charged

amino acid residues that are putatively responsible for interactions with lipid head groups.
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Similar to the observations with full length AB;_4; peptides, heterogeneous, burst-like fea-
tures were dominantly present when p3 was incubated with BTLE membranes, while mostly
step-like current events were found when p3 was incubated with DOPS/POPE membranes
(Figs. 3.71A and 1C). These results support that the electrophysiological characteristics of
AP oligomers in lipid membranes could be more dependent on lipid compositions rather
than peptide sequence. In order to confirm the observed ion conductance across membranes
in the BLM experiments was due to the presence of AB_4> oligomers, we added Zn>T ions
to the recording electrolyte; Zn>* is known to inhibit the ion conducting properties of A3
in membranes.[129] Upon addition of Zn>* ions into the cis chamber of the bilayer setup,
the macroscopic conductance of Af_4p oligomers decreased gradually and disappeared
completely within 5 min in both BTLE and DOPS/POPE membranes (Figure 3.1B and
Figure 3.4D). The conductance of p3 peptides in membranes was also be blocked by Zn>*
ions in both BTLE and DOPS/POPE membranes (Figs. 3.7B and D). We also qualitatively
observed that the p3 pore activity appeared faster than for AB;_4, in most of the experiments
using BTLE or DOPS/POPE membranes, perhaps suggesting faster kinetics of insertion
and pore formation for p3 in membranes although more experiments would be needed to
validate the observation.

We further examined the differences in amplitudes of ion influx through AB;_4»
and p3 pores in BTLE and DOPS/POPE membranes. The amplitudes of ion influx was
calculated by dividing each observed current from step and burst events by the applied
voltage (Figure 3.5). Observed amplitude of ion flux values through AB;_4; ranged between
5-200 pS in BTLE membrane and 5 - 300 pS in DOPS/POPE membrane (Figure 3.5A and
Figure 3.5C). In the case of p3, these values varied from 5 - 140 pS in BTLE membrane

and 5 - 320 pS in DOPS/POPE membranes (Figure 3.5B and Figure 3.5D). The distribution
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of peaks in both membranes appeared mostly between 10 - 30 pS. However, both AB;_4»
and p3 oligomers in DOPS/POPE membranes exhibited a higher fraction of current events
with conductance above 150 pS (Figure 3.5C and Figure 3.5D inset) compared to their
conductance properties in BTLE membranes. In addition, we analyzed macroscopic ionic
flux across the membranes through AB;_4, and p3 pores by integrating the current traces
(i.e., providing an estimate for the total transported charge, Q (C) over a time period of 5
min (n > 3) for both BTLE and DOPS/POPE membranes (Figure 3.6).The total transported
charge of ABj_42 and p3 peptides in BTLE and DOPS/POPE membranes is significantly
different (p = 0.028) as concluded from a two way ANOVA test. The contribution of
peptides or the interaction of both peptides and membranes was found to be insignificant
(p = 0.883 and p = 0.614, respectively) as compared to the contribution from membrane
types. We observed a 3-fold increase in the average macroscopic ion flux for AB;_4; in
DOPS/POPE membranes compared to the flux of ion through AB;_4» oligomers across
BTLE membranes and a 10-fold increase was observed in the average total transported
charge through p3 oligomers in DOPS/POPE membranes compared to BTLE membranes
over the same window of time. The average values for the total transported charges over
a 5 minute time window were 3.0 x 10° C for AB;_4> and 1.4 x 10° C for p3 in BTLE
membranes, whereas these values were 7.8 x 10° C for APBi_4p and 9.7 X 10° C for p3in
DOPS/POPE membranes (Figure 3.6).

The interaction of AB;_4o with BTLE and DOPS/POPE membranes differs con-
siderably in BLM electrical recording (Figure 3.4). Current vs. time traces of AB;_4> in
BTLE membrane show mostly burst-like activities. These results suggest that pores with
varying dimensions and subunit composition are active in the membranes. This observation

1s consistent with the multilevel current events observed for various amyloid pores.[91, 44]
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Previously, we have reported that conductance of AB;_4, oligomers pores ranged between
30 - 360 pS in DOPS/POPE (1:1) lipid membranes, with 90% of these current events
exhibiting a conductance value of ~33 pS.[79]. Even higher conductance (on the order of
1 nS) have been reported for AB;_47 oligomers in membranes composed of POPE and PS
lipid mixtures.[14, 89] Current vs. time traces of AP;_4, display burst-like events as well
as step-wise current events in DOPS/POPE membranes (Figure 3.4C). The conductance of
AP _47 in both of these types of membranes was seen slightly smaller than the previously
reported values.

Although it is impractical to study the contribution of each individual lipid compo-
nents in the BTLE membrane on AB;_4, pore activity, one potential difference between
BTLE and model lipid membranes used for the characterization of AP oligomeric pores is the
dominance of negatively charged phosphatidylserine (PS) group. PS lipids are one of the ma-
jor known constituents of BTLE (10.6%, wt/wt) but still less than DOPS/POPE (1:1, wt/wt)
lipids. AD brains have higher fraction of PS lipids compared to the brains of cognitively nor-
mal, suggesting a possible role of negatively charged lipids in AD pathology.[65, 130, 131]
We observed a higher frequency of channel-like transmembrane current events from ABj_4»
oligomers in DOPS/POPE membranes compared to the ion transport activity of this peptide
in BTLE lipid bilayers (Figure 3.4).

In addition, the frequency of burst-like ion conducting events from A pores in
BTLE membranes was lower than in DOPS/POPE membranes. These observations could
arise from a variety of reasons. First, different interactions of AP;_4o peptides with the
lipid head groups could affect the current events. Second, there are potential differences
in phase transition temperature (T},) of the lipids within the membranes. For example, the

T,, of POPE lipid is 24 °C while the T,, of BTLE is not known. Additionally, low stability
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of the pore structures in BTLE membranes could shorten the life time of the activities
and cause an overlap between current events. To shed some light on a possible cause
for the different conductance properties of Af;_4» oligomers in different membranes, we
examined the transmembrane ion transport properties of p3 peptides in both BTLE and
DOPS/POPE lipid membranes. Since the charged residues of AP;_4> that can interact with
the head groups of the lipids are mostly located in the N-terminal region of AB;_42, p3,
as a truncated version of AP;_4», can reveal if the interaction of the N-terminal region of
full length AB_4p with the lipid headgroups can affect the ion conducting characteristics
of AB;_47 in membranes. We observed a trend of more burst-like current events with p3
peptides in BTLE membranes, whereas we observed more step-like current events of this
peptide in DOPS/POPE membranes (Figure 3.7). We observed that current events from
p3 peptides in DOPS/POPE appeared less step-wise than the current events observed for
AB;_4». The effect of T,, of POPE on current events was also inspected by replacing the
POPE in DOPS/POPE membrane with 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) (to form DOPS/DOPE membranes), which has a T,, of -16 °C. The ion conducting
properties of ABj_4, in DOPS/DOPE (1:1, wt/wt) membranes show comparable step-like
channel events to the ion conducting properties of AB;_42 in DOPS/POPE (1:1, wt/wt)
membranes, suggesting that T,, of the lipid does not influence the formation of step-like
current fluctuations of AB;_4; in membranes (Figure 3.8).

We hypothesize that the presence of AP oligomeric pores with higher conductance
values in DOPS/POPE membranes compared to BTLE membranes may imply that A}
oligomers could have an increased detrimental effects in patients with AD compared to
healthy patients, as DOPS/POPE membranes contain higher percentages of PS lipids than

BTLE membranes, potentially mimicking an important difference between the lipid com-
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positions in diseased vs. healthy brains. The BTLE membranes used here contains only
10.6% PS (Table 3.1), potentially representing a model for healthy brains. Thus, AB;_42
oligomers in BTLE membranes displayed more heterogeneous current events, lower average
amplitudes of conductance for individual ion fluctuations, and reduced macroscopic ion
flux compared to the conductance properties of this peptide in DOPS/POPE membranes.
Previous studies showed that AB,5_35 (a neurotoxic fragment of AB;_42) could form ion
conducting pores in membranes derived from a total brain lipid extract. However, in a
lipid membrane extracted from soybeans,[15] cholesterol in the membrane was shown to
inhibit formation of ion conducting AP,s5_35 pores[15], and this finding with cholesterol
was replicated with the inhibition of the formation of ion conducting AB;_4; oligomers in
cellular membranes.[110, 132] Anionic lipids have previously been suggested to promote
the formation of ion conducting AP oligomeric pores.[119, 15] The membrane disruption
was shown to follow a two step mechanism with the initial formation of pores and non-
specific membrane fragmentation.[63, 56] The present findings are consistent with these
previous results, and suggest that lipids derived from brains provide a relatively unfavorable
environment for the formation of AP pores, but still permit their formation under some
conditions. This is unsurprising given the late development and slow progression of sporadic
AD cases. However, we have shown that AP pore formation is possible in BTLE membranes
providing a viable mechanism of early stage AD pathology. As lipid composition shifts to
more anionic head groups during disease progression, this effect would only be intensified as
demonstrated by the current events of AB oligomers in DOPS/POPE membranes. Although
further investigation of A oligomer structures in various lipid compositions using more
detailed structural techniques, including NMR or EPR, would be helpful to characterize the

effects of lipid headgroups on AP aggregation, the results reported here suggest that regions
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containing high fractions of anionic lipids (especially with PS head groups) could provide a

favorable environment promoting the formation and insertion of AP pores in membranes.

3.4 Conclusions

We have investigated the structures, ion conducting properties, and self-assembly
kinetics of the full-length AP;_4> peptide in lipid bilayers composed of brain total lipid
extract (BTLE) and a model lipid mixture comprised of 1:1 (wt/wt) DOPS/POPE. AB|_4>
peptides aggregate faster when BTLE or DOPS/POPE liposomes were present in solution.
AP;_42 oligomers insert into both type of the membranes, forming ion-conducting pore
structures that can be blocked by Zn’>* ions. However, the ion conducting properties of
APi_42 oligomers, as well as the distribution of subpopulations of membrane-associated
oligomers differ as a function of lipid composition. The presence of heterogeneous bursts
of ion fluctuations was observed for AB;_4, in BTLE membranes, which may reflect a
heterogeneous population of sizes of pore-like structures found when this peptide was
reconstituted in BTLE membranes. Conversely, AB;_42 in DOPS/POPE membranes reveal
more step-wise current events, which could reflect the presence of a different heterogeneous
population of oligomeric pores found in DOPS/POPE membranes by AFM. Additionally, to
examine the effect of interactions of the N-terminal residues of AB;_4, with the membrane
surface on ion conducting properties, we observed similar trends of burst-like current events
in BTLE membranes and more step-wise current events in DOPS/POPE membranes for p3
peptides (which lacked the charged N-terminal residues present in full length AB). While
additional molecular details for the formation of AB;_4 in BTLE membranes remains to be
established, both full-length AP peptides and its non-amyloidogenic p3 fragment form pores

in BTLE membranes, suggesting that both AP peptides have the capability to alter neuronal
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cell homeostasis and play toxic roles in the brain. Hence, these oligomeric AP structures
could serve as specific targets for the development of therapeutic strategies for the treatment

AD.

3.5 Materials and Methods

3.5.1 Peptide preparation

All AB;_42 and AB17_42 had >90% purity as provided by the manufacturer (Anaspec,
CA and rPeptide, GA). The initial powders were first dissolved in 1% ammonium hydrox-
ide until the peptides were completely dissolved. They were subsequently sonicated for
approximately 2 min. The desired amount of peptide was then aliquoted and lyophilized
using a lyophilizer (FreeZone 2.5 Plus, Labconco, Kansas City, KS). The aliquots were
stored at -80 °C for a maximum of 3 months until they were used. For each experiment,
aliquoted peptides were taken from -80 °C and dissolved first in 10 mM NaOH and diluted
with 10 mM HEPES (1 mM MgCl,, 150 mM KCI, pH = 7.4) buffer solutions to make final
concentration of 100 uM. Percentage of NaOH in the solution never exceeds more than 10%
and the pH was changed less than 1%. The peptide concentration was measured using the

280 nm UV absorbance (extinction coefficient: € = 1490 M~ cm™1).

