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causes structural disordering of lipids and changes
the electric properties of a floating bilayer lipid
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Neurodegeneration in Alzheimer's disease is associated with disruption of the neuronal cell membrane by

the amyloid B (AB) peptide. However, the disruption mechanism and the resulting changes in membrane

properties remain to be elucidated. To address this issue, herein the interaction of amyloid B monomers

(ABMs) and amyloid B oligomers (ABOs) with a floating bilayer lipid membrane (fBLM) was studied using

electrochemical and IR spectroscopy techniques. IR measurements showed that both AB forms

interacted similarly with the hydrophobic membrane core (lipid acyl chains), causing conformational and

orientational changes of the lipid acyl chains, thus decreasing acyl chain mobility and altering the lipid

packing unit cell. In the presence of ABOs, these changes were more significant than those in the

presence of ABMs. However, respective interactions of ABMs and ABOs with the membrane hydrophilic
exterior (lipid heads) were quite different. ABMs dehydrated lipid heads without affecting their orientation
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while ABOs changed the orientation of lipid heads keeping their hydration level intact. Electrochemical

measurements showed that only ABOs porated the fBLM, thus significantly changing the fBLM electrical
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1. Introduction

Extension of the human life span is accompanied by an
increased chance of acquiring a neurodegenerative disease, like
Alzheimer's, Parkinson's, and Huntington's disease. Alz-
heimer's disease (AD) remains incurable, and the progressive
increase in the number of AD patients represents a serious and
growing medical problem worldwide." It is necessary to get
a deeper insight into the pathophysiology of AD to develop its
effective treatment. The amyloid cascade hypothesis is one of
the most popular attempts to decipher AD.> According to this
hypothesis, misfolded amyloid B (AB) peptide undergoes
nucleation-dependent polymerization (also known as fibrilla-
tion or fibrillogenesis), in which toxic Ap forms are produced.
Throughout fibrillation, AB monomers (ABMs) aggregate into
globular aggregates, i.e., small (low-molecular-weight) and big
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properties. The present results provide new molecular-level insight into the mechanism of membrane
destruction by ABOs and changes in the membrane properties.

(high-molecular-weight) oligomers as well as elongated aggre-
gates, ie., protofibrils and mature fibrils. These aggregates
associate to form protein deposits (amyloid plaques) located in
the brain of the AD patients that represent the hallmark of AD.>*
Recent studies showed that AB oligomers (ABOs) are the most
toxic form of AP aggregates. However, the mechanism of ABOs
toxicity is not fully understood. Different types of ABOs can exert
different toxic actions. ABOs can impair hippocampal synaptic
plasticity causing deficiency in learning and cognition,>® trigger
cell death via leakage of lysosomal enzymes,” inhibit mito-
chondrial activity,® increase production of reactive oxygen
species,® or impair cytosolic proteasome."’

An important feature of ABOs toxicity is the destruction of
the cell membrane."" Different mechanisms of this destruction
were proposed, including pore/ion channel formation'>** and
membrane fragmentation/lipid extraction.*** Our previous
AFM study showed that the ABO-induced lipid bilayer destruc-
tion mechanism consisted of pore formation followed by lipid
extraction.'® This pore formation action was exclusively linked
to small ABOs. On the other hand, big ABOs only aggregated on
the membrane leaving its surface intact.'® Both small and big
ABOs altered nanomechanical properties of the membrane,
thus suggesting that both forms were toxic, but their respective
toxicity mechanisms were different. Importantly, our AFM
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results were consistent with those of the studies published at
the same time."”* These studies showed that only small
aggregates permeated a cell membrane while bigger aggregates
induced cell inflammation. That was the case for aggregates
produced in a lab and those extracted from the cerebrospinal
fluid of the AD patients.'”*®

