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ABSTRACT: Alzheimer’s disease (AD) is a protein misfolding disease commonly characterized by neuritic amyloid plaques
and proteinaceous fibrillar aggregate deposits composed of f-amyloid (Af) aggregates. The dynamic aggregation of Af forms
toxic, nanoscale aggregate species which proceed from oligomers to fibrils. Currently, there is need for rapid and direct
detection of Af peptide aggregation and interaction with lipid membranes, as detecting an interaction with various lipid
environments will provide insights to better understand how interactions may modulate membrane function on cellular surfaces,
leading to the progression of AD. The goal of this study was to utilize a colorimetric, biomimetic, vesicle-binding assay as a
biosensor to detect and investigate the occurrence of neurodegenerative disease-associated protein aggregation and interaction
with lipid membranes. Lipid/polydiacetylene (PDA) vesicles were exposed to monomeric preparations of Wild Type Af(1—40)
or point mutations in A} with amino acid substitutions that are commonly associated with familial AD (E22G Arctic, E22Q
Dutch, A21G Flemish, D23N Iowa, and E22K Italian). We investigated how these substitutions affect AB(1—40) aggregation
and interaction with lipid vesicles designed to mimic biological membranes. Time-resolved colorimetric measurements were
obtained and reveal that exposure to lipid/PDA vesicle biosensors results in the direct detection of mutant A(1—40) peptide—
lipid interaction events. A(1—40) peptide aggregate membrane activity varies among Af peptide variants and lipid
composition. In addition, we used atomic force microscopy and Thioflavin T fluorescence assays to distinguish the stages of
AB(1—40) aggregate formation, morphology, and membrane activity. These studies provide a simple means of aggregate
detection and insight into the role of cellular surfaces in the mechanism of AD aggregation.
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B INTRODUCTION

Protein folding is an essential function and fundamental
example of biological self-assembly." The amino acid sequence
for natively folded proteins contains the information necessary
to determine proper folding into a functional three-dimen-
sional structure in a given environment.” The failure of
proteins to fold correctly, or remain folded, causes a wide
variety of pathological conditions, including neurodegenerative
disease like Alzheimer’s disease (AD).' Protein misfolding
promotes the formation and deposition of self-assembled,
highly ordered, toxic, insoluble, abnormal nanoscale fS-sheet-
rich proteinaceous fibrillar aggregates (commonly referred to
as amyloids) within tissues or cellular compartments, resulting
in damage to the cell and accompanying disease."”~” Globally,
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it is estimated that 34 million people suffer from AD alone,
with numbers expected to triple by 2050.” Due to the ever-
increasing number of people afflicted with neurodegenerative
disease, the study of the physiological basis behind diseases
associated with the rearrangement of specific proteins to non-
native conformations is warranted.

Significant conformational changes can be induced in
proteins encountering surfaces, and the interaction between
amyloid-f (Af}) and cellular surfaces is known to be important

. . .. 9,10 . . .
for disease toxicity.” Protein—surface interactions play a
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critical role in nucleating aggregate formation or stabilizing
specific aggregation states with potential implications for
protein-misfolding diseases. Surfaces of particular interest in
such diseases are cellular and subcellular membranes. Studies
have shown that changes in lipid membrane properties may
induce amyloid aggregation and influence amyloid-damaging
effects to a lipid cellular membrane."'~"° Due to the dynamic
aggregation mechanism of amyloidogenic proteins (i.e.,
misfolded monomers to globular oligomeric precursors to
mature fibrils), techniques capable of rapidly detecting
membrane-active aggregate species and their surface inter-
action events within a heterogeneous aggregation reaction are
needed.

Research shows that lipid vesicle/polydiacetylene (PDA)
matrices provide a model system to mimic cellular membrane
composition with high reproducibility and stability.'°~"® These
biosensors are composed of diacetylene monomers of 10,12-
tricosadiynoic acid (TRCDA). An important feature of
TRCDA polydiacetylenes are their colorimetric properties. In
the presence of lipids, these species self-assemble and
incorporate lipids into the PDA matrix to form an integrated
colorimetric, biomimetic vesicle. The lipid/PDA vesicle
formed has an overall blue appearance once irradiated in
aqueous environments.'” ™" Lipid components in the vesicle
form distinct domains with biosensing abilities. The yielded
vesicle-based colorimetric biosensor undergoes visible blue-to-
red color transitions in the presence of environmental
perturbations such as Af peptide activity (ie., aggregation
and interaction) with a lipid domain, interfacial pressure, and
pH changes.”””*™*° In this study, we hypothesize that
membrane-active A(1—40) peptide aggregation (in associa-
tion with vesicle—peptide interactions) is affected by changes
in lipid surface chemistries. In addition, we aimed to
demonstrate the use of colorimetric vesicle-binding assays as
a valid biosensor to aid in the direct detection of vesicle—
peptide aggregation and interaction events associated with AD.
To identify and detect the role of amyloid protein surface
interaction in the presence of various lipid chemistries, we
studied three lipid vesicle systems with polydiacetylene (PDA)
to form lipid/PDA biosensors: (1) total brain lipid extract
(TBLE), (2) 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and (3) 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) (DMPG). These lipid systems have been found
to form lipid-functionalized PDA vesicles for many applications
(i.e., detection of receptor—ligand interactions, antimicrobial
peptides, amyloidogenic peptide sequences, food borne
bacteria, and pathogens) and were selected to be studied
with amyloidogenic proteins.'”*"*>~** TBLE bilayers contain
a physiologically relevant mix of lipid components (ie.,
cholesterol, gangliosides, sphingolipids, isoprenoids, and both
acidic and neutral phospholipids); DMPC is a neutral
phospholipid, and DMPG is an anionic phospholipid (Figure
S1).