3.5.2 Thioflavin T Assays

ThT assay was conducted as previously described.[115] Briefly, 10 uM ThT solution
was prepared using 10 mM HEPES (1 mM MgCl,, 150 mM KCl, pH = 7.4) buffer in 96-well
white-walled plates (Nunc). Using 10 mM NaOH, lyophilized peptide was dissolved to

prevent aggregation. The peptide solution was then diluted with the HEPES buffer to its final
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peptide concentration of 10 uM in the plate well. For monitoring the effect of liposomes in
AR self-assembly, 0.2 mg/ml liposomes of BTLE and DOS/POPE (1:1, wt/wt) were prepared
by extrusion method using a 100 nm membrane filter and the either BTLE or DOPS/POPE
liposomes were added instead of the buffer in the well. The NaOH content was maintained
at <10% of the total volume. ThT fluorescence (450 nm excitation, 490 nm emission) was
monitored every 5 min at 25 °C for the indicated times using a SPECTRAmax Gemini EM

fluorescent plate reader (Molecular Devices, Sunnyvale, CA).

3.5.3 Proteoliposome preparation for AFM imaging

For preparation of supported lipid bilayers, 40 uL of brain total lipid extract (BTLE),
DOPS/ POPE (1:1, wt/wt), or DOPS/DOPE (1:1, wt/wt) lipids (Avanti Polar Lipids, AL)
in chloroform was first added to a clean 2.5 mL vial. Chloroform was evaporated using
a vacuum pump or a rotary evaporator to produce a lipid film. The dried lipid film was
hydrated for an hour with 10 mM HEPES (1 mM MgCl,, 150 mM KCI, pH = 7.4) buffer to
a final concentration of 0.1~0.5 mg/ml at 25 °C under occasional vortexing. Finally, the
liposome solutions were sonicated for 5 min and stored in a 4 °C until used. To achieve
high insertions of APB;_45 or p3 peptides in BTLE or DOPS/POPE membranes, lipids were
hydrated in HEPES buffer containing 0.5-1 mg/mL peptide concentrations. They were
vortexed vigorously for 30 min at 5 minute intervals and subsequently sonicated for 5 min
in an ice bath. The peptide to lipid mass ratios of 1:20 for AB;_42 and 1:7 for p3 were
used. For AFM imaging, ~10 ul of the sample solution was deposited on freshly cleaved
mica and incubated for ~1-3 min to form supported lipid bilayers by vesicle rupture on the
mica surface. After incubation, samples were rinsed with the buffer to remove unruptured

liposomes in the solution. Topographic images AP;_4> and p3 in BTLE or DOPS/POPE
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membranes were acquired using a Multimode AFM equipped with a Nanoscope V controller
(Bruker, Santa Barbara, CA). Silicon nitride cantilevers with a nominal spring constant of
0.08 N/m (TR400PSA, Asylum research) were employed using regular tapping mode as

well as peak-force tapping. The Nanoscope software was used for analyzing imaging data.

3.5.4 Formation of Planar Lipid Bilayers for BLM experiments

We formed planar lipid bilayers by the “painting method” over a 250 um aperture
in a Delrin cup (Warner Instruments, 1 ml volume).[133] This aperture was first pretreated
with ~2 ul of 20 mg/ml BTLE lipid solution in hexane. Following pretreatment, a solution
of 10 mM HEPES, 150 mM KCI, 1 mM MgCl,, pH 7.0 (recording solution) was added to
both chambers. Subsequently, 20 mg/ml solution of BTLE lipid in n-decane was added over
the aperture using a fine tip paint brush until a bilayer was formed. During this process,
the capacitance of the bilayer was monitored to check the thinning of the lipid and decane
droplet. If the droplet did not thin spontaneously, we applied air-bubbles using a micron
pipet under the pore to facilitate the thinning of the lipid-decane droplet. When the lipid
bilayer was stable for more than 30 minutes within 100 mV applied potential and the
capacitance of the bilayer was above 130 pF, we added 11-22 uM of AP;_4» or p3 directly
into the chamber. The chamber was stirred with a stirring bar by using Stir-2 stir plate

(Warner Instruments) for 5 minutes to help AP peptides access the lipid bilayer easily.

3.5.5 BLM Measurements of Af3s

We performed channel activity recordings in “Voltage clamp mode” using Ag/AgCl
electrodes (Warner Instruments) immersed in each chamber. Data acquisition and storage

were carried out using custom made LabVIEW software in combination with a BC-535
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patch clamp amplifier (Warner Instruments, set at a gain of 10 mV/pA and a filter cutoff
frequency of 3 kHz). The data were acquired at a sampling frequency of 15 kHz using a data
acquisition board (National Instruments) connected to the amplifier. We conducted filtering
using a digital Gaussian low-pass filter (cutoff frequency of 50 Hz) by ClampFit 9.2 software
(Axon Instruments). All experiments were conducted for 60-80 minutes after adding the
corresponding peptide solution. For channel blockage experiments, a final concentration
of 2 mM ZnCl, solution was added to one side of the chamber. We analyzed the ion influx
through AP;_4; and p3 peptides by integrating the current (over t = 5 min) in current vs.
time traces to characterize the heterogeneous conductances of both the peptides. This area
represents the total transported charge during the chosen time interval.
t=5 min

Total trasported charge, Q = I () dt (3.3)
=0

We used this equation to characterize AP;_4» and p3 pore-like structures.

A two way ANOVA test with the membrane types and peptide types as two inde-
pendent variables and total transported charges as the dependent variable was carried out to
account for the contributions of the membranes, peptides, or interaction of both.

Before introducing any AP peptides into the BLM cup, we monitored that the
electrical current traces did not display leakage currents. The capacitance of the membrane
was monitored occasionally to check the stability of the membrane. AP peptides were only
introduced in the membrane when the capacitance was higher than 130 pF and stable at least
for 30 min. We also confirmed the pore activities by changing the polarity from 100 mV to
-100 mV and confirming that the measured ionic currents changed accordingly during the

activity recording.
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Figure 3.1: Self-assembly of AB;_4; in the presence of BTLE and DOPS/POPE
(1:1, wt/wt) liposomes monitored by ThT fluorescence. ThT fluorescence intensity
of AB;_4; in the presence of DOPS/POPE (blue square) or BTLE (red circle)
increased faster than the ThT fluorescence intensity of APB;_4» alone (dark blue
triangle). #;,, and k were obtained by fitting the data from ThT fluorescence using
eq. 3.1 (given in the Materials and Methods section). ThT fluorescence was
measured every 5 min at 25 °C after stirring for 2 sec. In these experiments, a
10 uM solution of AP _4 was incubated with or without BTLE or DOPS/POPE
liposomes in 10 mM HEPES (150 mM KCIl, 1 mM MgCl,) buffer. The data
represent an average from 5 independent measurements and the standard deviation
was used for error bar.

Table 3.1: Composition of brain total lipid extract provided by Avanti Polar Lipids.

Head group wt/wt%
PC 9.6

PE 16.7

PI 1.6

PS 10.6
PA 2.8
Unknown 58.8
Total 100
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Figure 3.2: AFM images of reconstituted AB;_4, oligomers in BTLE or
DOPS/POPE supported lipid membranes on mica. (A) AFM image of a BTLE
membrane in the absence of AP. The dark region in right top corner is the mica
surface. A depth histogram reveals a membrane thickness of 5.4 nm. (B) AFM im-
age of a BTLE membrane reconstituted with AB;_4» oligomers (1:20 peptide/lipid
mass ratio). Numerous small pore-like structures are visible at higher magnifi-
cation (inset: 50 x 50 nm? area). The cross section analysis from the dashed
line shows most of the oligomers protrude < 1 nm from the membrane surface.
Histograms representing the frequency of ABj_4, oligomers as a function of di-
ameter shown below the cross section analysis reveal populations of oligomers
mostly ranging from 9 - 20 nm. (C) AFM image of a DOPS/POPE membrane with
APi_47 oligomers (1:20 peptide/lipid mass ratio). Only sparsely populated small
AP _47 oligomers were found. The cross section analysis from the dashed line in
the AFM image shows the heights of small features protrude mostly ~ 1 nm from
the membrane surface with some larger AB;_4; oligomers. Both the cross sectional
height estimates and the histograms of the diameters of AB;_4» oligomers were
generated using a Nanoscope Analysis program. Scale bars represent 100 nm.
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Figure 3.3: Top and lateral views of simulated (A) AB;_42 channel structures
embedded in the DOPS/POPE lipid bilayer for the conformer 1 and 2 18-mer
barrels. The N-terminus side is represented in the upper leaflet and the turn region
is represented in the lower leaflet. In the surface representation of the barrel,
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 DOPS/POPE lipids, red dots denote the head groups,
and cyan dots represent the lipid tails. Representative 3D AFM images of pore
structures of AB;_42 in BTLE (B) and in DOPS/POPE (C) membranes.
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Figure 3.4: Representative electrical recordings of AB;_42 in BTLE and
DOPS/POPE (1:1, wt/wt) membranes. Current vs. time trace of (A) APR;_4»
in a BTLE membrane and (B) inhibition of Af;_4» conductance by addition of
Zn* (10 mM final ZnCl, concentration, cis chamber). Current vs. time trace of
(C) AB1_42 in a DOPS/POPE membrane (D) Inhibition of AB;_4; conductance by
addition of Zn?>" in DOPS/POPE membrane (10 mM final ZnCl, concentration, cis
chamber). In all experiments, we used a final concentration of 10 uM AP _4> in
both chambers of the bilayer setup. Bilayers were formed by the painting method
[133] and a bias potential of =100 mV was applied. Membrane capacitance was
monitored to verify membrane stability. The recording electrolyte consisted of 150
mM KCI, 1 mM MgCl,, 10 mM HEPES (pH 7.0) buffer was used.

65



100
1500
180

g
&

1000
2 ® §
§ -50 B
i 8
#* ]
500 . 3
«©
100 0 300 5
Observed Current / Applied volatge (pS) E
5]

0 Lea T T 0
0 100 200 300
Observed Current/ Applied Voltage (pS)
C 100

1500
9
8
1000 : 5
@ § ol E}
g H 50 2
o 8
=* . -]
500 n el 2
- 5 - s
100 200 300 >
Qbserved Current { Appled volige (pS) '§

|[LTE
ol H( [ [P 0

0 100 200 300
Observed Current / Applied Voltage (pS)

# Events

# Events

1500

1000

500

1000

500

00 2 300
Observed Curront / Applied volatge (pS)

100

Cumulative conductance (%)

100 200 300
Oberved Current / Applied Voltage (pS)

100

00 0 00
Observed Current / Applied vouatge {pS)

Cumulative conductance (%)

100 200 300
Oberved Current / Applied Voltage (pS)

Figure 3.5: Histograms of frequency vs. conductance of ion current fluctuations
of ABj_42 in (A) BTLE membranes or (B) DOPS/POPE membranes and p3 in
(C) BTLE membranes or (D) DOPS/POPE membranes. Insets are expanded

representation of the histograms from 50 pS to 350 pS (observed current/applied
voltage).
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Figure 3.6: Quantification of ion influx through AB;_4; and p3 using the total
transported charge, Q (C), in BTLE and DOPS/POPE membranes (n = 5) over a
5 minute period of time. Current vs. time traces of 11 uM AB;_4 and 11 uM p3

pore activities were integrated to quantify Q through AB;_4» and p3 pores (5 min.

time window, +100 mV). The total transported charge of AB;_4; and p3 peptides
in BTLE and DOPS/POPE membranes is significantly different (p = 0.028) from
two way ANOVA test. The data reveal that ~2-fold increase in Q for AB_42 in
DOPS/POPE membranes compared to the Q in BTLE membranes and ~10-fold
increase was observed in Q for p3 in DOPS/POPE membranes compared to the Q
in BTLE membranes. The electrolyte solution consisted of 150 mM KCI, 1 mM
MgCl,, 10 mM HEPES at pH 7.0.The data represent mean =+ standard errors of
the mean.
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Figure 3.7: Representative electrical recordings of p3 in BTLE and DOPS/POPE
(1:1, wt/wt) membrane. Current vs. time trace of (A) p3 in a BTLE membrane and
(B) Inhibition of p3 ion conducting activities by addition of Zn?* in BTLE lipid
membrane (10 mM final concentration, cis chamber). Current vs. time trace of (C)
p3 in DOPS/POPE membrane (D) Inhibition of p3 activities by addition of Zn>*
in DOPS/POPE membrane (10 mM final concentration, cis chamber). Bilayers

were formed by the painting method and a bias potential of 100 mV was applied.
Membrane capacitances were measured to check the stability of the membrane.