The results of our previous AFM study lacked information
about the changes inside the membrane.® Therefore, the goal
of the present research is to study the ABO-induced changes in
the floating bilayer lipid membrane (fBLM) using polarization-
modulation infrared reflection-absorption spectroscopy (PM-
IRRAS) and different electrochemical techniques. These tech-
niques have been successfully applied to study the effect of
antimicrobial peptides on the fBLM properties.**** To demon-
strate that the interaction of ABOs with fBLM was unique, we
also herein studied the interaction of fBLM with non-toxic
ABMs. Apparently, only ABOs could form defects in the
membrane. This defects formation resulted in a significant
change in the membrane electric properties. These defects
differed from the ion channels formed by other pore-forming
peptides/proteins. Moreover, both ABMs and APOs caused
conformational and orientational changes of lipids molecules
in the fBLM. All changes in fBLM were more pronounced in the
presence of ABOs, thus indicating that the interaction of ABOs
with the membrane was stronger than that of ABMs. Our results
provide new insight into the ABO-lipid interaction expanding
knowledge about our previously proposed mechanism of ABO-
induced membrane destruction.

2. Experimental section
2.1 AP peptide preparation

Recombinant amyloid B (1-42) peptide was purchased from
rPeptide (Watkinsville, USA). Its purity was high, as evidenced
by MS analysis showing molecular mass identical to that ex-
pected for a monomer (Fig. S1 in ESIt). The peptide was
prepared following the previously developed protocol*® with
slight modifications that were introduced in our previous
study.*® First, a 1 mg sample of AB was dissolved in trifluoro-
acetic acid (TFA) from Sigma-Aldrich to reach the final
concentration of 0.5 mg ml~". This dissolution is a necessary
step to remove pre-existing Ap aggregates that may act as seeds
accelerating AP aggregation causing irreproducibility in the
experiments. Addition of TFA to the peptide was followed by
5 min vortexing, and then the solvent was removed under Ar
stream. The resulting peptide film was left on the vial glass wall.
Next, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) from Sigma-
Aldrich was added to reach the 0.5 mg ml~' AB concentration.
HFIP is another solvent used for AB disaggregation and it also
helps to remove traces of TFA. The AB-HFIP solution was vor-
texed for 5 min, and then HFIP was evaporated under Ar stream.
The addition, and then removal of HFIP were repeated once
more. Next, the peptide film was dissolved in HFIP to achieve
the 0.25 mg ml~' AB concentration, and subsequently the
solution was vortexed for 5 min. The AB solution was divided
into 20 aliquots, each containing 50 pg of the peptide per
centrifuge tube. The tubes were covered with Kimtech wipes to
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protect them from dust, and then left under the fume hood
overnight to allow for HFIP evaporation. Next, residual HFIP
was removed under decreased pressure in a desiccator for 1 h.
This HFIP removal resulted in the peptide films deposition on
the bottom of the tubes. Those were then stored in the freezer at
—20 °C. A single aliquot was used for each experiment. First, the
aliquot was allowed to equilibrate to room temperature for
several minutes. Then, the peptide film was resuspended in 20
ul of dimethyl sulfoxide (DMSO) from Sigma-Aldrich and,
finally, it was diluted with the 0.01 M phosphate buffer saline,
PBS (pH = 7.4) solution to reach the 50 pg ml~" AB concentra-
tion. The PBS solution was prepared by dissolving PBS tablets
from Sigma-Aldrich in 200 ml of Milli Q water, 18.2 MQ cm
(EMD Millipore, Billerica, MA, US), thus obtaining the 0.01 M
phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl (pH = 7.4)
solution. The AP solution prepared that way contained ABMs.
Our previous AFM study showed that ABMs molecules are
globular and are ~0.7 nm high.** This APMs solution was
immediately used to study APM-lipid bilayer interaction. To
study the ABO-lipid bilayer interaction, the ABMs solution was
stored in the fridge at 4 °C for 24 h, thus allowing aggregation of
ABMs into ABOs. Previous AFM study showed that toxic, glob-
ular ABOs with the height of 1.5-2.5 nm and the average
diameter of ~6 nm are formed under these conditions.*