We hypothesize lipid/PDA systems to serve as an
appropriate model lipid surface for our investigation to detect
lipid surface interaction events and membrane activity induced
by amyloidogenic A(1—40) peptide aggregation. We compare
Wild Type Af(1—40) and five different AS(1—40) peptides
associated with familial AD (FAD), Arctic (E22G), Dutch
(E22Q), Flemish (A21G), Iowa (D23N), and Italian (E22K)
(Figure 1) to investigate how amino acid substitutions affect
aggregation states and interactions with a lipid membrane
surface. These point mutations have been shown to alter the
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Figure 1. Schematic representation of Af(1—40) sequence (Wild
Type), and five familial point mutations occurring at positions 21—23
used in this study (ie, Arctic, Dutch, Flemish, Iowa, and Italian).
Each amino acid is labeled hydrophobic (blue), hydrophilic (red), and
slightly hydrophobic (gray) using the hydropathy index.

rate of Af aggregation’ > and have a propensity to form

heterogeneous mixtures of aggregate states and polymorphic
aggregates in the presence of lipid bilayers.'"***” In addition,
the hydrophobic®® and electrostatic properties of Af peptide
mutations may play a key role in affecting its ability to interact,
insert, and potentially disrupt the structural integrity of bilayers
in a mutation-dependent manner over time.'' Such variations
are due to the change in charge from an amino acid
substitution of the AB(1—40) peptide which greatly affects
aggregation state morphology and kinetics, and results in
differing lipid membrane surface interactions. Previous
simulation studies have indicated an increase in amyloid
formation (in vitro) for the Arctic mutation and drastically
reduced for the Flemish mutation (in comparison to Wild
Type), while coarse-grained protein models have found the
Flemish mutation to strongly favor the monomeric peptide and
Arctic to favor protofibrils/fibrils.””*

We suspect varied membrane-active peptide aggregation and
peptide—lipid interaction at 44 h, based on both the
aggregation state and mutant peptide surface chemistry (i.e.,
Arctic, Italian, Iowa, and Wild Type Af(1—40) to be mostly in
the protofibril/fibril state with some oligomers present, Dutch
and Flemish to be in the oligomer/protofibril state). Knowing
key aggregation details of point mutations in the hydrophobic
central region of Af(1—40), we sought an easier and more
straightforward way to investigate and detect membrane-active
Ap peptide aggregation with simple, model membranes. Here,
we use a vesicle-binding assay to monitor Af aggregation that
will occur exclusively at the lipid bilayer inducing a detectable,
visible colorimetric transition. In addition, to determine the
most membrane-active AB(1—40) aggregation states, we
utilized biophysical characterization via ex situ AFM and
Thioflavin T (ThT) fluorescence assays. The current work
provides the framework for utilizing the lipid/PDA vesicle
biosensor system as a means to mimic cellular membranes and
measure amyloidogenic peptide—membrane interaction events
in real time. We report a new use of a colorimetric, biomimetic,
vesicle-binding assay to serve as a biosensor for neuro-
degenerative protein interaction with lipid membranes.

B METHODS AND MATERIALS

Materials. Synthetic, lyophilized Wild Type (WT), Arctic, Dutch,
Flemish, Iowa, and Italian Af(1—40) peptides were acquired from
AnaSpec Inc. (San Jose, CA). Total brain lipid extract (TBLE)
(porcine), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
and 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium
salt) (DMPG) were purchased from Avanti Polar Lipids (Alabaster,
AL). Diacetylene monomers of 10,12-tricosadiynoic acid (TRCDA)
were purchased from GFS Chemicals (Powell, OH). Bovine serum
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albumin (BSA), 1X Tris-buffered saline (TBS), hexafluoroisopropanol
(HFIP), dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH),
and Thioflavin T (ThT) (ACROS Organics) were purchased from
Thermo-Fisher Scientific (Hanover Park, IL). For AFM imaging,
muscovite mica (Grade VS) was purchased from Ted Pella (Redding,
CA), and ScanAsyst-Air AFM probes were purchased from Bruker
(Santa Barbara, CA).

Preparation of Lipid/PDA Vesicles. The lipid/PDA vesicle
systems composed of various lipids (TBLE, DMPC, or DMPG) were
prepared using previously reported protocols.'®*>** In summary,
vesicles containing the corresponding lipid (TBLE, DMPC, or
DMPG) and diacetylene monomers of TRCDA (2:3 molar ratio)
were dissolved in a 1:1 chloroform/ethanol solution and volatiles
removed under reduced pressure, leaving behind a thin, dry solid film.
Hot 1x TBS (>70 °C), pH 7.4, was added to each dried lipid/PDA
sample, and samples were sonicated for S min. To promote self-
assembly of the vesicles, each vesicle suspension was cooled to room
temperature, sealed, covered in aluminum foil, and stored at 4 °C for
24 h. The lipid vesicles and colorless diacetylene monomers of
TRCDA were polymerized at room temperature following UV
irradiation at 254 nm with 7 Im for 10—15 min with stirring, as
indicated by a color change to blue. The lipid/PDA vesicle suspension
was stored at 4 °C and was stable for up to 6 months.

Preparation of Af(1-40) Peptides. Synthetic, lyophilized Wild
Type, Arctic, Dutch, Flemish, Iowa, and Italian Af(1—40) peptides
were prepared as reported previously.”* Briefly, AB(1—40) peptides
were treated with HFIP to dissolve any preexisting aggregates and/or
seeds present in the lyophilized stocks. HFIP was removed completely
under reduced pressure, and thin peptide films were recovered. Each
AB(1—40) peptide film was dissolved in DMSO to make a 2.5 mM
stock solution. The initial peptide concentration of each Af(1—40)
stock was measured using the Protein A280 assay of a NanoDrop
2000C spectrophotometer (Thermo Scientific), and a final peptide
concentration of ~20 uM was prepared in 1X TBS, pH 7.4, at 37 °C.
All peptide stock solutions of Wild Type Af(1—40) and mutant
ApB(1-40) were flash frozen and stored at —20 °C to prevent
inducing additional aggregation at higher temperatures.

Lipid/PDA Colorimetric Vesicle Assay. All lipid/PDA vesicles
were warmed to room temperature with gentle stirring prior to each
assay. Each peptide stock solution was thawed at 37 °C and sonicated
for 20 min at 25 °C to disrupt any aggregates formed. Peptide/vesicle
interactions were measured in 1X TBS, pH 7.4, containing
polymerized lipid/PDA and ~20 uM of each peptide. Each
experiment was performed in triplicate in a 96-well plate (clear,
nontreated, polystyrene), at wavelengths of 630 and 490 nm over the
course of 44 h with with a SpectraMax MS microplate reader
(Molecular Devices) at 25 °C. Measurements of only lipid/PDA in
1Xx TBS (without the addition of protein) and 20 uM BSA prepared
in 1X TBS were carried out for each biosensor to serve as the
controls. The results were verified among three or more independent
experiments. Quantitatively, the value for the blue-to-red color
transition is given by the percent colorimetric response (% CR):

. . (P By — PBI)
% colorimetric response = | ——————| X 100%
PB,
where
PB = Ablue

(Ablue + Ared)

Of note, “blue” (630 nm) and “red” (490 nm) refer to the visual
appearance of the lipid/PDA vesicle. PBy is the red/blue ratio of the
initial control sample (blue vesicles) before the initiation of a color
change. PB, is the final value obtained for the lipid/PDA assay after
the addition of peptides. All % CR values were averaged over 3—4
samples.