150 mM KCl, 1 mM MgCl,, 10 mM HEPES (pH 7.0) buffer was used.
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Figure 3.8: Representative current vs. time traces of AB;_42 in a DOPS/DOPE
(1:1, wt/wt) membrane. AB;_4; oligomers show step-like conducting activities
along with burst like activities. Final concentration of 11 uM A oligomers was
added to the cis side of the chamber. Bilayers were formed by the painted technique
and 100 mV bias potential was applied. 150 mM KCI, 1 mM MgCl,, 10 mM
HEPES (pH 7.0) buffer was used.
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Chapter 4

The diphenylpyrazol compound
anle138b blocks A} channels and
rescues disease phenotypes in a mouse

model for amyloid pathology

4.1 Abstract

Alzheimers disease is a devastating illness eventually leading to dementia. An
effective treatment does not yet exist. Here we show that oral application of the novel
compound anle138b restores hippocampal synaptic and transcriptional plasticity as well
as spatial memory in a mouse model for Alzheimers disease, when given orally before or
after the onset of pathology. At the mechanistic level we provide evidence that anle138b
blocks the formation of conducting AP pores without changing the membrane embedded AB-

oligomer structure. In conclusion, our data suggest that anle138b is a novel and promising
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compound to treat AD-related pathology that should be tested in clinical trials.

4.2 Introduction

Alzheimers disease (AD) is most common neurodegenerative disorder causing a
severe emotional and economic burden to our societies. Due to increased life expectancies
the number of those afflicted with AD is expected to double by 2025. Despite intensive
research effective therapeutic approaches are still not available. The pathogenesis of AD
has been linked to protein aggregation, namely the aggregation of amyloid-beta peptides
(AP) and tau protein. The accumulation of pathogenic aggregates of AP peptides in the
brain appears to be a key event in the pathogenesis of AD [6, 7, 134, 135, 136] and targeting
amyloid pathology still represent a promising therapeutic strategy.[137, 138] The precise
molecular events that trigger amyloid-induced decline of synaptic plasticity and neuronal
cell death are still not entirely resolved and are likely to be multifactorial. One of the first
explanations of neuronal dysfunction and toxicity in AD is the channel hypothesis first
proposed by Arispe and co-workers [89], which postulates that unregulated AP ion channels
result in a loss of ionic homeostasis (primarily through a gain of Ca?") that eventually
triggers neuronal dysfunction and cell death. In-vivo evidence for this mechanism is however
still rare and a compound that would block pores and be active in mammalian animal models
has not been reported yet. Thus the original request by Arispe and coworkers that a useful
strategy for drug discovery for treatment of AD should include screening compounds for
their ability to block or otherwise modify AP channels is still left unsatisfied.[89] In this
work, we examine the efficacy of the diphenylpyrazol (DPP) compound anle138b in an
animal model of AP deposition. Oral application of anle138b ameliorates AB-induced

deficits in synaptic plasticity and memory formation. This effect is linked to the capacity
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of anle138b to reduce the conductivity of AP pores in lipid bilayer membranes. Our data
suggests the functional modulation of the membrane bound AB-oligomers as a mechanism
for neuroprotection and supports the idea that anle138b should be taken into clinical trials to

treat aggreopathies, including AD.

4.3 Results

4.3.1 Synaptic plasticity and memory function in a mouse model for

deposition of amyloid [3 after oral treatment with anle138b

We employed APPPS1A9 mice [139], a well-established model for AD-linked
amyloid deposition, to test the therapeutic effect of anle138b treatment in vivo. Since in the
patients therapeutic intervention is normally initiated only after the onset of amyloid plaque
formation, we decided to test anle138b in two experimental cohorts. In the pre-plaque group
treatment was initiated before the onset of pathology when mice were 2 months of age, while
in the post-plaque group treatment was initiated after the onset of amyloid deposition and
memory disturbances in 6 month-old mice.[140, 141, 142] In both cohorts anle138b was
continuously provided via food pellets. Thus, in the pre-plaque group mice were subjected
to anle138b or placebo treatment from 2 months of age and electrophysiological, behavioral
and biochemical analysis was initiated at 6 months of age. A group of wild type (WT) mice
treated with anle138b served as an additional control. We first measured synaptic plasticity
by analyzing hippocampal long-term potentiation (LTP). While robust hippocampal LTP
at the Schaffer-Collateral synapse was observed in WT control mice treated with anle138b
(Figure 4.1A), LTP was significantly impaired in APPPS1A9 mice that received placebo

(Figure 4.1B). Notably, this LTP deficit was completely rescued in APPPS1A9 mice treated
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with anle138b (Figure 4.1C). This data suggest that oral application of anle138b protects
against AP induced impairment of hippocampal synaptic plasticity. To test if the effect
of anle138b on hippocampal plasticity also improved hippocampus-dependent memory
function, another group of anle138b and placebo treated mice were subjected to the Morris-
water maze test, a well-established paradigm to assay spatial memory in rodents.[143]
Anle138b treated WT mice displayed robust spatial learning as indicated by decreasing
escape latency throughout the 8 days of training (Figure 4.1D). In contrast, APPPS1A9 mice
treated with placebo showed significantly impaired escape latency (Figure 4.1D). This deficit
was partially rescued in APPPS1A9 mice that received anle138b. Spatial reference memory
was analyzed in a probe test performed after 8 days of training. While WT mice showed a
significant preference for the target quadrant, no such effect was observed in placebo treated
APPPS1A9 mice (Figure 4.1E), confirming memory impairment in APPPS1A9 mice. In
contrast, anle138b treated APPPS1A9 mice displayed a significant preference for the target
quadrant indicating restored spatial memory (Figure 4.1E). Swim speed was similar amongst
the groups (Figure 4.1F). We also examined if anle138b would affect basal explorative
behavior (Figure 4.1G) or basal anxiety (Figure 4.1H). No difference was found amongst
the groups suggesting that oral administration of anle138b can protect APPPS1A9 mice
from deteriorating hippocampal synaptic plasticity and hippocampus-dependent memory
consolidation.

Encouraged by this data we investigated whether anle138b could also reinstate
synaptic plasticity and memory function when significant amyloid deposition had already
occurred by employing the post plaque group. To this end 6-month old APPPS1A9 mice
were treated with either anle138b or placebo for 4 months. WT mice treated with anle138b

served as an additional control group. Analysis was performed when mice were 10 month
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of age. In a first cohort we measured hippocampal LTP. WT mice treated with anle138b
showed robust LTP (Figure 4.2A), while LTP was significantly impaired in placebo treated
APPPS1A9 mice (Figure 4.2B). Notably, a complete restoration of hippocampal LTP was
seen in APPPS1A9 mice treated with anle138b (Figure 4.2C). In conclusion, similar to the
pre-plaque group treatment with anle138b had a marked ameliorating effect on LTP even
after the onset of plaque deposition.

To analyze if reinstatement of hippocampal plasticity would also correlate with im-
proved memory function, we subjected mice to the Morris water maze test. WT mice treated
with anle138b rapidly learned the task as indicated by reduced escape latency throughout
the 8 days of training (Figure 4.2D). Placebo treated 10-month old APPPS1A9 mice display
impaired spatial learning as indicated by the escape latency that did not significantly decrease
during the training (Figure 4.2D). When compared to the placebo group, APPPS1A9 mice
treated with anle138b showed improved spatial learning (Figure 4.2D). A probe test was
performed after 8 days of training. WT mice treated with anle138b showed a significant
preference for the target quadrant indicative of intact spatial reference memory (Figure 4.2E).
Placebo treated APPPS1A9 mice exhibited severely impaired memory function (Figure 4.2E)
and displayed no target preference (Figure 4.2E). In APPPS1A9 mice treated with anle138b
(Figure 4.2E) target preference was improved significantly but did not reach WT levels. Of
note, swim speed was not different between the experimental groups (Figure 4.2F). Explo-
rative behavior (Figure 4.2G) and basal anxiety (Figure 4.2H) were measured in the open
filed test. There was no significant difference amongst groups. Thus, oral administration of
anle138b partially restores hippocampal plasticity and memory function in APPPS1A9 mice

even at an advanced stage of pathology.
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4.3.2 Anlel38b reinstate transcriptional homeostasis and ameliorates
amyloid pathology

Pathological alterations often lead to aberrant changes in transcriptional plastic-
ity indicating subde-regulated cellular homeostasis.[144] To this end numerous studies
have shown that AD pathogenesis is linked to altered gene-expression in various brain
regions.[144, 145, 146]. Moreover, there is evidence that monitoring gene-expression
changes can inform about the efficacy of therapeutic intervention.[146]

To this end we performed RNA-sequencing from hippocampal tissue in the pre- and
post-plaque experimental groups. We first compared hippocampal gene-expression in WT
mice treated with placebo or anle138b. Neither in the pre- or the post-plaque group did we
find any differentially expressed genes (Figure 4.1A) indicating that treatment with anle138b
does not affect gene-expression and cellular homeostasis in the absence of pathological
changes. Next we compared gene-expression in placebo treated WT and APP mice of the
pre-plaque group. We identified 202 differentially expressed genes of which 73 were up- and
129 were down-regulated (Figure 4.3B). Pathway analysis shows that de-regulated genes
are linked to reduced energy metabolism, mitochondria function, cytoskeleton integrity and
synaptic plasticity, while pathways linked to cell growth were increased (Figure 4.3C). This
data is in line with previous reports of gene-expression changes in AD.[145, 146]

Of note, in APP mice treated with anle138b only 27 genes were de-regulated when
comparing APP to control mice (Figure 4.3B). Thus none of the pathways deregulated in
response to amyloid pathology (Figure 4.3C) remained significant after anle138b treatment
and in fact no enrichment for any specific pathway could be detected. Since the expression of
the APP and PS1 transgenes was similar in placebo and anle138b treated APP mice (Figure

4.3D) the gene-expression data supports the electrophysiological and behavioural findings
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and indicates that in the pre-plaque group anle138b treatment reinstates cellular homeostasis
in the hippocampus of APPPS1A9 mice. We also analyzed hippocampal gene-expression
in the post-plaque group. When comparing placebo treated WT and APP mice we found
130 differentially expressed genes of which the majority (124) were up-regulated (Figure
4.3B). The comparison of anle138b treated WT and APP mice revealed 220 differential
expressed genes (Figure 4.3B). Many of the genes de-regulated in the placebo and anle138b
treated groups were similar (Figure 4.3E) and pathway analysis revealed that in both groups
gene-expression changes almost exclusively represent an induction of neuroinflammatory
processes (Figure 4.3F). This data suggests that anle138b treatment does not have a major
impact on inflammatory processes when given at a stage of advanced amyloid pathology.
Since anle138b treatment nevertheless reinstated hippocampal synaptic plasticity and also
partially restored memory function, these findings indicates that the therapeutic efficacy of
anle138b is most likely not due to the dampening of inflammatory processes.

Since anle138b was shown to exhibit anti-aggregative effects in models for o-
synuclein and prion toxicity [147] it is likely that at least part of the therapeutic effect
observed in this study is due to anle138b interfering with amyloid aggregation. To test this
hypothesis we prepared brain slices for immunohistochemical analysis using thioflavin S
staining which is commonly used to quantify AP plaques (Figure 4.4A). We first assayed
the amyloid plaques pathology in the hippocampus and cortex in the pre-plaques group.
Since no amyloid pathology was detectable in WT mice treated with anle138b this data
served as technical control. We observed a significant reduction in the number of plaques
and the total area covered by plaques of anle138b-treated animals (Figure 4.4A). Similar
results were obtained when we analyzed plaque load in the post-plaques group (Figure

4.4B), although the pathology was generally more severe in the post-plaque group. Thus,
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oral administration of anle138b reduces amyloid pathology when administered before or

after the onset of pathology.