2.2 Lipid vesicles preparation

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine
dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC),
(Chol), porcine brain sphingomyelin (SM), and ovine brain mon-
osialoganglioside (GM1) were purchased from Sigma-Aldrich and
then used without further purification. Structural formulas of
lipids used are shown in Scheme 1. DSPE was dissolved in
a chloroform : methanol (9 : 1, v/v ratio) mixed solvent solution at
50 °C. Other lipids were dissolved in chloroform at room
temperature. Lipid stock solutions were stored in the freezer at
—20 °C. An aliquot of the lipid stock solution was transferred to
a glass vial, and the final solution contained 1 mg of lipids. The
lipid mixture contained 50% DSPE, 15% DPPC, 25% Chol, 8% SM,
and 2% GM1 (w/w). This lipid composition was used to mimic
aged lipid rafts formed in the membrane of the cells from the
human frontal cortex found in AD patient brains.** Next, the
solvent was evaporated under Ar stream accompanied by vortex-
ing. The solvent removal resulted in the formation of a lipid film
on the bottom of the glass vial. Then, this film was resuspended in
the PBS (pH = 7.4) solution to reach the 1 mg ml~" concentration
of lipids. Subsequently, the solution was sonicated using an
ultrasonic cleaner (VWR Model 50D, 120 V) for 20 min at 45 °C,
which resulted in the formation of lipid vesicles.

(DSPE), 1,2
cholesterol

2.3 Floating bilayer lipid membrane (fBLM) preparation

The vesicles fusion method was used to prepare a fBLM.*® Small
and big single-crystal Au(111) electrodes (surface area of 0.172 and
1.33 cm?, respectively) were used as the working electrodes for
electrochemical and PM-IRRAS measurements, respectively.
Before use, the Au electrodes were pretreated according to the
previously developed procedure.”® Briefly, the electrodes were

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Structural formulas of lipids used to construct a model membrane of the human brain cell and their corresponding concentrations

expressed in molar percentages.

rinsed with Milli-Q® water, and then flame annealed using Bun-
sen burner. After cooling down to room temperature, the elec-
trodes were immersed in a 0.4 mg ml™" 1-thio-B-p-glucose (Tg)
solution from Sigma-Aldrich for 5 h, which resulted in the
formation of a self-assembled monolayer of Tg (SAM-Tg) on the
gold surface. The SAM-Tg provides a hydrophilic cushion layer
that enhances vesicle fusion and relieves stress imposed by the
gold substrate on the fBLM.” Moreover, it provides a water-rich
layer underneath the lipid bilayer, thus mimicking the natural
cell membrane environment. After SAM-Tg formation, the elec-
trodes were rinsed with Milli-Q® water and then immersed in the
lipid vesicles solution (either containing or not containing AB)
overnight. Finally, the electrodes were taken out of the solution,
and then the excess of the solution was gently removed with
a Kimtech wipe.

2.4 Preparation of the AB-lipid bilayer mixture

In all experiments, the AP and lipid vesicle solutions were mixed
to reach the peptide-to-lipid mass ratio of 1:20. Then, the
mixture was sonicated for 10 min at room temperature, fol-
lowed by overnight immersion of the Au(111) electrode in this
mixture.

2.5 Electrochemical measurements

The all-glass three-electrode cell was used for all electro-
chemical measurements. An Au(111), Pt wire, and saturated Ag/
AgCl electrode were used as the working, counter, and reference
electrode, respectively. Before each measurement, the cell was
purged for 30 min with an Ar stream to remove oxygen. During
the experiments, a cushion of Ar was flowing over the solution.

This journal is © The Royal Society of Chemistry 2020

A small Au(111) electrode coated with the fBLM was assembled
in the electrochemical cell in the hanging meniscus configu-
ration. That is, the electrode was slowly pushed down vertically
towards the electrolyte solution until it touched it. Then, it was
raised until a meniscus between the electrode surface, and the
electrolyte was formed.