Ap(1-40) Aggregation and Ultracentrifugation. All peptide
stocks (2.5 mM) were prepared in DMSO. Stocks were diluted to 20
#M in 1X TBS buffer, pH 7.4. In order to generate aggregates, peptide
solutions were incubated at 37 °C and 300 rpm for 44 h. To separate
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the supernatant and aggregates, solutions were centrifuged at 45 000
rpm for 1 h at 4 °C in a Sorvall WX Ultra Series centrifuge (Thermo
Scientific). The supernatant was transferred to another Eppendorf
tube, while pellet fractions were resuspended in 0.5 mL of 1X TBS.

Thioflavin T (ThT) Fluorescence Aggregation Assays. Aj
peptides (~20 uM) were incubated in 100 uM ThT (10 L) in 1X
TBS, pH 7.4 (without lipid/PDA vesicles), or in 100 uM ThT (10
uL) in 1X TBS, pH 7.4, containing polymerized lipid/PDA (with
lipid/PDA vesicles: TBLE/PDA, DMPC/PDA, and DMPG/PDA).
All assays were done in a 96-well plate (black with clear bottom,
nontreated, polystyrene) and sealed to prevent evaporation. Samples
were excited at 440 nm, and ThT fluorescence emission was detected
at 480 nm at 25 °C on a SpectraMax MS microplate reader
(Molecular Devices). For time course assays, fluorescence was
measured every 15—30 min with 2 s shaking between reads for up
to 160 h. Representative ThT aggregation curves provided kinetic
data that was fitted with a sigmoidal model* to estimate Tiog (lag
time) and T/, (time at half completion of the aggregation process).
All ThT assays were performed in triplicate and results verified among
independent experiments. ThT assay results were plotted in arbitrary
units (a.u.).

Lipid/PDA Colorimetric and Thioflavin T Assays with
Aggregated Ap(1—40) Fractions. For additional membrane
interaction assays, % CR was measured after adding each 44 h,
ultracentrifuged, aggregated fraction (supernatant or pellet) to each
lipid/PDA vesicle. % CR was measured in 1X TBS, pH 7.4, containing
polymerized lipid/PDA and ~20 uM of each aggregated peptide.
Each experiment was performed in triplicate in a 96-well plate (clear,
nontreated, polystyrene), at wavelengths of 630 and 490 nm over the
course of 44 h with a SpectraMax MS microplate reader (Molecular
Devices) at 25 °C. Fraction concentrations were verified using the
Protein A280 assay of a NanoDrop 2000C spectrophotometer
(Thermo Scientific). In addition, aggregated fractions were incubated
with ThT (for 2 h), and the maximum fluorescences of two or more
individual samples were averaged and reported with standard error.
Pure lipid/PDA vesicles were added to each well, and fluorescence
measurements were collected for 2 h. All ThT assays were performed
in triplicate and results verified among independent experiments.

Ex Situ Atomic Force Microscopy (AFM) Imaging Con-
ditions. For experiments to study the aggregation of Af(1—40)
peptides added to the lipid/PDA biosensors under ex situ conditions,
20 uM solutions of each peptide were prepared in 1X TBS and
incubated at 37 °C and 300 rpm. Time points were taken at 0, 1, 8,
12, 24, and 44 h by diluting each A(1—40) peptide into 1X TBS, and
S uL aliquots of each incubation were spotted on freshly cleaved mica.
Samples were allowed to dry, subsequently washed with 250—500 yL
of HPLC grade water, and further dried under a gentle stream of
nitrogen. Three samples of each AfS(1—40) peptide were prepared
and sampled twice at each time point.

For experiments to characterize the obtained lipid/PDA vesicles in
terms of size, dispersity, and lamellarity under ex situ conditions, S—10
uL samples of each polymerized lipid/PDA solution were spotted on
freshly cleaved mica, allowed to dry, washed with 250—500 uL of
HPLC grade water, and further dried under a gentle stream of
nitrogen. Three different lipid/PDA assay solutions were made and
characterized for each lipid/PDA vesicle composition. Each vesicle
solution was sampled twice. AB(1—40) peptide aggregates and lipid/
PDA vesicles deposited on mica were imaged ex situ via a Nanoscope
V MultiMode 8 scanning probe microscope (Bruker, Santa Barbara,
CA) equipped with a closed-loop vertical engage J-scanner and
operated in the ScanAsyst-Air mode (a PeakForce tapping mode,
Bruker). Images were taken with a ScanAsyst-Air silicon nitride
cantilever of triangular geometry with a nominal spring constant of 0.4
N/m, a nominal tip radius of 2 nm, and a nominal resonant frequency
of 70 kHz. Scan rates were set at 1—2 Hz. ScanAsyst mode
continuously monitors image quality and makes automatic appro-
priate image parameter adjustments.