4.3.3 Biophysical characterization of A in the presence of anle138b

To better understand the mechanisms that underlie the therapeutic effect of anle138b
we analyzed its impact on the pore formation of AB.[89] To this end we employed black
lipid membranes (BLM) using a mixture of POPE and DOPS in a 1:1 ratio (Figure 4.5), an
assay in which the current passing though the membrane is a measure of membrane integrity.
We first established that the conductance and the morphology of POPE and DOPS lipids, as
measured by atomic force microscopy (AFM), lipid bilayers are not affected in the presence
of anle138b.

When we examined the effect of AB;_4, in DOPS/POPE (1:1) membranes, a step-
wise growth of bulk membrane conductance indicates that the activity increases through the
combined action of many individual pores (Figure 4.5A). This stacking effect is likely the
result of prolonged pore lifetimes and the formation of opening and/or additional conducting
pores. The significantly reduced pore activity observed in anle138b-doped membranes
(Figure 4.5B) suggests activity of fewer APB;_4» pores compared to the number of active
pores in the membranes without the anle138b compound. Instead, the pore dynamics appear
to be affected, resulting in less stable and shorter lived open pores, and a reduction in the
total number of conducting pores. AFM data revealed that anle138b treatment did not
affect the structure of AP;_4o pores in this assay (Figure 4.6) suggesting that anle138b
does not simply prevent AP _4, from entering lipid bilayer membranes and forming pores.
Rather anle138b appears to render conducting AP _4, pores to non-conducting ones thereby

providing one possible mechanism by which anle138b ameliorates LTP and learning defects
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in APP.

To provide further in vivo evidence for this interpretation we treated primary hip-
pocampal neurons with APB;_4» monomers or oligomers in the absence or presence of
anle138b and assayed membrane integrity. While the addition of AB;_4; oligomers but
not AB;_4> monomers significantly impaired membrane integrity, this effect was rescued
by anle138b (Figure 4.5C). This effect is not simply due to anlel138b-mediated reduced
cell death, since the viability of hippocampal neurons measured via the MTT assay was
identically affected by AP;_42 monomer and oligomer treatment in our experimental setting

(Figure 4.5D).

4.3.4 Discussion

In this work, we investigated the effect of anle138b in the established APPPS1A9
mouse model for AD. Anle138b was previously found to be orally available when applied
via dry food and to reach levels of up to 100 uM in the brain.[148] There is no evidence that
anle138b is metabolized in the brain and the metabolites detected in other organs were not
found in the brain either, compatible with their dramatically increased hydrophilicity.[147]
Anle138b was also found to be non-toxic in mice up to 2 g/kg. Mice that received similar
concentrations of anle138b as used in our study lived without any detectable toxicity, even
when the drug was applied for more than a year.[147] Also in this study, no negative or
positive effects of anle138b on WT animals were detected. The APPPS1A9 mouse model
features dysfunction of neurons detected by memory decline after four months and severe
plaques formation after 6 months.[149] Of note, anle138b treatment completely restored
hippocampal LTP in the pre- and post-plaque group of APPPSIA9 mice. In line with

this observation spatial reference memory was fully or partially restored in the pre- and
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post-plaque groups, respectively. There have been numerous pre-clinical studies aiming to
restore synaptic plasticity and memory function in mouse models for amyloid pathology,
ranging from antibody based therapies[150], symptomatic treatments not directly targeted
towards amyloid [151], small molecules that modulated APP processing [152] or small
molecules that are supposed to target toxic amyloid species directly.[153] Anle138b belongs
to the latter category and its therapeutic effect is in line with other small molecule drugs.
For example, epigellocatechon gallate (EGCG) that was shown to affect AP toxicity by
redirecting toxic AP structures into off-pathway oligomers [154, 155] and was able to
ameliorate spatial memory deficits in APP mice after the onset of amyloid deposition.[156]
In addition to the restoration of hippocampal LTP and spatial reference memory, we also
observed restoration of physiological gene-expression in the pre-plaque group, indicating
that hippocampal maintain a homeostatic state. As such in placebo-treated mice genes
linked to metabolic function and neuronal plasticity were down-regulated, while this effect
was completely reverted after anle138b treatment. Even in the placebo treated pre-plaque
group we observed little evidence for neuroinflammatory processes, which is in contrast to
the data from the post-plaque group. In fact, the gene-expression changes observed in the
placebo-treated post-plaque group were dominated by increased inflammation. This data
suggest that in APPPS1A9 mice the decline of synaptic plasticity precedes inflammatory
processes. Of note, anle138b treatment had no effect on pathological gene-expression in the
post-plaque group, yet hippocampal LTP was completely restored and spatial memory was
partially restored. This data suggests that therapeutic strategies that aim to reduce amyloid
toxicity at least in the APPPS1A9 model may have little influence on neuroinflammation
when applied at an advanced stage of the disease. Nevertheless, a significant therapeutic

effect could be observed in the post-plaque group. This might be explained by removal of
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toxic AP species which can lead to the restoration of synaptic function in neurons even in a
detrimental inflammatory environment. The question by which mechanism toxic AP species
induces synaptic dysfunction and neurotoxicity is still under debate and include for example
NMDA receptor endocytosis [157], oi-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid surface receptor modulation [158] as well as pore formation via AP channels.[89]
Especially the latter hypothesis has long been proposed but has not been studied intensively
so far. Since synaptic function relies on the integrity of membranes and their ability to
modulate ion fluxes in a voltage dependent way, we focused on the questions whether
anle138b would modulate the pore forming activity of AP, an idea that has been proposed
to be a mechanism for impaired neuronal function and cell death already more than 20 years
ago.[89] This mechanism was also proposed in cell based models for EGCG [159] as well
as the related compounds MRS2481 and MRS2485. [159] The observed stepwise growth
of bulk membrane conductance in the presence of AP without anle138b, indicates that the
activity increases through the combined action of many individual pores.

Numerous MD simulations [51, 79, 19] and NMR spectroscopy based investigations
[160] of AP pores have pointed to a B-barrel structure for the intramembrane region of
the pore. It was previously shown that AP containing a point substituted proline (F19P)
showed pore structure by AFM but did not demonstrate ionic conductance.[128, 90] The
chemical structure of proline introduces a kink in the peptides secondary structure, which
is known to disrupt B-sheet formation. MD simulations of F19P barrel structure showed
that B-sheet destabilization led the highly charged N-terminal regions to bind at the peptide
mouth and collapsed the pore.[90, 91] Our data is consistent with such a model and suggests
that anle138b induces a conformational change within A} pores that greatly reduces or, in

most pores eliminates, toxic ionic flux. Steric blockage by anle138b without conformational
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change of the pore is energetically unfavorable due to the hydrophobicity of anle138b,
as this scenario would require anle138b to be in contact with water molecules inside the
pore. The above mentioned mechanisms provide further insight into the method of action in
preventing pore activity and reducing Alzheimer’s pathogenicity. In vivo evidence to further
support the notion that anle138b counteracts the detrimental effect of toxic A} species on
membrane integrity stems from our finding that AB1-42 administration to hippocampal
neurons impaired membrane integrity, which was attenuated by anle138b. Our interpretation
that conversion of conducting to non-conduction AP pores is one possible mode of anle138b
action, may also explain that anle138b ameliorated all tested disease phenotypes in the
pre-plaque group, while in the post-plaque group only LTP was completely restored. Hence
in the post-plaque group the presence of toxic A species has already induced secondary
processes such as inflammation that persistently affect memory function even if membrane

integrity and LTO is restored in neurons.

4.3.5 Conclusion

Our data shows that anle138b can reinstate synaptic plasticity and memory function
in a mouse model for amyloid pathology via mechanisms that involve the blockage of AP
induced pores in membranes. Careful analysis of this activity indicates that the oligomers
are still in the membrane but have a changed conductivity profile, mainly staying open for
shorter time and lacking the possibility of building up large currents as seen in the absence
of the compounds. Taking into account that anle138b has beneficial effects in animal models
for Parkinsons and Prion diseases REF and also shows to ameliorate disease phenotypes in
a mouse model for Tau pathology, we suggest that anle138b should be tested in humans for

its potential to treat aggreopathies.
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4.4 Materials and Methods

4.4.1 Mouse Experiments

The APP(Swe)/PS1EA9 (henceforth called: APPPS1A9) mouse model of AD was
used for this study. Upon completion of treatment, these and control mice underwent cogni-
tive assessment by a behavior battery of tests. Electrophysiology, small RNA-sequencing
and histochemical analysis of plaque burden were also assessed. All mice were maintained
on a C57BL/6 background. They were kept in a 12 h dark/light cycle and housed in groups
under constant standard conditions of temperature and humidity. Mice had at libitum access
to food and water. Animal care and handling were carried out in compliance with the
Declaration of Helsinki and approved by local ethical committees.

Anlel38b treatment.. In order to investigate the prophylactic effect of anle138b, we
treated healthy, plaque-free, adult, APPPS1A9 mice with placebo- or anle138b-containing
dry food pellets for 4 months (from 2 to 6 months of age) (Pre-plaque group). Age- and
sex-matched wild-type littermates were also treated and served as controls. Similarly, in
order to investigate the therapeutic effect of anle138b, we treated symptomatic APPPS1A9
mice and treated them for 4 months (from 6 to 10 months of age) (Post-plaque group).
Controls were age- and sex-matched wild-type littermates treated with anle138b or placebo.
Anle138b was administered orally. Dry food pellets were prepared containing 2 g anle138b
per kg food (SSNIFF). This amounted to an estimated daily dose of 500 mg/kg (at an approx.
6 g daily food consumption and 25 g body weight). Based on pharmacokinetics studies, 40
to 70 uM anle138b reached the brain during most of the wake phase.[148] Placebo food was
prepared from the same batch but without anle138b (SSNIFF). Of note, our previous PK

studies in mice have shown that after a single bolus the half-life of anle138b in the brain is
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approximately 4 h.[147]

Morris Water Maze. Mice were single-caged and brought into the testing room at
least one week prior to the beginning of the experiment to allow them to acclimate. In the
Morris Water Maze, mice were trained to find a submerged 10x10 cm platform in a pool
(1.10 m in diameter) of milky water using spatial cues by the pool sides as orientation points.
Mice were trained over 8 consecutive days with 4 trials per day per mouse. Time and path
to platform were tracked and recorded (TSE systems). On day 9 (probe test), the platform
was removed and quadrant preference was recorded (target quadrant being that one where
the platform was). Open Field. Mice were allowed to spend 5 min in an open arena (40x40
cm). Path length while exploring as well as time in the center or corners were quantified
using the VideoMot2 System (TSE).

RNA-sequencing. Library preparation and cluster generation for mRNA sequencing
was performed according to Illumina standard protocols (TruSeq, Illumina). Libraries were
quality-controlled and quantified using a Nanodrop 2000 (Thermo Scientific), Agilent 2100
Bioanalyzer (Agilent Technologies) and Qubit (Life Technologies). Base calling from
raw images and file conversion to fastq-files was achieved by Illumina pipeline scripts.
Subsequent steps included quality control (FastQC, www.bioinformatics.babraham.ac.uk),
mapping to reference genome (mm10, STAR aligner v2.3.0,[161] non-default parameters),
read counting on genes or exons (HTSeq, http://www-huber.embl.de/users/anders/HTSeq,
mode: intersection-non-empty) and differential gene (DESeq2 1.4.5 [162]) usage biostatis-
tical analysis. PCA and distance heatmaps were generated in R following instructions in
the vignette for DESeq2. Genes were considered differentially expressed with an adjusted
(Benjamini-Hochberg) as indicated in the figure legends. Gene set overlaps were calculated

using Venny (http://bioinfogp.cnb.csic.es/tools/venny/). Pathway analysis was performed
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using Cytoscape (Www.cytocape.com)

4.4.2 Electrophysiology on hippocampal slices

Slice Preparation. Acute hippocampal slices prepared from WT mice and from
APPPS1A9 mice were used for electrophysiological recordings. All the procedures were
carried out in compliance with the guidelines from the Animal Committee on Ethics in the
Care and Use of Laboratory Animals of TU-Braunschweig. Briefly, after anesthetization
using CO,, the mice were decapitated and the brains were quickly removed and cooled in
2-4 °C artificial cerebrospinal fluids (ACSF). The hippocampi were dissected and transverse
hippocampal slices (400 um) were prepared by using a manual tissue chopper. Then the
slices were incubated for 3 h at 32 °C in an interface chamber (Scientific System Design)
which was continuously perfused with oxygenated aCSF at a flow rate of 0.8 ml/min. The
ACSF contained the following (in mM): 124 NaCl, 4.9 KClI, 1.2 KH,POy4, 2.0 MgSQOy, 2.0
CaCly, 24.6 NaHCO3, 10 D-glucose, equilibrated with 95% 025% CO, (32 L/h).