The immersion method**?*” was employed to determine the
potential of zero free charge (Ep,¢) at the electrode surface. For
that, the electrode freshly coated with the fBLM in the AB
absence was used for each immersion measurement. The
transient of current flowing to the electrode brought into
contact with the electrolyte at a controlled potential, was
measured. Insets (a) and (b) to Fig. 1 show characteristic current
transients recorded at potentials negative and positive to Ep¢,
respectively. The transients were integrated, and the corre-
sponding charge was plotted as a function of the applied
potential. The intercept corresponding to zero charge density
shows that the Ep,, is equal to 0.11 4 0.02 V vs. Ag/AgCL

Differential capacitance (DC) measurements were performed
using PG590 potentiostat/galvanostat (HEKA, Pfalz, DE) and
alock-in amplifier (EG&G Instruments 7265 DSP, Wellesley, MA,
US). The DC vs. potential curves were measured in the potential
range of 0.3 to —0.9 V vs. Ag/AgCl, at a scan rate of 20 mV s~ .
The results were collected using custom-designed software. The
capacity was calculated from the in-phase and out-of-phase
components of the ac signal treating the electrochemical
interface as a simple series RC equivalent electrical circuit.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using the Solartron SI 187 electro-
chemical interface and Solartron SI 1260 impedance/gain-phase
analyzer (Ametek Scientific Instruments, Depew, NY). The EIS

Nanoscale Adv., 2020, 2, 3467-3480 | 3469
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Fig. 1 Charge density as a function of potential for fBLM in the PBS
(0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4)
solution. Insets show current transients recorded for fBLM at (a) 0.05 V
and (b) 0.25 V vs. Ag/AgCl in the same PBS solution.

spectra were acquired in the potential range of 0.3 to —0.4 V vs.
Ag/AgCl. During EIS measurements, an excitation sinusoidal
signal of the amplitude of 10 mV was applied, and the spectra
were recorded in the frequency range of 10° to 0.06 Hz. The data
were analyzed and interface modeled using ZView software
(Scribner Associates Inc.).

2.6 PM-IRRAS measurements

PM-IRRAS experiments were performed using Thermo Nicolet
Nexus 8700 spectrometer (Madison, WI). The spectrometer was
equipped with an external tabletop optical mount (TOM) box. A
CaF, equilateral prism (BoXin, Changchun, CN) was used. The
prism was first washed with methanol, and then with Milli-Q®
water followed by 15 min treatment in the UV-ozone cleaner
(Jelight, Irvine, USA). The PM-IRRAS spectra for each spectral
region of interest were recorded in a separate experiment. For
large enhancement of the mean-square electric-field strength, the
half-wave retardation of the photoelastic modulator (PEM) was
adjusted at 1600 and 2900 cm™ ", and the incidence angle was
adjusted to 60 and 57° for spectra recording in the C=0 stretch-
ing/CH, scissoring and C-H stretching vibration regions, respec-
tively. The spectro-electrochemical cell was filled with the PBS (pH
= 7.4) solution prepared with D,O to avoid spectral interference of
the H,O bands. The spectral resolution was 4 cm™ . For spectra
recording, 4000 scans were acquired, and then averaged in the
potential range of 0.40 to —0.40 V vs. Ag/AgCl. Corrections for the
PEM response functions were applied, as previously described.*
Fourier self-deconvolution analysis (FSD) was performed using the
bandwidth of 25-32 em " and the enhancement factor of 2.5
depending on the spectral region of examination.

2.7 Tilt angle calculations

The integrated intensity of an IR band depends on the angle (6)
between the transition dipole moment of that vibration and the
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electric field vector of the photon. Because the electric field
vector of the p-polarized photon is perpendicular to the metal
surface, the angle between the transition dipole moment and
surface normal can be calculated using the following
expression:

[ Acxpdvy

29 _
cos” 0 = 3fAside

(1)
where A, is experimentally determined integrated intensity of
the band and Ay, is the integrated intensity of the band in the
simulated IR spectrum of the sample with randomly oriented
molecules. Simulated IR spectra were generated using custom-
written software that solved the Fresnel equations by employing
the transfer matrix method, as described previously.** The
optical constants of gold, D,O, and CaF, were taken from
literature.** The optical constants of the fBLMs with and
without AR were determined from the transmission IR spectra
of lipid vesicles solutions with and without AB, respectively.