Quantitative Image Analysis. AFM image processing was
completed using Gwyddion 2.50 free software*' (Czech Metrology
Institute). To determine size of lipid/PDA vesicles, particle analysis
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Figure 2. Lipid/polydiacetylene biosensor formation and response. (A) Representative ex situ AFM images of TBLE/PDA, DMPC/PDA, and
DMPG/PDA after vesicle formation and polymerization with height and diameter. (B) Lipid/PDA vesicles are stable through 44 h of exposure to
1X TBS (pH 7.4) and NaOH solution (6 M, pH 12). Error bars represent standard deviation. Upon exposure to 1X TBS, lipid/PDA vesicles stay
blue in color, while exposure to 6 M NaOH results in lipid/PDA vesicles turning pink/red.
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Figure 3. Percent colorimetric response (% CR) of lipid/PDA vesicles exposed to A(1—40) peptides as a function of time. (A) Schematic
illustration of lipid/PDA vesicle biosensor self-assembly, polymerization, and color change in response to peptide—lipid interactions or
environmental perturbations. (B) Representative dose response curve of Wild Type A(1—40). The dose response curve shows a plateau in % CR
from concentrations of 20—50 uM (the targeted A(1—40) peptide concentration region). (C) The overall average % CR at 44 h is shown for TBS,
BSA, and each lipid/PDA vesicle with standard error. A comparison of % CR differences between each Af(1—40) peptide and the three lipid/PDA
vesicle systems was performed via ANOVA and Tukey post hoc tests. (D) % CR obtained for all lipid/PDA vesicle experiments with Wild Type,
Arctic, Dutch, Flemish, Iowa, and Italian AB(1—40) peptides.

was performed on multiple ex situ AFM images using supplier-
provided software NanoScope v9.0 for MultiMode 8 SPM (Bruker,
Santa Barbara, CA) with detection threshold heights of 2—8 nm, total

count of 100—300 particles. The height histogram analysis was done
using Gwyddion 2.50.
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Statistical Analysis. Tukey post hoc tests were used to investigate
the pairwise difference between lipids. For statistical analysis, a prior
investigation (i.e, normality of two samples for the two sample t-test
and/or ANOVA) was conducted on the data to ensure adequacy and
accuracy. ANOVA was performed to investigate the significant
difference for each Af(1—40) peptide among the different lipid/PDA
biosensors. Most analyses were performed using the statistical
software R version 3.1.0 or higher. All analyses and graphs were
obtained from statistical software RStudio version 1.1.383 using the
statistical package “ggplot2” (GNU project operating system, The R
foundation).

B RESULTS

Lipid/PDA Biosensor Formation and Response. To
verify proper lipid/PDA vesicle formation, we characterized all
three lipid/PDA vesicle-based biosensors in terms of size,
dispersity, and lamellarity under ex situ conditions using AFM
(see the Methods and Materials section). The model biological
lipid systems investigated are composed of varying compo-
nents: total brain lipid extract (TBLE), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-
glycero-3-phospho-(1’-rac-glycerol) (DMPG) (Figure S1). All
lipid/PDA vesicles appear as large, unilamellar vesicles
(LUVs), which are defined as small circles being full, with
no stacking of bilayers visible (Figure 2A),"” and the
polydispersed lipid/PDA vesicle systems are shown to have
varied parameters based on lipid composition (Figure 2A). By
characterizing lipid/PDA biosensors in terms of size, dispersity,
and lamellarity, we are able to use lipid/PDA vesicles as a
vesicle-based colorimetric sensor system to measure the
interaction of a biological analyte, A(1—40) peptides, and
lipid interfaces of varied compositions.

Environmental changes induced by the interaction event
give rise to a blue-to-red color shift of the PDA polymer
(Figure S2). This colorimetric response is due to changes in
the TRCDA polymer backbone. Quantitatively, the value of
the blue-to-red transition is given by the percent colorimetric
response (% CR). To test the response of each lipid/PDA
vesicle biosensor, we exposed the biosensor systems to 1X TBS
(negative control) or 6 M NaOH (positive control). NaOH
promotes lipid decomposition by changing the tension in the
vesicle, inducing a high colorimetric response. For all three
lipid/PDA vesicle-based biosensors, exposure to NaOH
resulted in a positive and enhanced % CR over a 44 h period
(Figure 2B). Thus, this data indicates that our lipid/PDA
vesicle biosensor systems produce a colorimetric response in
response to external perturbations.*®

AB(1-40) Peptide—Surface Interactions Can Be
Detected by Lipid/PDA Biosensors. Using the lipid/PDA
biosensor, we tested our hypothesis that changes in lipid
composition alter physical properties of lipid membranes,
modulate peptide aggregation associated with neurodegener-
ative FAD, and promote vesicle—peptide molecular inter-
actions. In the assay, lipid components in the self-assembled,
polymerized lipid/PDA vesicles form distinct bilayer domains
with biosensing abilities. When associated with AS(1—40)
peptides, lipid/PDA vesicle biosensors can sense surface
interactions and aggregation via a rapid colorimetric transition
(blue to red) (Figure 3A). The analysis of the colorimetric,
biosensing vesicle assay illustrates how AB(1—40) peptides
both aggregate and interact with model lipid domains in
solution. A representative dose response curve for Wild Type
Ap(1—40) shows a plateau in % CR in our targeted peptide
concentration region of 20—50 uM (see Figure 3B). All
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peptides studied are Af variants with single amino acid
substitutions of Wild Type AB(1—40); therefore, experiments
were completed at the same concentration within this range.
Ap(1—40) peptides studied were evaluated for their ability to
elicit a % CR at ~20 M. 20 uM has been shown to be the
most neurotoxic concentration of Af,_,, and a widely used
physiological concentration for Af,_, and Af,_, stud-
ies.””*** We attribute differences in % CR curves among
peptides to be consistent with membrane-active aggregation
states present. To measure the peptide—lipid interaction via
perturbation of the lipid bilayer surface by membrane-active
aggregate states, we exposed each Af(1—40) peptide to several
model lipid/PDA vesicle compositions including TBLE/PDA,
DMPC/PDA, and DMPG/PDA. All Af(1—40) peptides
(Wild Type, Arctic, Dutch, Flemish, Iowa, and Italian)
promoted a colorimetric response with each lipid/PDA vesicle
over a 44 h period (Figure 3C,D). DMPG/PDA vesicles
consistently produced the highest colorimetric response among
all AB(1—40) peptide experiments (n = 56 experiments,
average % CR 5.365—10.571%), followed by TBLE/PDA
(average % CR 2.358—6.480%), and DMPC/PDA (2.731—
3.836%) (Figure 3D).