Slice Recordings. To evoke field EPSP (fEPSP) from Schaffer collateral/commissural-
CA1 synapses, one monopolar lacquer-coated, stainless-steel electrode (5 MQ; AM Systems)
was positioned at the stratum radiatum layer of the CA1 region. For recording fEPSP (mea-
sured as its initial slope function), one electrode (5 MQ; AM Systems) was placed in the
CA1 apical dendritic layer and signals were amplified by a differential amplifier (Model
1700, AM Systems). The signals were digitized using a CED 1401 analog-to-digital con-
verter (Cambridge Electronic Design). After the preincubation period, an input-output curve
(afferent stimulation vs. fEPSP slope) was generated. Test stimulation intensity was adjusted
to elicit fEPSP slope of ~40% of the maximal fEPSP response. Four 0.2 Hz biphasic

constant current pulses (0.1 ms/polarity) were used for baseline recording and testing at each
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time point. Long-term potentiation (LTP) was elicited by strong tetanus (STET) consisting
of three stimulus trains of 100 pulses at 100 Hz delivered at 10 min intervals (300 pulses in
total). Data (fEPSP slope) was normalized to baseline and plotted as average - SEM. The
average values of the slope function of the fEPSP (millivolts per milliseconds) for each time
point were analyzed using paired t test; P < 0.05 was considered as statistically significant.

Thioflavin S Staining. Thioflavin S staining was performed as previously described
with the some modifications.[163, 164] Briefly, mice were sacrificed and their brain quickly
removed on ice. Left hemispheres were embedded in OCT (Tissue TEK) and stored at -80
°C until ready to section. Sagittal, 25 um-thick sections were cut using a cryostat. And, 5
sets of 5 slides per brain containing 4 sections/slide were made by taking every Sth section,
so that each set consisted of 20 representative sections throughout the brain. Sections were
then fixed with 4% PFA for 25 min at room temperature, washed twice with 0.9% NaCl and
quickly rinsed with PBS. Staining was performed using 0.05% thioflavin S in 50% ethanol
for 8 min in the dark and differentiated with two changes of 80% ethanol for 10 sec. This
was followed by 3 washes with large volumes of distilled water and an incubation step in
high-concentrated phosphate buffer (411 mM NaCl, 8.1 mM KCl, 30 mM Na,HPOy, 5.2
mM KH;POy4, pH 7.2) at 4 ° C for 30 min. Finally, slides were briefly rinsed in PBST and
covered with coverslip using Vectashield Hard Set mounting media with DAPI (Vector).
Slides were allowed to set in the dark at 4 °C and imaged immediately thereafter. To control
for background, unspecific staining or tissue auto-fluorescence, slides from age-matched
wild-type brains were used as negative control. Images at 4X magnification of hippocampus
and cortex were captured using an Olympus IX70 fluorescence microscope. Quantification
of number of plaques, area covered by the plaque and average plaque size was performed

using the particle analysis tool of the ImageJ software. Statistical analysis was carried out
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using GraphPad PrismS5.

4.4.3 Biophysical characterization on AB; 4

Materials AP_4, was purchased from Bachem and Anaspec (Fremont, CA). The
phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE) were purchased from Avanti Polar Lipids (Al-
abaster, AL). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Peptide handling For BLM experiments, AP _4> peptides were dissolved in Milli-Q
water to a concentration of 1 mg/mL prior to being aliquoted for storage. These 50 uL
aliquots were stored at -80 °C for a maximum of 60 days before use. Samples were thawed
only once. For ThT and AFM experiments, powder form of AB;_4> (Bachem, Torrance,
CA) was first dissolved in 1% ammonium hydroxide until the peptides were completely
dissolved. They were subsequently sonicated for approximately 2 min. Small volume of
peptides were then aliqouted and lyophilized using a lyophilizer (Labconco FreeZone 2.5
Plus, Kansas City, KS). The aliquots were stored at -80 °C until used. For every experiment,
aliquoted peptides were thawed and hydrated in 20 mM NaOH and HEPES buffer solutions
at pH 7.4, sequentially. The peptide concentration was measured using the 280 nm UV
absorbance (¢ = 1490 M~ 'em™1).

Planar Lipid Bilayer Electrical Recording We prepared planar lipid bilayers using
the so-called “’painted” technique.[133] Anle138b was mixed with a 1:1 (w/w) solution of
DOPS and POPE in chloroform at a concentration of 10 mM with respect to the volume
of the lipids. A lipid specific gravity of 0.8 was used for the calculation. This mixture
was subsequently dried in a Rotavapor R-210 (Buchi) and resuspended in decane at a total

lipid concentration of 20 mg/mL. Bilayers with embedded Anle138b were formed from this
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solution. Spontaneous membrane formation occurs following the addition of lipid directly
over a pore with a diameter of ~250 ym in a Delrin septum (Warner Instruments, Delrin
perfusion cup, volume 1 mL). In previous studies, this membrane composition was shown
to be stable for long recording times (~4 hrs). Control experiments establishing the stability
of membranes formed with the addition of Anle138b were performed. As the electrolyte,
we use 150 mM KCI, 10 mM HEPES (pH 7.4), and 1 mM MgCl,.

With the preparation of the anle138b loaded lipids we observed the following
difficulty: Anle138b was dissolved in decane along with the lipids prior to membrane
painting. Since Anlel138b is soluble in both the decane and the lipids, the distribution of
compound in the lipid membrane that spontaneously forms upon lipid deposition over the
aperture can vary. Lipid monolayers bind to either side of the partition and the bilayer
membrane forms as the monolayers fuse together at the center, excluding the decane solvent
to the perimeter. This solvent annulus acts as a bridge to the delrin partition and is essential
for membrane stability.[165] If a significant proportion of the Anle138b is mobile in the
decane, the compound could be partitioned to the solvent annulus rather than incorporated
into the membrane leading to BLM results that appear similar to that seen with AB;_4; in
the absence of compound. This is why we believe that only in 50% of the cases anle138b
modulated the activity of the pores.

Before performing electrical recordings, we verified that the bilayer was stable for
several minutes with low conductance (<10 pS) across 100 mV applied voltage and that
the system capacitance was >110 pF. When both criteria were met, peptide was added
directly to the cis (hot wire) side and stirred for 5 min. Peptide concentration in the bilayer
chamber was approximately 10 uM. Bilayer stability was monitored by periodic capacitance

measurements throughout the course of the experiment.
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All traces were recorded in voltage clamp mode using the 2 kHz built-in filter cutoff
of our BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling frequency of 15
kHz was used for all data acquisition. We used a custom-made LabVIEW program to record
the current and Clampfit 10.2 (Molecular Devices, Sunnyvale, CA) to analyze traces. For
representation in figures, we have filtered the recorded current versus time traces with a
digital Gaussian low-pass filter with a cutoff frequency of 50 Hz.

Lipid Bilayer Preparation for AFM Imaging For liposome preparation, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS) lipids were used in a 1:1 ratio (both purchased from Avanti Polar Lipids,
Alabaster, Al). Liposomes were prepared by mixing 20 uL of each lipid (5 mg/mL) dissolved
in chloroform and allowed to dry overnight in vacuum. The dried lipid film (and anle138b)
was hydrated with peptide solution (1:60 peptide to lipid molar ratio) to facilitate peptide
incorporation in the lipid bilayer, resulting in proteoliposome formation. For control, the
dried lipid film (and anle138b) was hydrated with 200 uL. of HEPES buffer and vortexed
occasionally for an hour. The large multilamellar vesicles formed with this procedure were
sonicated for 5 min. Supported lipid bilayers were formed by (proteo)liposome rupture
and fusion on the mica substrate.[21, 90, 91, 17, 103, 44] Lipid concentrations of 0.1~1
mg/mL were deposited on freshly cleaved mica and incubated for ~10 min on a hot plate
above the lipid transition temperature to facilitate fusion of the ruptured proteoliposomes
on the mica surface. As a last step, samples were rinsed with buffer to remove unruptured
proteoliposomes still in solution.

AFM Imaging on Membranes Topographic images were acquired using a Multimode
AFM equipped with a Nanoscope V controller (Bruker, Santa Barbara, CA). Silicon Nitride

cantilevers with spring constants of 0.08 N/m (OMCL-TR400, Olympus) were employed
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for imaging in fluid using tapping mode. Resonance frequencies of ~8 kHz and drive
amplitudes under 100 mV were used. All experiments were performed at room temperature.
Actual spring constants were measured using thermal tune before the experiments. To
measure outer pore diameters, tip broadening was taken into account by modeling the
inserted oligomers as a spherical cap protruding a height, h above the surface of the lipid

bilayer in contact with a spherical tip of radius, R.[115]

4.4.4 Cell Membrane Integrity and viability

CyQUANT. Primary neuronal cultures were produced from E17.5 CD1 Swiss em-
bryos. On DIV 10 cultures were treated conditioned medium supplemented with anle138b to
a final concentration of 1 uM in 0.05% DMSO (Roth, A994.2) or 0.05% DMSO as vehicle.
After 24 h AB_40 oligomers, monomers or buffer (n=4 each) were applied at 10 uM and
incubated for 48 h. CyQUANT® Direct Cell Proliferation Assay (Thermo Fisher, C35011)
was used according to manufacturers protocol to determine membrane integrity. After 30
min incubation fluorescence was measured with a Tecan infinite 200. Statistical analysis
was performed in GraphPad Prism.

MTT assay. Cell viability was measured using the MTT assay with the same sample
preparation as for the CyQUANT assay. Briefly, after anle138b and AP treatment the cell
culture medium was supplemented with MTT to a final concentration of 0.5 mg/ml and
incubated for 1 h at 37 °C in a standard cell culture incubator. Subsequently medium was
removed and metabolites suspended in 500 ul DMSO. Absorption at 800 nm was measured

using a Tecan infinite 200.
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Figure 4.1: Anle138b rescues hippocampal LTP deficits spatial memory in the
pre-plaque group. A. In WT mice of the pre-plaque group (treated from 2-6
month of age with anle138b) robust LTP that lasts for at least 3h is elicited upon a
strong tetanization (STET) (3 trains of 100 pulses at 100 Hz given 10 min apart,
arrows) at the schaffer-collateral synapse (t test, P = 0.0001; n = 16). B. LTP is
not maintained in APPPS1A9 mice treated with placebo. Here, the potentiation
declined to baseline after 3 h (t test, P = 0.08; n = 20). C. APPPS1AO9 treated with
anle138b show reversal of LTP impairment (t test, P < 0.0001; n = 23). D. Escape
latency in the Morris water maze test is impaired in placebo but not in anle138b

treated APP mice (ONE-way ANOVA F = 16,01, **P < 0,0008 n =15/group).