The bands of symmetric (v5) and asymmetric (v,s) methylene
stretches were used to calculate the average tilt angle of the acyl
chains of the lipid molecules. Directions of the transition
dipoles of symmetric and asymmetric methylene stretches are
perpendicular to each other and are perpendicular to the
direction of the all-trans stretched acyl chains of lipids. Eqn (1)
was used to determine angles between the surface normal and
transition dipoles of the symmetric (6s) and asymmetric (6,5)
methylene stretches. The average tilt angle of trans fragments of
the acyl chains (6 could then be calculated using the
following expression:*

cos? O, + cos? B, + cos® by = 1 (2)

3. Results and discussion
3.1 Electrochemical measurements

Differential capacitance (DC) measurements were performed to
assess the quality and stability of the floating bilayer lipid
membrane in the AB absence (fBLM) as well as in the presence
of ABp monomers (fBLM-ABMs) and AP oligomers (fBLM-ABOs).
Fig. 2 shows DC vs. potential curves for the membrane-free Au
electrode (curve 1) as well as the Au electrode coated with fBLM
(curve 2), with fBLM-ABMs (curve 3), and with fBLM-ABOs (curve
4) in the potential range of 0.3 to —0.9 V vs. Ag/AgCl. The upper
abscissa plots the transmembrane potential equal to (E-Ep¢)-
For all fBLMs, capacitance is the lowest at 0.1 V vs. Ag/AgCl, thus
indicating the highest stability at Ep,e.. The lowest value of
capacitance for the fBLM is equal to 7.3 pF cm ™2, a value typical
for fBLMs.>»** In the presence of either ABMs or AOs,
the minimum value of capacitance increases to 14.6 or
16.8 uF cm 2, respectively, thus indicating a decrease in the
membrane quality. When the electrode potential becomes more
negative, the capacitance of electrodes coated with the three
membranes gradually increases. The bilayer starts detaching at
—0.60 V vs. Ag/AgCl, as manifested by a characteristic
desorption/detachment peak at —0.70 V vs. Ag/AgCl. The DC vs.

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Differential capacitance vs. potential curves for the membrane-
free Au electrode (curve 1), Au electrode coated with fBLM (curve 2),
fBLM-ABM (curve 3), and fBLM-ABO (curve 4) in the PBS (0.01 M
phosphate buffer, 0.0027 M KC|, and 0.137 M NaCl, pH = 7.4) solution.
The upper abscissa plots the transmembrane potential that accounts
for the potential of zero free charge (Ep . = 0.11 V vs. Ag/AgCl). Inset
shows an equivalent electric circuit used to determine the capacitance
values.

potential curves indicate that all three membranes are unstable
at potentials more negative than —0.60 V vs. Ag/AgCl. Therefore,
all further measurements were performed at E > —0.40 V vs. Ag/
AgCl, i.e., where electrode wetting does not occur.

The capacitance values (Fig. 2) were determined using
a simplified RC in series equivalent electric circuit, showed as
inset in Fig. 2. They provide useful information about the
potential range where the bilayers are stable. More precise
details on the electrical properties of the bilayers can be ob-
tained from electrochemical impedance spectroscopy (EIS)
measurements and fitting of an appropriate equivalent electric
circuit to the EIS data acquired. These data can also provide
information about the pore/defect forming abilities of AB. Fig. 3
shows plots of Bode impedance vs. frequency in the range of
1000 to 0.06 Hz for fBLM-ABMs (Fig. 3a and c) and fBLM-ABOs
(Fig. 3b and d) at constant potentials in the range of 0.30 to
—0.40 V vs. Ag/AgCl. The EIS data for the fBLM are shown in
Fig. S2 in ESLT

Fig. 3a and b show the dependence of absolute impedance
on frequency for fBLM-ABMs and fBLM-ABOs, respectively.
Fig. S2at shows a similar plot for the fBLM. The impedance vs.
frequency curves are almost linear for fBLM and fBLM-ABMs,
which is typical for capacitive systems.>* Their respective phase
angle vs. frequency plots (Fig. S2bt and 3c) display a plateau
with the phase angle values exceeding 80°, thus indicating that
the impedance is largely controlled by the membrane capaci-
tance. The phase angle decreases with the frequency decrease
below 1 Hz for the two most negative potentials, i.e., —0.30 and
—0.40 Vvs. Ag/AgCl. This behavior is characteristic of the pores/
defects formation in the membrane because of electro-
poration.**¢ For the fBLM-ABOs membrane, the impedance vs.
frequency curve (Fig. 3b) displays a “step-like” feature below