In all lipid/PDA assays, the Arctic peptide elicited the largest
colorimetric response of all AB(1—40) peptides (Figure 3C).
Wild Type peptide also interacts strongly with the lipid/PDA
vesicles identified here, albeit less effectively than Arctic. The
remaining peptides display distinct variability in the elicited
colorimetric response (Figure 3C). We used statistical analysis
software to analyze the differences between lipid/PDA pairs
(i.e., TBLE/PDA-DMPC/PDA, TBLE/PDA-DMPG/PDA,
and DMPC/PDA-DMPG/PDA) correlating to a varying
degree of % CR with each vesicle-to-Af(1—40) peptide
interaction. Quantitative analysis determined that significant
differences in % CR were present among the lipid/PDA
biosensor systems in association with each individual vesicle—
peptide interaction (* indicates p < 0.0005) (Figure 3C, Figure
S3). All AB(1—40) peptides in this study demonstrate a
significantly higher interaction overall with the DMPG/PDA
vesicle system. Statistical analysis suggests that the average %
CR values of both TBLE/PDA and DMPC/PDA vesicles were
significantly lower than those for DMPG/PDA vesicles for
Wild Type A(1—40) and each Af (1—40) peptide variant. In
addition, Wild Type, Arctic (E22G), Dutch (E22Q), and
Italian (E22K) Af(1—40) peptides show that an average % CR
of TBLE/PDA was significantly higher than that of DMPC/
PDA. It is important to note that these three point mutations,
which have the most unique interactions with the varied lipid
compositions of vesicles, occur at the same amino acid (Arctic
(E22G), Dutch (E22Q), and Italian (E22K)). These statistical
comparisons demonstrate the effect of aggregation state
formed by each AB(1—40) peptide on each vesicle—peptide
interaction and support our hypothesis in demonstrating how
lipid composition modifies peptide aggregation and stimulates
differences in vesicle—peptide interactions.

Amino Acid Substitutions in Af(1—40) Result in
Varied Aggregation and Membrane Activity in the
Presence of Lipid/PDA Biosensors. The ApB(1-40)
peptides all show increasing colorimetric response (Figure
3C) over time, demonstrating that each has a distinctive
vesicle—peptide interaction event detected by the biosensor.
Amino acid substitutions in AB(1—40) result in varied
aggregation and membrane activity in the presence of lipid/
PDA biosensors. All lipid/PDA vesicle systems (TBLE/PDA,
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Figure 4. Aggregation of Wild Type Af(1—40) and Af (1—40) peptide variants display a variety of % CR and ThT fluorescence response in the
presence of differing aggregation states and lipid/PDA environments. (A) Time-resolved % CR values of lipid/PDA vesicles composed of TBLE/
PDA (blue line), DMPC/PDA (red line), and DMPG/PDA (green line) upon exposure to Wild Type, Arctic, Iowa, Italian, Dutch, and Flemish
Ap(1—40) are shown. % CR displays varying levels of response in correlation with aggregation state membrane activity. (B) ThT analysis of AB(1—
40) peptide aggregation in the absence of lipid/PDA biosensors and in the presence of TBLE/PDA, DMPC/PDA, and DMPG/PDA biosensors.
ThT fluorescence kinetic curves are modeled with a nonlinear (sigmoidal) least-squares regression and an estimated onset (lag time, Tlag) and time
at half completion of the aggregation process (T),,) are obtained for each peptide—vesicle interaction. With the addition of vesicular biosensors
composed of TBLE/PDA (blue), DMPC/PDA (red), and DMPG/PDA (green), and those with no biosensor present, distinct changes in the
aggregation kinetics are reported in the presence of a lipid vesicle environment.

DMPC/PDA, and DMPG/PDA) exhibited a distinct change in
% CR when exposed to prolonged amyloid peptide aggregation
over a period of 44 h. This suggests that the lipid/PDA vesicle
environment has the capability to identify vesicle—peptide
interactions and structurally influence aggregation. In the time-
resolved % CR studies of all AB(1—40) variants, the vesicle—
peptide interactions show an initial response, followed by a
gradual increase over time as peptides aggregate and transition
from monomers to fibrils (Figure 4A). This trend is observed
in all three lipid systems studied, indicating that they are
appropriate model biosensor membranes to measure peptide—
lipid interactions. Our data shows that the % CR is more
pronounced in the DMPG/PDA vesicles, as compared to
TBLE/PDA and DMPC/PDA vesicles.

To better analyze the relationship between fibrillization
(measured by Thioflavin T (ThT) fluorescence) with
membrane activity (measured by % CR), we compared time-
resolved % CR curves with modeled ThT aggregation curves of
the six A(1—40) peptides incubated with no surface and also
exposed to each lipid/PDA biosensor composition (Figure
4B). To understand which peptide aggregation state may
trigger the interaction with certain lipid/PDA biosensors, we
characterized the lipid/PDA responsive peptides by ThT. We
use ThT, a selective, fluorescent benzathiole dye, whose
fluorescence emission and sensitivity are enhanced upon
binding to S-sheet-rich amyloid fibrils."> ThT assays were
conducted in this study to characterize Af(1—40) peptide
polymerization over time and determine membrane-active
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components of Af(1—40) peptide aggregation with lipid/PDA
vesicles.

To measure the aggregation propensity of each AB(1—40)
peptide variant, all peptides were measured at ~20 uM by
exposing solutions to ThT in the absence of lipid/PDA vesicles
and in the presence of each lipid/PDA vesicle (TBLE/PDA,
DMPC/PDA, or DMPG/PDA). Enhanced ThT fluorescence
is indicative of protofibril and fibril aggregate formation.
Analysis of ThT fluorescence under these conditions produces
representative sigmoidal curves (normalized) of aggregation
state (polymerization) kinetics for Wild Type Af(1—40) and
AB(1—40) variant peptides (Figures S4 and SS). Fitting the
kinetic data obtained from ThT assays with a sigmoidal
model®” enabled average T, (lag time) and T, (time at half
completion of the aggregation process) to be obtained from
kinetic curves of each Af(1—40) peptide (Figure 4B).
Additionally, we used ex situ atomic force microscopy
(AFM) to characterize aggregation state(s) morphology of
Ap(1—40) peptides (Figure S6). AFM images demonstrate
that aggregation state is influenced by A(1—40) peptide form
(Wild Type or mutation) in coordination with subsequent
reports.' "’ The combination of ThT aggregation assays and
AFM analysis in free solution (no lipid/PDA vesicles present
during incubation) provides a means to verify aggregate
formation and establish initial aggregation kinetics for later
comparison.