E. Probe test performed 24 h after the last training session. The lower panel
shows representative swimming path during the probe test. T = target quadrant
compared vs. other quadrants (t test, ***P < 0,0001). F. Average swim speed
during water maze training. G. Explorative behavior in the open field test. Upper
panel: Representative motion tracks during the test session. Lower panels show
the total distance traveled during the 5 min test session. H. Bar graph showing the
time spent in the center vs. the corner of the open field. Error bars indicate SEM.
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Figure 4.2: Anlel138b rescues hippocampal LTP deficits spatial memory in the
post-plaque group. A. WT mice of the post-plaque group (treated from 6 - 10 month
of age) display robust LTP upon STET (arrows) that was maintained throughout the
recording session (t test, P =0.0001; n = 30). B. Lasting LTP induced by STET was
not observed in 10-month old APPPS1A9 placebo treated mice. The potentiation
decayed to baseline after 3 h (t test, P = 0.16; n = 19). C. Treatment with anle138b
starting at 6 month of age rescues LTP deficit in 10-month old APPPS1A9 mice (t
test, P < 0.0001; n = 20). Triplets of arrows represent STET applied for inducing
L-LTP. Insets in each graph represent typical fEPSP traces recorded 15 min before
(dotted line), 30 min after (broken line), and 3 h after (full line) STET. D. Escape
latency in the Morris water maze test is impaired in placebo treated APP mice and
partially restored to WT levels in anle138b treated APP mice (ONE-way ANOVA,
F=35,94,P < 0,0001; P =0,0309 for APP + anle138b vs. APP + placebo and P =
0,4 for APP + placebo vs WT + anle138b, n = 7/group). E. Probe test performed 24
h after the last training session. The lower panel shows representative swimming
path during the probe test. T = target quadrant compared vs. other quadrants (t test,
**P < 0,001; *P < 0,05) F. Average swim speed during water maze training. G.
Explorative behavior in the open filed test. Upper panel: Representative motion
tracks during the test session. Lower panels show the total distance traveled during
the 5 min test session. H. Bar graph showing the time spent in the center vs. the
corner of the open field. Error bars indicate SEM.
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Figure 4.3: Hippocampal gene-expression in anle138b treated mice. A. Volcano
plot comparing gene-expression in WT mice treated with placebo or anle138b.
There is no statistically significant difference (indicated by the dashed lines)
amongst groups. B. Left panel: Heat map showing differentially expressed genes
in placebo treated WT and APP mice and anle138b treated APP mice of the pre-
plaque group. Note that there is a WT-like gene-expression pattern is to a large
extent reinstated in anle138b treated APP mice. Right panel: Heat map showing
differentially expressed genes in placebo treated WT and APP mice and anle138b
treated APP mice of the post-plaque group. C. Pathways down-regulated (blue)
or up-regulated (red) in placebo treated APP mice when compared to WT control
group. D. Expression of APP and PS1 genes in WT and transgenic mice, placebo
or anle138b treated. Note that anle138b treatment does not affect APP or PS1
expression. E. Venn diagram showing that 10-month old mice treated with placebo
or anle138b show very similar changes in hippocampal gene-expression. F. Path-
ways up-regulated in 10-month old APP mice. Analysis is based on the 220 genes
commonly increased in placebo and anle138b treated APP mice. Note that the
pathways are exclusively linked to neuroinflammation. Error bars indicate SEM.
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Figure 4.4: Amyloid plaque pathology is ameliorated by anle138b treatment in
the pre-plaque (A) and post-plaque (B) groups. A. Reduced amyloid pathology as
indicated by reduced number of plaques (left panel) and reduced area covered by
plaques (right panel) in the pre-plaque group (t test ***P < 0,0001, n = 5/group).
B. Reduced amyloid pathology as indicated by reduced number of plaques (left
panel) and reduced area covered by plaques in the post-plaque group (t test ***P
< 0,0001, ***P < 0.01 n = 5/group). Error bars indicate SEM.
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Figure 4.5: Anle138b ameliorates AP _4» induced membrane integrity. A. AB;_42
induces pore-like step ionic current increases across lipid bilayer membranes and
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Anle138b (1 uM) or vehicle before AP _4> oligomers or monomers were added (10
UM, n=4/group). After 48 h membrane integrity, was measured as fluorescence in-
tensity using a CyQUANT assay (Thermo Fisher). In the vehicle group, membrane
integrity was significantly impaired when treated with AP oligomers comparing
with control neurons or A} monomer treated neurons, anle138b treated neurons
did not exhibit a difference between addition of A} monomers or A oligomers.
(t test, **P < 0,01). D. Same experimental setting as in (C) but cell viability was
measured using the MTT assay (t test, *P < 0,05 vs. control). No difference in cell
viability was observed for A monomer or oligomer treatment in the absence or
presence of anle138b. E. Schematic of potential mechanisms of activity inhibition
for anle138b. In the absence of anle138b, AR monomers and/or oligomers insert in
the membrane and form conducting pores. Treatment with anle138b renders these
conductive channels inactive most probably due to reduced life time of the open
state. Error bars indicate SEM.
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measured diameter corrected diameter

Pores (n=15) 13.8+3.7 nm 8.1+£3.3 nm

Figure 4.6: Observation of AP pores by AFM in anle138b-doped membranes.

A-C: AFM tapping mode images showing similar pore structures in membranes
with and without anle138b. A. POPE/DOPS (1:1) membranes without compound
and not exposed to AP;_4> showing lateral phase separation. B. Membrane with
the same lipid composition as in a) without compound reconstituted with AB;_4; at
a 1:60 peptide/lipid molar ratio. C. Membrane with the same lipid composition as
above with anle138b (10 mM with respect to lipid volume) and reconstituted with
AP1_42 (1:60 peptide/lipid molar ratio). D, E. Four representative pores extracted
from (B) and (C), respectively. F. Table summarizing that A pores show the same
dimension in the presence or absence of anle138b.

96



Chapter 5

Nanofiber optic force transducers with
sub-piconewton resolution via near-field

plasmon-dielectric interactions.

5.1 Abstract

Ultrasensitive nanomechanical instruments, including the atomic force microscope
(AFM)[166, 26, 167, 168] and optical/magnetic tweezers[169, 170, 171, 172], have helped
shed new light on the complex mechanical environments of biological processes. However, it
1s difficult to scale down the size of these instruments due to their feedback mechanisms|[173],
which if overcome would enable high-density nanomechanical probing inside of materials.
A variety of molecular force probes including mechanophores[174], quantum dots[175],
fluorescent pairs[176, 177], and molecular rotors[178, 179, 180] have been designed to
measure intracellular stresses; however, fluorescence-based techniques can have short

operating times due to their photo-instability and it is still challenging to quantify the
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forces with high spatial and mechanical resolution. Here we develop a compact nanofiber
optic force transducer (NOFT) that utilizes strong near-field plasmon-dielectric interactions
to measure local forces with a sensitivity of <200 fN. The NOFT system is tested by
monitoring bacterial motion and heart cell beating as well as detecting infrasound power in

solution.

5.2 Introduction

The design and working principle of the NOFT is shown in Fig. 5.1a. SnO; nanofiber
waveguides (WGs)[181] were placed on a substrate (silica or quartz) and gold nanoparticles
(~ 80 nm diameter) were directly attached to the bare nanofiber via electrostatic forces
to serve as reference nanoparticles (NP, ference). The sensor nanoparticles (NPge0-) Were
designed by covalently linking cystamine-functionalized gold nanoparticles to a polyethylene
glycol (PEG) monolayer grafted to the WG. The scattering intensity of NPy, 18 strongly
dependent on the WG-NP separation distance. Therefore, to quantitatively read-out forces
on NPg..s0r via an optical signal, a link must be established between 1) the scattering
intensity and polymer thickness and 2) the polymer thickness and the force applied on the
nanoparticle. Both of these links can be achieved by initiating an accurate calibration model.
We have statistically measured a 0.55 + 0.05 ratio of the average scattering intensities
between NPje50r and NPy ference (Fig. 5.1b) and determined that the mechanical stiffness

of the PEG films is stable up to two weeks when kept in PBS solution (Fig. 5.4).
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5.3 Results

White defect emission can be launched down the WG by exciting one end with
a light source above the band gap of SnO,(3.6 eV)[181]. Since the position of the plas-
monic nanoparticles can be optically tracked in the far-field with angstrom-level spatial
resolution[ 182], forces on the nanoparticles can be extracted by monitoring the scattering
intensity assuming the mechanical properties of the polymer cladding are well characterized.
The force sensitivity of the NPj,,5, can be calculated by multiplying the distance sensitivity
(Dsensitiviry) and the spring constant (kpgg) of the PEG film. Dyeysiriviry 18 determined by the
minimum discernible intensity and the relationship between intensity and distance, such
that Dyepgsitiviry= (AG/W/S gistance» Where Ac/u is the change in the coefficient of variation
from the scattering intensity of NPge50r, and Sgigrance 15 the local slope of the scattering
intensity vs. nanoparticle-WG distance curve. As shown in Fig. 5.1c, the curves of 6/u
vs. u for both NP, ference and NPy, follow similar trends indicating that there is no
observable thermal-related vibration from NP, on the polymer. This is likely due to
the dense polymer brush underneath NP, andan increased drag coefficient close to the
surface[ 183, 184]. From the noise level of these two curves, AG/u is consistently centered at
0.005, independent of whether there is a PEG layer underneath or not.

An AFM integrated with an optical microscope was used to calibrate the force
response of the NOFT. Due to the difficulty of reproducibly applying force directly on
a NPg,50r with a bare AFM tip, which often caused the nanoparticle to dislodge from
the polymer film (Fig. 5.5), we simultaneously measured the optical signal from a single
nanoparticle-modified AFM tip (spring constant £ = 9.4 pN/nm) and force-distance curves.
Previous work showed that the AFM tip does not influence the scattering intensity during

interaction of the nanoparticle with the WG (Fig. 5.6)[185]. As the modified tip approaches
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the WG, the scattering intensity increases, plateauing with larger intensity fluctuations when
the polymer is fully compressed (Figs. 5.1e and 5.7). The increased modulation is likely
caused by small sliding of the tip along the WG surface (contacting slightly different regions
of the nanofiber)[186].

The force-scattering intensity vs. time retraction curve (latter 50 s in Fig. 5.1e)
can be converted to force-scattering intensity vs. distance (Fig. 5.1f) since the speed of
the cantilever is known. During retraction of the AFM tip, we observed a 30% drop in
the intensity (decay constant of 33 nm) from its maximum point within 10 nm, which
corresponds to the thickness of the PEG monolayer in the force curve. We obtained an
average PEG thickness of 15 & 1 nm and a PEG chain density of 0.036 & 0.006 chains/nm?
by fitting the force curve with an Alexander-de Gennes model for brush polymers[25, 187]
(Fig. 5.8). From the scattering intensity profile, a NP, sitting on a 15 nm thick PEG
film corresponds to a 55% decrease in scattering intensity compared to NPy, ference, agreeing
well with the measured scattering intensity ratio in Fig. 5.1b. This result indicates that the
NOFT platform detects forces prior to the AFM, and demonstrates that the AFM indentation
experiments underestimate (10 nm) the real thickness of the PEG film (15 nm) underneath
NP;ens0r- From the scattering-distance relationship we extracted a value of 0.019 nm~! for
Sgistance and 2.6 A for Dyensiriviry at a distance of 15 nm from the WG. We obtained a value
of ~ 160 fN for the force sensitivity (Fiepsiriviry) using Alexander-de Gennes’ model and
evaluating the first derivative of the force at the contact point (kpgg = 6.3x10~% nN/nm).

To demonstrate the performance of the calibrated NOFT in quantifying forces[188],
we placed NOFTs in a solution of Helicobacter pylori (H. pylori) bacteria (Fig. 5.2a).
We recorded the scattering intensity of NPg,,s, with and without bacteria (see Methods)

and plot the relationships of 6/u vs. u in Fig. 5.2b. Because UV excitation can induce
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some fluorescence, causing a slight increase in background noise, we developed a statistical
method to discriminate the background noise from the true signal. When the background
noise & is small compared to the signal, 6/u increases linearly with respect to 1/u? (Fig.
5.2c). The slopes of the lines reflect the noise level of the system, and the intercept with
the vertical axis corresponds to the root mean square (r.m.s.) of the deformation depth
ratio \/F (the ratio of the distance fluctuation Ax to 33 nm, which is the scattering decay
constant of the nanoparticle). When active bacteria are present, \/F increases by 0.016,
which translates to a force of ~ 400 fN by the bacteria (a very similar value to the propulsion
force of a single bacterium[189]).

The detected force is likely due to i) the microflow forces induced by bacteria
swimming in the vicinity of NPy, and/or ii) the interaction of bacteria with the PEG
cladding, thus producing oscillations of NPg,,s,. A direct collision between a bacterium
and NPy, 1s unlikely to occur due to the small cross-section of NPges0r. As described in
the method section, our estimation shows N = 1.7 x 10°%/s. Accordingly, no binding of the
bacteria to the NOFT was observed (Fig. 5.9).