This journal is © The Royal Society of Chemistry 2020
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1 Hz. The corresponding phase angle vs. frequency curve
(Fig. 3d) reveals a characteristic minimum at ~0.8 Hz. This
minimum indicates the poration of the membrane by ABOs.***”
This experiment was repeated four times and the average values
of frequency (fimin) and phase angle (¢min) at the minimum of
the phase angle curve are plotted as a function of potential in
Fig. 4a and b, respectively. Apparently, the fi,i, and @min are
potential independent for transmembrane potentials higher
than —0.20 V. In addition, the minimum in the phase angle vs.
frequency plot (Fig. 3d) is symmetric. Both fin and ¢min
decrease with the transmembrane potential decrease at poten-
tials more negative than —0.20 V. Concomitantly, the minimum
in the phase angle vs. frequency plot (Fig. 3d) becomes
asymmetric.

The shape and position of the phase angle vs. frequency
minimum depends on the density and distribution of
membrane defects.®” For homogeneous distribution of defects,
the ¢min is independent of the defects density and the fi,;, shifts
towards higher frequencies with the increase of the defects
density. Typically, defects distribution is homogeneous in the
lipid bilayers in the presence of peptides, such as a-hemolysin
and alamethicin.”*”** For heterogeneous defects distribution
(defect clusters), defect density increase causes the ¢min
increase and the fi,;, shift towards higher frequencies that is
much less pronounced than that in the case of homogeneous
defects distribution. In the presence of vaginolysin, membrane
pores clustered in the lipid bilayers.*®* Therefore, the phase
angle vs. frequency minimum shift towards lower phase angles
and a minor shift with frequency at transmembrane potentials
lower than —0.20 V (Fig. 3d and 4) would suggest a decrease in
the defect density. However, the membrane is electroporated in
this potential range. That is, small pores are formed in addition
to the pores generated by ABOs. Therefore, the defect density
should be higher and not lower, as earlier suggested.’” However,
all simulations concerning homogeneous and heterogeneous
defects distribution were made for membranes containing
pores of the same radius.”” Our AFM data'® showed that AB
generated pores of different sizes in the lipid bilayers. To
examine whether the change in the pore radius affects the
position of the phase angle vs. frequency minimum or not, the
EIS spectra for the membrane containing pores of different
radii were simulated (Fig. S3a and bt). This modeling was
performed using the previously adopted approach.?” Fig. S3bt
shows that the increase in the pore radius causes a shift of the
phase angle vs. frequency minimum towards both higher phase
angles and frequencies. Therefore, not only changes of density
of the pores but also changes of the pore size significantly
influences the position of the phase angle vs. frequency
minimum. If this behavior (Fig. 3d and 4) is considered, it is
then evident that only big pores generated by ABOs are present
in the membrane at transmembrane potentials more positive
than —0.20 V. However, at potentials more negative than
—0.20 V, additional small pores are generated because of elec-
troporation. Hence, a shift of the phase angle vs. frequency
minimum towards lower phase angles and frequencies indi-
cates a decrease of the average pore radius. These results
demonstrate that the change in the pore size significantly

Nanoscale Adv, 2020, 2, 3467-3480 | 3471
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represent experimental data and results of fitting of parameters of the equivalent electrical circuits to the EIS data, respectively, for the same
measurement at a single potential. Rs and R, — solution and membrane resistance, respectively; CPE,, and CPE,, — constant-phase element for

the membrane and sub membrane (spacer) region, respectively.

affects EIS spectral features and should be taken into account
when interpreting the results. Moreover, it reveals the funda-
mental difference between properties of ion channels formed by
other peptides, like a-hemolysin or alamethicin,’?*”** and
defects/pores formed by ABOs.