Each peptide demonstrated a distinctive lag and growth
phase, which varied due to the presence of the AS(1—40)
point mutation and lipid/PDA biosensor (Figure 4B). All Af
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peptides in the study reach a saturated aggregation state
resulting in fibril formation by 160 h. The presence of ThT in
the peptide solution did not affect the aggregation kinetics (at
the concentrations used).”” All AB(1—40) peptides show
distinct fibril formation kinetics as measured by ThT
fluorescence vs time, highlighting the extent to which mutation
alters conversion to fibrils as described previously.'">*~>%74
For the first 10 h of aggregation, all peptides are predominantly
in a distinct lag phase for all three lipid/PDA biosensors. After
~10 h, aggregation begins, and elongation (fibrillar growth)
varies for each Af(1—40) peptide in the presence of a lipid
environment. In comparison with Ty, and T/, values obtained
in the absence of lipid/PDA biosensors, aggregation kinetics
are shown to be highly influenced by the presence of a model
membrane surface. The presence of a lipid environment is seen
to significantly decrease the lag phase for the AS(1—40)
peptides in our study. Correlating with our high % CR
measured in the presence of DMPG/PDA vesicles, we also
measure a faster aggregation onset (shorter Tlag), as compared
to TBLE/PDA and DMPC/PDA. Typically the fastest to
aggregate are the lowa mutation (D23N) and Arctic mutation
(E22G), with an average T},, (over all ThT assays) of 11.359 +
3.12 and 12.878 + 1.98 h, respectively. Flemish and Dutch
were the slowest to aggregate with an average Ty, (over all
ThT assays) of 47.872 + 8.58 and 48216 = 14359 h,
respectively. Overall, we see that ThT assays of AB(1—40)
peptide aggregation in the presence of TBLE/PDA, DMPC/
PDA, and DMPG/PDA are faster than those in the absence of
a membrane surface. The rapid aggregation is attributed to an
induction of aggregation via vesicle—peptide interactions.

The fluorescence and colorimetric transitions induced by
Wild Type AS(1—40) and AB(1—40) variants arising from
familial mutations indicate the presence of membrane-active
aggregate species, which bind to lipid/PDA vesicles.
Interestingly, % CR shows immediate response (within 2 h)
while ThT fluorescence (in the presence of all lipid/PDA
vesicles) measures a distinct lag phase (ca. 10 h) during this
time as seen by estimated Tj,, and T, histograms (Figure 4B).
With lag time being the time at which fibrillar aggregation
initiates, for % CR to occur beforehand provides insight into
which states of aggregation are contributing to membrane
activity. The no-lag feature of the % CR biosensor suggests that
% CR precedes changes in ThT fluorescence. Knowing the
aggregation states present at different exposure times for each
AB(1-40) peptide are dependent and influenced by the
peptide amino acid sequence, our data suggests that the lipid/
PDA biosensors are able to detect initial membrane-active
aggregation states (monomeric/oligomeric) (within 0—4 h),
followed by increased detection of more fibrillar aggregates.
Lipid/PDA biosensor % CR and ThT fluorescence is lower for
initial AB(1—40) peptide interactions of monomers and
oligomers (exposure time 0—4 h) and higher for later
interactions of protofibrils and fibrils (exposure time of over
7 h) (Figure 4A). As % CR detection increases, it is likely to be
strongly associated and enhanced with increased membrane
activity due to aggregation state (i.e., oligomer and/or f-sheet
fibril formation).

Lastly, we tested the ability of lipid/PDA biosensors to
detect and differentiate membrane-active interactions of early
aggregates (monomers and small oligomers) vs later aggregates
(protofibrils and/or fibrils). To understand which aggregation
states may be the principal membrane-active components of
the AB(1—40) peptides studied, aggregates were incubated
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with lipid/PDA vesicles followed by characterization of
aggregate species via % CR and ThT. Upon ultracentrifugation,
we defined larger aggregates (protofibrils and/or fibrils) to be
confined in the pellet, and monomers and small oligomers to
be contained in the supernatant. ThT fluorescence data in the
presence of lipid/PDA biosensors shows the largest emission
and greatest abundance to be in the resuspended pellet (Figure
S7). The higher values of ThT fluorescence are indicative of -
sheet-rich amyloid fibril formation and enhanced ThT binding.
Using ThT fluorescence as an indication of fibrillar A(1—40)
conformation, we verified the presence of soluble AfS(1—40)
species in the supernatant via a Protein A280 assay.

In Figure S5, a measurable % CR was detected after
incubation of all six A(1—40) peptide supernatant fractions
in all lipid/PDA biosensors. This membrane activity measured
in the supernatant attributes to the presence of oligomeric
precursor species after 44 h. In addition, after 44 h of
aggregation, we also see membrane activity with the
protofibril/fibril species. Knowing protein aggregation to be a
complex and dynamic process, the presence of a heterogeneous
mixture of intermediary aggregates (i.e., oligomers and
protofibrils) is to be expected after 44 h of incubation. In all
three lipid/PDA biosensors, we measured a higher % CR in the
supernatant fraction for Dutch and Flemish, while Wild Type,
Arctic, Iowa, and Italian measured a higher % CR for the pellet
fraction (Figure S). The higher % CR response may be
attributed to the presence of lipid/PDA vesicles inducing
additional vesicle—peptide interaction event(s) and/or in-
sertions into the lipid/PDA vesicle by larger aggregates
(protofibrils and fibrils). At 44 h, our data suggests the
membrane-active aggregates of Wild Type, Arctic, Iowa, and
Italian to be predominantly fibrillar (i.e., protofibrils and
fibrils), and oligomeric for Dutch and Flemish. The
membrane-active aggregates measured here correspond with
our obtained enhanced % CR results (Figure 4A), ThT
fluorescence (Figure SS), and ex situ AFM images (Figure S6)
at later time points of aggregation.