To verify that the measured force originated from motion of the bacteria, and not
Brownian forces, dead bacteria were tested, resulting in a similar optical response as bacteria-
free experiments (Fig. 5.10). These results were compared with AFM measurements (Fig.
5.2d). The RMS of the AFM cantilever deflection in a solution without bacteria was 0.55 A
(Fig. 5.2e) giving a RMS force sensitivity of 2.2 + 0.2 pN (k = 40 pN/nm). After adding
bacteria, the induced force was approximately 10 pN (Fig. 5.2f). Interestingly, the calculated
average stress on NPy, 1s four orders of magnitude higher than on the AFM cantilever
(A detail description is shown in the method section). This is likely due to the small size

of the nanoparticle (i.e., small drag coefficient) which doesn’t filter as much of the higher
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frequency signals as the bulk cantilever[190]. This demonstrates that the NOFT is capable
of monitoring sub-pN forces from microorganisms in a dynamic environment.

We subsequently explored the ability of the NOFT to detect acoustic signatures from
both micromechanical and biomechanical systems[191]. An AFM tip was employed to
generate small acoustic oscillations near a NPg,,5,, by vertical modulation at low frequencies
(Fig. 5.3a). The small applied forces (~ 300 pN) did not produce any measurable vibration of
the WG (Figs. 5.11 and 5.12), but once the tip was moved close to NP;,,s,-(at a distance of ~
500 nm), Fourier transforms of the scattering intensity resolved the oscillation frequencies of
1 Hz and 2 Hz that were applied to the AFM cantilever (Fig. 5.3b). From these experiments
we estimate that the NOFT can detect sound pressure levels down to -30 dB in water.

With this sensitivity, acoustic signatures from many different biomechanical systems
could be detectable. To explore this we placed a NOFT ~ 100 yum away from a small
assembly of neonatal mouse cardiomyocytes (Fig. 5.3¢c) and resolved beating frequencies of
1-3 Hz from the cells (Fig. 5.3d)[192]. We also observed that the cardiomyocytes stopped
beating after about 30 min as the cell culture solution cooled down[193] (Fig. 5.13). The
large spread in beating frequency is anticipated (supported by results from optical imaging
techniques) as a smaller array does not have complete coherence and will show cycling
variations from cell to cell. This demonstrates that the NOFT platform is quite versatile and

could lead to in vivo stethoscopic applications.

5.4 Conclusion

In summary, we developed a novel NOFT platform that leverages the optical response
of plasmonic nanoparticles attached to a compressible cladding embedded in the evanescent

field of a nanofiber. We achieved angstrom-level distance sensitivity and a force sensitivity
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of 160 fN. After fully calibrating the system, the NOFT was used to detect sub-pN forces
from the swimming action of bacteria, and acoustic signatures from beating cardiomyocytes
with a sensitivity of -30 dB. With the ability to tune the force and dynamic range via the
mechanical response of the compressible cladding, detect forces from multiple nanoparticles
on a single fiber, and a geometry that can be inserted into small volumes, NOFT will become

a valuable tool for biomechanical and intracellular studies.

5.5 Methods

5.5.1 Integrated AFM/Optical Setup

AFM/optical measurements were done using a Dimension Hybrid XYZ scanner
(Bruker, CA) on a Zeiss Axiovert 135TV inverted light microscope (Fig. 5.1d). The AFM
scanner was run by Nanoscope software 5.31R1 (Bruker) and has a scan range of 90 x
90 ,umz. The 325 nm line from a continuous-wave helium cadmium laser (~ 2 mW) was
launched through a quartz slide from underneath at an angle of ~ 45° relative to the sample
plane. The scattering intensities were collected through a 10x objective with a 600 nm short

pass filter and recorded by an EMCCD camera (Andor Technology).

5.5.2 Optical setup for the measurement of bacteria motion force

After placing a SnO; nanofiber (via micromanipulation) across a silica trench, it
was fixed to the substrate using polydimethylsiloxane (PDMS), and PEG was grafted on
the suspended nanofiber. A cured PDMS ring was placed around the channel, forming a
reservoir that could be filled with the bacteria solution or just the PBS solution. The bacteria

concentration was held fixed at 1.65 x 10’ CFU/mL for all experiments. After covering
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the PDMS ring with a thin fused silica chip (~ 170 um thickness), one end of nanofiber
was excited by 325 nm UV light (~ 10 mW) at an angle of ~ 45° relative to the sample
plane. The scattering intensity signals were collected through a 50x objective and recorded
by an EMCCD camera (Andor Technology). The sampling frequency was ~ 66 Hz, and the

recording period was ~ 15 seconds.

5.5.3 Optical setup for the measurement of cell beating frequency

325 um thick PEG gels containing neonatal mouse cardiomyocytes in a GeIMA
hydrogel were placed in a microfluidic chamber containing NOFTs in the cell culture
solution (74% DMEM Fluobrite, 25% M199 medium without phenol red, 0.5% peni-
cilin/streptomycin solution (Gibco), 0.5% 1 M HEPES buffer). A similar excitation and
collection setup to the bacteria experiment was used to detect the beating frequency of the
cardiomyocytes. The sampling frequency was ~ 19 Hz, and the recording period was ~ 52

seconds.

5.5.4 Tin dioxide (SnO,) nanofiber chip preparation

The SnO; nanofiber waveguides (WGs) were synthesized via a thermal vaporization
process in the presence of trace amounts of O, as described elsewhere.[181] The WGs have
cross-section dimensions of 200 - 400 nm. Before placing the SnO, nanofiber WGs on a
quartz or silica substrate, the substrate was sonicated in ethanol and rinsed thoroughly with
deionized (DI) water. The substrates were then placed in a RCAT1 solution that consisted of
ammonium hydroxide/hydrogen peroxide/DI water (1:1:5 vol/vol), heated at 75 °C for 10
min, followed by a rinsing with copious amounts of DI water and dried under airflow. The

substrates were then placed in a piranha solution containing sulfuric acid/hydrogen peroxide
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(3:1 vol/vol), heated at 75 °C for 10 min, followed by a rinsing with DI water and dried
under airflow. After placing the SnO;, nanofiber WGs on the substrate, the substrate was
hydrolyzed under oxygen plasma treatment for 10 minutes, and rinsed with water and dried
under airflow. An atomic layer of amine groups was formed on the SnO; nanofiber WGs
by evaporating aminepropyltrimethoxylsilane (APTMS) in a dry box chamber for 1 hour
followed by heating at 100 °C for 10 minutes. A solution containing 0.2 mM COOH-PEG-
COOH (5 kDa) (Laysan Bio, Inc), 1 mM EDC, and 1 mM TEA in DMF was placed on
top of the nanofiber chip overnight to graft PEG monolayer on the nanofiber. The substrate
was then rinsed with copious amounts of methanol and blown dry. For the attachment of
gold nanoparticles on the PEG layer of the WGs, 1 mL of a citrate-capped gold nanoparticle
solution (~ 7.8 x 10° particles/ml, ~ 80 nm nominal diameter, Sigma-Aldrich) was first
mixed with 1 mL of DI water containing 7.5 mg of cysteamine and stirred for 1 hour to
functionalize the gold nanoparticles with thiol groups. After centrifugation and rinsing with
DI water (x3), the nanoparticles were covalently linked to the carboxylate groups on the

PEG polymer via EDC and NHS chemistry.

5.5.5 Alexander-de Gennes force model

The Alexander-de Gennes force model calculates the force between two equal
surfaces containing polymer brushes using scaling laws.[187] Butt et al. derived an equation

for only one polymer-coated surface [194]:

F = 50kgT Ry Ly 2e~ 2™ Lo (5.1)
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where F is the force, kp is the Boltzmann constant, 7 is the temperature (room temperature
for our measurements), Ry is the radius of tip 40 nm, s is the separation between the AFM
tip and substrate, Ly is the thickness of the polymer, and G is the polymer chain density. Lo
and o are the fitting parameters. This model works in the distance range of 0.2 < Lio < 0.9.

The fittings were done for 10 different force curves with an error of < 1%.

5.5.6 Preparation of H. pylori bacteria

H. pylori Sydney strain 1 (SS1) was used in this study. The bacteria were maintained
on a Columbia agar supplemented with 5% (vol/vol) laked horse blood at 37 °C under
microaerobic conditions (10% CO,, 85% N,, and 5% O,), as previously described.[195]
For experiments, fresh colonies of H. pylori bacteria were subcultured from the agar plates
in BHI broth containing 5% (vol/vol) fetal bovine serum (FBS) and cultured overnight
at 37 °C under microaerobic conditions with moderate reciprocal shaking. The bacteria
were harvested by centrifugation at 4,000 x g for 10 min, resuspended and adjusted to a
concentration of 1.65 x 10’ CFU/mL (determined by ODggp measurement, ODgpg = 1.0
corresponding to ~1 x 103 CFU/mL) using phosphate-buffered saline (PBS) containing
calcium and magnesium. The fluorescein isothiocyanate (FITC) labeled bacteria were
prepared using a protocol previously described [196] with some modifications. Briefly, the
bacteria suspension was adjusted to 8 x 108 CFU/mL in PBS and 16 uL FITC (1 mg/mL
in DMSO) was added to 8 mL of the bacteria solution and incubated at 37 °C under dark,
microaerobic conditions with moderate reciprocal shaking. After 12 h, the FITC-labeled
bacteria were washed 3x in PBS with 0.1% Tween-20. Finally, the bacteria were resuspended

and the concentration was adjusted to 1.65 x 10’ CFU/mL using PBS.
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5.5.7 Statistical analysis of scattering intensity

to=x0/33, At=Ax/33, u=Ilpe

i =38+ Ipe—(to — At) = 8+ ue™

6= \JUNY (i~ = /1IN (8+ped — w2~ \[1/NY (8 + 120 + 2uArS)

o/u= /L8 /N2 + A7 + (2 Y Ard) [Nu = V&2 | 8 Ni2 A + (2 Y 818) [Nubr® + 1

~ VAZ(Y. &) 2NiP A2 + (Y ArS) /NuA? + 1) = V A2+ (Y. 8) [2Ni2V Ar?
(5.2)

Here xg is the average distance of NPgensor away from the waveguide, Ax is the
instantaneous distance fluctuation of NPgepsor On the polymer, i is the instantaneous scattering
intensity of NPgensor, and I is the average intensity of NPieference directly on the waveguide.
to and At are the ratio of xp and Ax with respect to the nanoparticle scattering decay constant
(~ 33 nm), respectively. u is the average scattering intensity, © is the standard derivation
of the scattering intensity, d is the instantaneous background noise of the system, and

N is the number of data points in the time course. Taylor expansions were used for ¢*

and \/ Y 82 /Ni2A2 + (2Y.8t8) /NuAr2 + 1 to give the approximate solutions. The term
Y A1) /NuAi? + 1) is considered negligible because Ar is a small ratio and & is a random

number around zero.

5.5.8 Number of bacteria (N) directly interacting with nanoparticle

per second

area X v
N =
Vv

X (cxV)=areaxvxc (5.3)
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where the surface area of NPgns0r is ~ 2 x 10* nm?

, v 1s the speed of bacteria ~ 5.2 um/s
[average velocity tracked from video recording which is comparable to values reported for
H. pylori (~ 20 um/s at 25 °C) [197] and other bacteria [198]], ¢ is the concentration of
bacteria ~ 1.65 x 10’ CFU/ml, V is the volume of the bacteria solution, therefore N = 1.7 x

10°® bacteria/s.

5.5.9 Force detection with a free-standing AFM cantilever

After immersing an AFM cantilever (spring constant k = 40 pN/nm) in PBS buffer
for 1 hour to stabilize the system, the deflection sensitivity of the cantilever was measured,
and the cantilever was moved away from the surface so that the deflection feedback could
be measured. The imaging size was set to zero and the deflection data were recorded

with/without bacteria at room temperature.