Fig. S3ct compares absolute impedance values determined
at 0.8 Hz, i.e., the frequency at which phase angle vs. frequency
minimum is present (Fig. 3d), for all three fBLMs as a function
of the electrode potential. For all three membranes, the
impedance displays a maximum at ~0 V vs. Ag/AgCl, ie., the
potential slightly more negative than E,,¢. Apparently, either
positive or negative charging of the electrode decreases
membrane impedance. Significantly, impedance is the highest
for fBLM and the lowest for fBLM-ABOs.

Further information concerning the electrical properties of
the three fBLMs was obtained by fitting an equivalent electric
circuit to the EIS data. For fBLM and fBLM-ABMs, a simple
equivalent circuit (inset in Fig. 3a) was used, where Rg and R,

3472 | Nanoscale Adv, 2020, 2, 3467-3480

are solution and membrane resistance, respectively, and CPE,,
is the membrane constant-phase element. The EIS measure-
ments indicate that the presence of ABMs does not lead to the
formation of pores in the membrane (there is no minimum in
the phase angle vs. frequency plot). For the fBLM-ABOs, the
equivalent circuit proposed by Valincius®*® (inset in Fig. 3b) was
used. This circuit introduces a constant phase element of the
sub membrane (spacer) region (CPEp), which accounts for the
electrical properties of the hydrated Tg monolayer separating
the membrane from the gold surface. In the presence of pores,
ions may travel between the submembrane region and the
solution bulk, thus affecting properties of this region. The
impedance of the constant phase element is defined as:

Zcpg = # (3)

Q(jw)"

where Q is the constant phase element coefficient and « is the
frequency dispersion constant. If « is close to 1, the impedance

This journal is © The Royal Society of Chemistry 2020
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is dominated by capacitance and Q can be considered as
a capacitance. If « is close to 0, the impedance is dominated by
resistance.

Symbols in Fig. 3 and in Fig. S2 in ESI{ show experimental
data and solid curves represent the fitting of the equivalent
circuits to the experimental data. Numerical values of elements
of the equivalent circuits are reported in Table S1 in ESL.{ The
Qm values can be considered as representing membrane
capacitance because «, parameters are close to 1. Fig. 5a
compares membrane capacitance (Q,,) vs. potential curves for
the three fBLMs. Qualitatively, they agree well with the
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corresponding DC vs. potential curves (Fig. 2). All three curves
display a broad minimum at (E-Ey,¢) ~ —0.1 V. The addition of
ABMs or ABOs to the fBLM results in the increase of the
membrane capacitance at all potentials. For fBLM, the Q,, in the
presence of ABOs is higher than that in the presence of ABMs.
Capacitance is defined as ¢/d, where ¢ is electric permittivity and
d is the membrane thickness. Our previous AFM study
demonstrated' that BLM thickness was not affected by the
presence of ABOs.'® Therefore, the increase of the membrane
capacitance could be explained in terms of an increase of the
membrane permittivity. This explanation is consistent with that
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Fig. 5 Potential dependence of membrane (a) capacitance (Q,) and (b) resistance (R,,,) for the fBLM (curves 1 and 1), fBLM-ABMs (curves 2 and
2'), and fBLM-ABOs (curves 3 and 3') at different potentials in the PBS (0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4)
solution. Inset shows the magnified R, vs. potential curve for fBLM-ABOs. The upper abscissa plots the transmembrane potential that accounts

for the potential of zero free charge (E,, = 0.11 V vs. Ag/AgCl).
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of Valincius et al.,** who proposed that ABOs caused a local
increase in the membrane electric permittivity without
membrane thinning and in that way decreased the membrane
barrier to ion transport. Our previous AFM study showed' that
small ABOs generated pores in the BTLE lipid bilayer, which
were larger than ion channels. Therefore, the ABO-induced
membrane capacitance changes could result from the ABO-
induced pore formation/lipid extraction mechanism.'® Earlier
electrochemical studies suggested that the membrane was not
porated by ABO.***** However, our results indicate the increase
of the membrane capacitance with the ABOs activity increase
leading to membrane poration.