B DISCUSSION

The aggregation pathway for any given amyloid-forming
protein can vary considerably, depending on the protein
sequence and its folding environment. Here, we have
investigated Wild Type AB(1—40) and a selection of Af(1—
40) variant peptides originating from familial mutations, in an
effort to detect surface interaction events modulated by
membrane-active aggregate species via lipid/PDA biosensors.
Wild Type AB(1—40), a 40 residue cleavage product of the -
amyloid precursor protein (f-APP), is known to form senile
plaques (aggregates) that build up between neuronal cells in
AD. In families with an autosomal form of AD (familial AD,
FAD), specific molecular defects that cause the disease have
been identified by point mutations in the gene encoding the f-
APP.*® These mutations, most commonly associated with
FAD, occur within or directly flanking the Af region of S-APP
and near the hydrophobic core of Af(1—40) (amino acid
residues 16—21). The mutations studied include Arctic
(E22G) mutation, Dutch (E22Q) mutation, Flemish (A21G)
mutation, Iowa (D23N) mutation, and Italian (E22K)
mutation. Af variant peptides have diverse aggregation
properties, and consequently, their interaction with the
neuronal lipid bilayer is affected.'”*’ Not surprisingly, each
pathogenic mutation increases overall Af production and
presents as a unique pathology, ranging from severe cerebral
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Figure S. Quantification of lipid/PDA biosensor response with
respect to distinct A(1—40) peptide aggregate fractions. After 44 h
of incubation, followed by ultracentrifugation, the average % CR
values of Af(1—40) peptide smaller aggregates in the supernatant
(i.e, soluble monomers and small oligomer aggregates) and larger
aggregates in the pellet (i.e, protofibrils and fibrils) are shown for
each lipid/PDA vesicle with standard error.

amyloid angiopathy (CAA) to AD-like plaque formation with
varying ages of onset (Table S1).

Lipid membranes or bilayers are known to be the structural
basis of biological and neuronal membranes. Knowing Af
aggregation occurs on the neuronal cell surface, lipid/PDA
biosensors are shown in our study to serve as model lipid
membranes for detection. The presence of a lipid bilayer has
been shown to modulate the AB(1—40) aggregate structure®
despite differences in AB(1—40) preparation protocols’’ and
to provide a distinctive environment to facilitate AB(1—40)
peptide conformation into p-sheets.”® Recent studies have
identified that key interactions at surfaces modulate bilayer

stability and affect Af(1—40) peptide sequence or point
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mutation aggregation in many ways (i.e., morphology, fibril
formation, lipid interactions, etc.) 7950 1 this work, we
demonstrate that changes in composition of lipid/PDA vesicles
result in response differences due to diverse peptide—lipid
interaction events. Model lipid membrane changes have
significant influence on Af interactions, which may initiate
amyloidogenic toxicity."” In particular, the lipid headgroup has
been shown to be important in determining the membrane
affinity of proteins.”> The color changing mechanism measured
via % CR is caused by the disruption of the lipid membrane
interface by membrane-active aggregation states and possible
insertion into the lipid layer. A greater lipid surface
interaction(s) causes more pronounced perturbations of
adjacent PDA domains and gives rise to an increase in %
CR.>" % CR thus serves as a means to directly detect aggregate
interactions that occur exclusively at the lipid membrane
surface. To explore this, the lipid/PDA biosensor examined
interactions of membrane-active AB(1—40) peptide aggregates
with model lipid membranes. With molecular interaction
events affecting the biosensor surface, % CR measured is linked
to the magnitude of vesicle—peptide interactions. We see that
the increased colorimetric response is indicative of increased
surface interaction events from the membrane-active aggregate
species. All Ap(1—40) peptide (Wild Type, Arctic, Dutch,
Flemish, Iowa, and Italian) interaction is shown to be enriched
(increased % CR over time of exposure) by the presence of an
anionic, phospholipid membrane (DMPG/PDA), followed by
TBLE/PDA (neutral lipid) and DMPC/PDA (zwitterionic,
neutral), respectively. These observed interactions may be
limited to the selected lipid systems and mutant peptides and
could be further influenced by altering the lipid:peptide ratio
and/or lipid composition. However, our findings correspond
with studies indicating that Af(1—40) has been found to
interact strongly with anionic, negatively charged mem-
3275% and offer support to a proposed mechanism for
initiating Af aggregation via electrostatic attraction between
Ap and lipid head groups.” This biosensor provides an
advantageous detection method and quantitative assessment of
sensitivity associated with membrane-active Af(1—40) peptide
aggregation interacting with specific lipid membrane compo-
sitions in real time.

Using ThT fluorescence in conjunction with lipid/PDA
biosensor % CR, we obtained insight into the probable Af(1—
40) membrane-active peptide aggregation state(s) present.
Amyloid formation is commonly known as a nucleation-
dependent reaction with an initial lag phase where early
monomers proliferate and grow via primary nucleation,
followed be an elongation (growth) phase, and a final
plateau/leveling off region.” Exposure of lipid/PDA bio-
sensors to freshly prepared solutions of Af(1—40) peptides
(Wild Type, Arctic, Dutch, Flemish, lowa, and Italian) resulted
in a distinct colorimetric and ThT response induced by
changes in peptide—lipid interactions. One would expect the
aggregation kinetics of the Af(1—40) peptides in this study to
have a specific and detectable aggregation onset (Tj,, ranging
from 24 h to upward of 80 h) in free solution (free from
surface effects). When in the presence of a lipid membrane
environment, there is a discernible influence of membrane
surface chemistries on the progression of peptide aggregate
states into elongated, fibrillar structures. In the presence of all
three lipid/PDA biosensors, we observed a more rapid T}, in
conjunction with an increased % CR in the initial lag phase as
compared to the expected aggregation of the Wild Type
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ApB(1-40) and each AS(1—40) mutant. As % CR increases
with additional membrane activity the presence of a lipid
interface or membrane promotes aggregation. We detect that
% CR supersedes ThT aggregation which demonstrates that
lipid/PDA biosensors are able to detect initial stages of
aggregation (i.e., interaction with monomer/oligomers) which
are often undetected by typical ThT aggregation assays. One of
the strengths of our analysis is that we can show sensitivity to
monomeric/oligomeric species as well as protofibril/fibril
aggregate species via lipid/PDA vesicles. From our studies,
we can further elucidate how lipids may act to induce
aggregation and provide enhancement of peptide aggregation
in the presence of a lipid membrane. The ability to detect
stages of membrane activity within the colorimetric, biometric,
model membrane assay provides valuable insight into the role
lipid surfaces play in modulating Af(1—40) aggregation with
future impacts in understanding neurodegenerative onset.