5.5.10 Average stress applied on NP,,,;,- and AFM cantilever

The spring constant (k) for a rectangular beam can be derived from Euler-Bernoulli

beam theory [199],
_ Ewt’

=1 (5.4)

where E is the Youngs modulus of the beam, w is the width of the beam, ¢ is the thickness
of beam, L is the length of the beam. Therefore, the average stress (¢) applied on the

rectangular cantilever beam [200] can be expressed as:

8k.
q(AFMcantilever) = W)‘i = 4.7 x 10~°pN /nm? (5.5)
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where x is the average fluctuation of the cantilever beam. The cross-section area of NP0

is ~ 5 x 10 nm , therefore the average stress applied on the NP5, can be expressed as:

k
G(NPynsor) = ——— = 8.1 x 1073 pN /nm® (5.6)
area

5.5.11 Sound pressure level estimation using an oscillating AFM tip

We assumed a sphere of radius of 2.2 yum (same volume as the AFM tip) was
oscillated at a frequency of 1 Hz ~ 500 nm away from a NP5, With tthis assumption the

sound pressure could be estimated using the following expression [201] :

3
poa’cosO dv
P="2 ©7

where a is the radius of the sphere, pg is the density of water, 0 is the angle between the
sphere oscillation direction with the line between oscillation center and nanoparticle, r is the
distance between the oscillating sphere and the nanoparticle, and dv/dt is the acceleration

of the oscillation. The sound pressure level (SPL) can be expressed in decibels:

SPL = 20 x log (-2

) (5.8)
Pref

where the reference pressure P, r =1 X 10~® N/m? in water. Thus the estimated SPL that

the NOFT detect is ~ -30 dB.

5.5.12 Cardiomyocytes sample preparation Gelatin

Gelatin methacrylate (GeIMA) was synthesized as previously described.[202] Gelatin

(10% wt/vol, Type A, 300 Gel Strength, Sigma-Aldrich) was dissolved in Dulbeccos phos-
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phate buffered saline (DPBS, Gibco). The solution was allowed to stir for 1 hour at 60 °C
and subsequently degassed and purged with argon. Methacrylic anhydride (Sigma-Aldrich)
was added to the solution at a rate of 0.5 mL/min to a final concentration of 8% (vol/vol).
The solution was stirred for 3 hours and diluted 1:1 with warm PBS. The dilute solution was
dialyzed against DI water using 13.5 kDa cutoff dialysis tubing (Spectrum Labs) for 1 week
at 40 °C. Samples were frozen and free-dried via a lyophilizer (Labconco), and stored at -80
°C until used. Photoinitiator, LAP was synthesized as previously described.[203] A solution
of 2,4,6-trimethylbenzoyl chloride (0.018 mol, Acros Organics) was added dropwise to
an equimolar amount of dimethyl phenylophosphinate (Sigma-Aldrich). The reaction was
stirred continuously for 18 hours at room temperature under argon. The solution was then
heated to 50 °C and a four-fold excess of lithium bromide (Sigma-Aldrich) dissolved in 100
mL of 2-butanone was added. After 10 minutes, a solid precipitate formed and the solution
was allowed to cool. After 4 hours, the filtrate was washed three times with 2-butanone
(Sigma-Aldrich) and vacuum filtered. Neonatal mouse cardiomyocytes (NMVCs) were
isolated from the hearts of neonates of CD-1 wild-type mice (Charles River Labs). In
brief, hearts were surgically removed from 1-day-old pups and digested in Hank’s Balanced
Salt Solution (Gibco) with 0.046% Trypsin (Affymetrix) at 4 °C overnight. Blood cells
were removed from hearts by type II Collagenase (Worthington) after shaking at 37 °C for
two minutes. A heterogeneous cell population containing cardiomyocytes and fibroblasts
was isolated after further digestion using type II Collagenase (Worthington) at 37 °C for
seven minutes. Fibroblasts were removed by pre-plating for 1.5 hours on 75 cm? plastic
tissue culture flasks (Corning) in a humidified incubator at 37 °C with 5% CO,. Isolated
cardiomyocytes were resuspended in dark medium formulated by 75% DMEM and 25%

M199 medium containing 10 mM HEPES, 10% horse serum (hyclone), 5% fetal bovine
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serum (Gibco), and 1% 100x Penicilin/Streptomycin/L-Glutamine solution (Gibco). A
prepolymer solution consisting of 20% polyethylene glycol diacrylate (PEGDA 700 MW,
vol/vol, Sigma-Aldrich) and 0.1% LAP (wt/vol) in DPBS was added between 125 um poly-
dimethylsiloxane (PDMS) spacers and a pretreated 3-(trimethyoxysilyl)propyl methacrylate
(TMPSA, Sigma-Aldrich) coverslip. A UV lamp (Brand, Intensity) was used to expose
the prepolymer solution for 30 seconds, forming a base layer. 10% GelMA (wt%/vol) and
0.2% LAP (wt/vol) was dissolved in DPBS and subsequently mixed 1:1 with NMVCs cell
concentrate to produce a final concentration of 5% GelMA (wt%/vol), 0.1% LAP (wt/vol),
and 20 million NMVCs/mL. The NMVCs were encapsulated in the GeIMA hydrogel 3D
printing. First a set of 250 um PDMS spacers were placed on top of a microscope slide
followed by the PEGDA coverslip facing down. The GelMA/NMVCs mixture was then
added between the spacers and placed under a custom-build digital micromirror device
(DMD) system, which consisted of a LED light source (365 nm; Hamamatsu), a DMD chip
(Texas Instruments), motion controller (Newport), and a set of projection optics. A digital
bitmap mask in the shape of a square was made in Adobe Photoshop and load ed to the
DMD chip. A 3 mm x 3mm x 250 um slab was exposed to UV light (88 mW/cm?) for 20
seconds, encapsulating NMVCs in the GelMA hydrogel. Constructs were cultured in dark

media, replacing the media daily.
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Figure 5.1: Nanofiber optic force transducer calibration. a, Schematic showing
a NPy ference directly on the nanofiber and a NPy, linked on a compressible
PEG film grafted on the nanofiber. The scattering intensity of NP, 1s directly
related to its distance from the WG and the distance is strongly dependent on the
applied force. b, TEM images of a NP, rerence (top left) and NPg,,5,, (bottom left).
Scattering images of two NPy, ference (middle) and several NPy, (red boxes)
attached to a PEG film in the presence of the NP, ference(right). ¢, The relationship
between the coefficient of variation (6/u) and average scattering intensity (u) of
NP, rerence (black squares) and NPy, ,-(red squares). The gray (NP ference) and
pink (NPg,,s50r) regions are the exponential decay fits to the experimental data with
an error of 0.005. d, Scheme showing the simultaneous detection of nanoparticle
scattering intensity, distance and force with a NPy, attached either to AFM tip
(calibration mode) or PEG film (sensing mode). Inset: SEM image of a single gold
nanoparticle attached to an AFM tip. e, Relationship of scattering intensity (black
dots) and force (red dots) with time. The gray dots indicate the optical saturation
region when the PEG layer is fully compressed. f, Relationship of scattering
intensity (black dots) and force (red dots) with respect to distance. The blue line is
an exponential fit to the scattering intensity decay. Inset: relationship between the
spring constant kpgg and the distance fitted with Alexander-de Gennes’ model (the
contact section of the AFM retraction curve is highlighted with a light red box in e
and f).
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Figure 5.2: Force detection from bacteria motion. a, Photograph (left) of a
microfluidic chip that houses the NOFT device for detecting the force induced
by H. pylori bacteria. Schematic (right) showing a zoom in of the NOFT sensor
traversing a microfluidic channel. The bacteria (black squiggly lines) periodically
swim nearby the NP, (red dots) causing optical modulations. b, Plot showing
the relationship of the coefficient of variation (6/u) with respect to average intensity
(w) in phosphate-buffered saline (PBS) without bacteria (black dots) and with active
bacteria (red dots). Solid lines are drawn to guide the eye. ¢, Comparison of 6/u
with ]/,u2 in PBS with (red dots) and without (black dots) bacteria. Solid lines
are drawn to guide eye. The dashed lines are linear fits to the data points below
1x10~8.d, AFM deflection images obtained without feedback control in PBS with
(right) and without (left) bacteria. e, Time-course of cantilever deflection in PBS
with (red) and without (black) bacteria in PBS. f, Comparison of measured forces
using AFM [deflection RMS multiplied by the spring constant (k = 40 pN/nm)]
in PBS with (red) and without (black) bacteria. The error bar is the standard
derivations from 10 different time-courses.
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Figure 5.3: Acoustic frequency detection. a, (left) Scheme showing an AFM tip
acting as an acoustic source nearby a NPg,,s,,. (right) Example of a force mapping
image (~ 300 pN force) that was used to locate a NP5, and then the AFM
tip was moved away to generate the acoustic wave. b, Fourier transformations
of the NP0 scattering intensity after oscillating the AFM tip at two different
frequencies (1 Hz and 2 Hz). ¢, (top left) Cross-sectional side view of the mi-
crofluidic chamber used to house the NOFT and cardiomyocyte cluster. The UV
laser was focused through the quartz cover onto the NOFT without illuminating
the cell culture, and scattering signals were collected back through a top-mounted
microscope objective (pictured at right). (bottom left) Optical image of a 3 mm x 3
mm X 250 um cardiomyocyte cell cluster that was placed ~ 100 um away from the
NOFT in the microfluidic chamber. d, Fourier transforms taken from the end facet
of the NOFT with (red) and without (black) cardiomyocytes.
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Figure 5.4: Force curves of a PEG monolayer in PBS buffer grown on a silicon
substrate. The mechanical stability of the PEG monolayer tracked over two weeks.
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Figure 5.5: A force mapping image of a nanofiber with NP, linked on top of
a PEG monolayer.(left) A time-course of the optical scattering intensity during
the force mapping. The red line is drawn to guide the eye.(right) There is some
modulation in the nanoparticle scattering intensity when NP, is contacted by
the AFM tip. The nanoparticle was eventually moved away by the AFM tip.
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Figure 5.6: Optical image of a bare AFM tip (red outline) indenting on a SnO;
nanofiber (location denoted by white dotted line).(left) Scattering intensity of a
NP;en50r On the nanofiber and the AFM tip region during indentation.(right)
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Figure 5.7: Scattering intensities of two NPy,,s,- (black and blue traces) measured
simultaneous while a nanoparticle-modified AFM tip (red trace) is indented onto a
nanofiber waveguide.
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Figure 5.8: Representative force curve of a PEG film using a gold nanoparticle
attached to an AFM tip (Black dot). The rising force portion is highlighted with red,
and the green portion is the fitting region. The blue line is the fit using Alexander-de
Gennes model for a parabolic tip.[187]
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Figure 5.9: (left) Dark-field optical image of a NOFT suspended across a trench
(similar to Figure 5.2a in main text). (center/right) Fluorescence images (snapshots
from movie) same region as left image) using a 442 nm excitation showing fluo-
rescein isothiocyanate (FITC) labeled H. pylori. The 0 second snapshot was taken
30 minutes after the NOFT was first exposed to the bacteria solution. The white
arrows are pointing to two bacteria near the NOFT in the center image and are
placed in the same location in the right image, showing that the bacteria are still
freely moving and no bacteria are bound to the NOFT.
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Figure 5.10: (left) Relationship between the coefficient of variation (6/u) and the
average intensity (u) in PBS for the dead bacteria (blue dots). The solid line is
drawn to guide the eye. (right) Plot of 6/u vs. 1/u in PBS with dead bacteria. The
solid line is drawn to guide the eye. The dashed line s are linear fits to the data
points below 1x108. The dead baacteria were fixed with 10$% percent Formalin

in PBS for 30 minutes.
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Figure 5.12: (left) Scattering image of NP, and end facet when AFM is
running force mapping indentation ~ 2.5 ym away from the NPy, at a frequency
of 2 Hz. (right) Fourier transforms taken fro m the NPy, (black) and end facet
of the NOFT (red). 13

[F(x®)(v) (a.u.)

——

WM’:Mwﬂ:ﬁWﬂWWWMWW

-8 -4 0 4 8
Frequency (Hz)

Figure 5.13: Fourier transforms taken from the end facet of the NOFT with the
cardiomyocyte cluster after ~30 minutes at room temperature.
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