Utilizing the biomimetic characteristics of lipid/PDA self-
assembled vesicles, our studies provide understanding into the
potential role lipid composition plays in dictating surface
interaction of robust, membrane-active Af aggregates
associated with FAD. Three familial point mutations we
studied occur at the 22nd amino acid residue (Arctic (E22G),
Dutch (E22Q), and Italian (E22K)) yet have drastically
different lipid membrane surface interactions. Previous
simulation studies suggested that mutations at the 22nd
residue of Af retain a bend motif and are not linked to altered
folding nucleation of Ap, but rather to have long-range effects
on parts of the full-length peptide.”” AFM images also show
that these three mutations form short fibrils overtime. Arctic
was shown to be the most membrane-active of all peptides
studied, followed by Italian and Dutch, respectively, for the
22nd residue. In all three mutations, a negative charge is
removed. The electrostatic potential present at each lipid/PDA
membrane surface is known to play a key role in increased
Arctic—lipid interactions.” The Arctic mutation (E22G)
replaces a polar, negative glutamate with a nonpolar, neutral
glycine. As a result of the removal of the negative charge, the
hydropathy index of the Arctic mutation increases drastically,
making it more hydrophobic with increased stability. This
amino acid substitution promotes the Arctic mutation to have
the highest surface interaction events with all three lipid/PDA
biosensors. The biomimetic biosensors used in this study
effectively detected an increased membrane disturbing effect
for the Arctic mutation that has been seen in both
experimental and computational studies.”® The Italian
mutation (E22K) replaces a polar, negative glutamate with a
polar, positive lysine. With the mutation inducing a change in
charge, the lipid/PDA vesicle compositions are shown to
promote increased electrostatic binding with lipid/PDA
vesicles due to the Italian mutation becoming slightly more
hydrophilic. The lipid—PDA interaction of Italian (E22K) is
seen to be smaller than that of Arctic (E22G) for all lipid
compositions due to less membrane activity of the aggregates.
The Dutch mutation (E22Q) substitutes a polar, negative
glutamate with a polar uncharged glutamine. Dutch remains a
polar residue with measurable interaction, but to a much lesser
extent than Italian (E22K) and Arctic (E22Q) due to the
removal of charge (from negative to uncharged).

We then looked further at the familial mutations occurring at
the 21Ist and 23rd amino acid residues. The Iowa mutation
(D23N) replaces a polar, negative charged aspartic acid with a
polar, neutral asparagine residue, with no change in hydro-
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phobic character. On the 23rd residue, the removal of the
negative charge appears to promote increased membrane
activity and fibril formation. Simulations and studies reveal the
Iowa mutation to affect peptide structure in vitro by forming a
turn motif rather than a bend’’ and promoting fibrillo-
genesis.”” The fast formation of fibrils and reduced ability of
Iowa to be detected by lipid/PDA biosensors are related to the
removal of a negative charge, and we suspect the turn motif.
The Flemish mutation (A21G) replaces a nonpolar, neutral
alanine with a nonpolar, neutral glycine. However, with this
substitution, there is a large decrease in the protein’s
hydrophobic character which may attribute to the slow
aggregation and fibril formation. During the first 30—40 h
measured, Flemish (and Dutch) are typically in the oligomeric
state (lag phase), having not begun to form f-sheet fibrillar
structures. Interestingly, both oligomeric species have a high %
CR (>4%) and shorter Tig and T/, in the presence of
DMPG/PDA. The high level of vesicle—peptide interaction
with DMPG/PDA may be attributed to Af oligomers having a
higher affinity for lipid membranes with a higher negative
charge.”” The proposed membrane-active aggregate species for
Flemish and Dutch (at 44 h) are oligomers which corresponds
to increased focus on implicating soluble oligomeric Ap
aggregates as the pathogenic molecular form in the amyloid
cascade hypothesis.”*%*

We are able to identify membrane-active amyloidogenic
AB(1—40) aggregate states and detect their corresponding
surface interactions via lipid/PDA biosensors. In this work, we
confirm that vesicle—peptide Af(1—40) interaction events can
be detected quickly and efficiently, as well as enhanced with
variations in model lipid membrane chemistries. By utilizing
lipid/PDA vesicles as a valid, practical, and reliable biosensor
we have simplified and significantly decreased the amount of
time to measure such interactions in comparison to conven-
tional studies using AFM, nuclear magnetic resonance,
microbiology, complex studies with immunotherapy, and
magnetic resonance imaging.'"*¥*°7% Future work will
involve expansion and development of the lipid/PDA
biosensor library to encompass lipid environments closely
associated with protein-misfolding and neurodegenerative
diseases. Overall, the results presented here demonstrate that
lipid/PDA biosensors can be used for detection and screening
of membrane-active Af(1—40) aggregation to provide new
details into how lipid membrane composition plays a distinct
role in FAD.

B CONCLUSION

We have used a biosensing, colorimetric, vesicle-binding assay
as an innovative approach to promptly detect the presence of
peptide—lipid interactions in membrane-active aggregate states
of neurodegenerative FAD. Lipid/PDA biosensors provided
comprehensive, time-resolved information about the appear-
ance of vesicle—Af peptide interaction with various lipid
surface chemistries. Direct measurements of vesicle—peptide
interaction events using lipid/PDA assays reveal that mutant
forms of AB(1—40) peptides have diverse and key surface
interactions depending on the surface chemistry, mutation, and
aggregation state present. This work provided insight into the
role surfaces play in modulating vesicle—amyloidogenic
peptide interactions, as well as providing new sensor
knowledge of the lipid/PDA biosensor material. By under-
standing how protein aggregation and interaction can be
affected by changes in lipid composition, lipid/PDA biosensors
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have the potential to become a useful technique in future
studies associated with amyloidogenic mechanisms of self-
assembly with lipid membranes. We believe the use of these
vesicle-binding biosensors will lead to earlier and advanced
detection of amyloidogenic aggregation events which can
ultimately lead to future improvement of therapies for AD and
other neurodegenerative diseases.
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1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-di-
myristoyl-sn-glycero-3-phospho-(1'-rac-glycerol); DMSO, di-
methyl sulfoxide; FAD, familial AD; HFIP, hexafluoroisopro-
panol; LUV, large, unilamellar vesicle; % CR, percent

4975

colorimetric response; PDA, polydiacetylene; TBLE, total
brain lipid extract; ThT, Thioflavin T; TRCDA, 10,12-
tricosadiynoic acid; TBS, Tris-buffered saline; NaOH, sodium
hydroxide
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