Fig. 5b compares membrane resistance changes with
potential for the three membranes. Each curve displays
a maximum at the transmembrane potential of ~—0.10 V,
which well corresponds to the position of minima in the Qy, vs.
potential curves in Fig. 5a. The R, rapidly decreases at both
positive and negative potentials (Fig. 5b). The maximum R,
value for the fBLM is ~4 and ~1200 times higher than that for
fBLM-ABMs and fBLM-ABOs, respectively. Very low R, values for
fBLM-ABOs are consistent with the pore formation by ABOs,
observed in our previous study.*®

Fig. S47 presents plots of the capacitance of the spacer layer
(Qsp) and coefficient ag, for fBLM-ABOs as a function of elec-
trode potential. The minimum of Qg, and maximum of g, is
displayed at transmembrane potential ~—0.10 V, thus indi-
cating the highest impedance of the sub membrane region and
demonstrating capacitive behavior at this potential (see, eqn
(3)). The Qs increase (Zg, decrease) at both more positive and
more negative potentials is associated with the decrease of agp,
thus suggesting that the impedance of CPEq;, at this potential is
more resistive. This behavior is consistent with electroporation
and ABO assisted membrane poration.

chain

Substrate

Fig. 6
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3.2 IR spectroscopy measurements

PM-IRRAS studies allow determination of conformation and
orientation of both phospholipids and AB molecules in the
membrane and their dependence on the external electric field.
The C-H vibration modes (located in the spectral range of 3100
2800 cm '), C=0 vibration modes (1800-1700 cm ') and CH,
vibration modes (1550-1350 cm ") provide information about
geometric properties of phospholipid molecules. The amide I
band region (1700-1600 cm ') is useful for the determination of
AP properties. Present PM-IRRAS measurements were per-
formed in the potential range of +0.40 to —0.40 V vs. Ag/AgCl.
3.2.1 C-H bond stretching vibration modes of lipids. The
C-H stretching vibration region (3100-2800 cm™ ") of the PM-
IRRAS spectra contains useful information about the confor-
mation and orientation of lipid acyl chains.** Fig. S5a-c in ESIT
shows PM-IRRAS spectra in the C-H stretching region for fBLM,
fBLM-ABMs, and fBLM-ABOs. Spectra deconvolution in the C-H
stretching region shows bands of both CH, symmetric (v(CH,)s)
and asymmetric (v(CH,),s) vibrations, as well as CH; symmetric
(v(CH3)s) and asymmetric (¥(CHj),s) vibrations. Moreover, two
bands corresponding to Fermi resonances (Fig. S5d in ESIf) are
present. Integrated intensities of the symmetric and asym-
metric CH, bands were used to calculate the average tilt angle of
trans fragments of acyl chains (Fig. 6a) using eqn (1) and (2). The
optical constants in Fig. S6 in ESIT were used in these calcula-
tions. Fig. 6b plots the calculated average tilt angle of trans
fragments of acyl chains vs. potential. These values could be
used as an approximate measure of the orientation of acyl
chains. The orientation of the acyl chains is potential inde-
pendent for all three membranes. For fBLM, the tilt angle is
31(+1)°, typical of acyl chains in BLMs.*** The average tilt angle
of acyl chains increases in the presence of either ABMs or ABOs
at all potentials. It is equal to 54(+7)° and 64(+1)° for fBLM-
ABMs and fBLM-ABOs, respectively. This significant increase
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(a) Schematic diagram of the DSPE molecule showing directions of the transition dipole moments of the symmetric (vs(CH;)) and

asymmetric (v,5(CH>)) methylene stretches for a lipid acyl chain as well as the tilt angle (6.nain) Of acyl chains [adapted from ref. 42]. (b) The tilt
angle of lipid acyl chains as a function of potential for the fBLM (curve 1), fBLM-ABM (curve 2) and fBLM-ABO (curve 3) in PBS/D,0O (0.01 M
phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4) solution. The upper abscissa plots the transmembrane potential that accounts for

the potential of zero free charge (£, = 0.11V vs. Ag/AgCl).
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suggests that both ABMs and ABOs interact with the membrane
hydrophobic core and this interaction is more pronounced for
ABOs.

Position and width of v(CH,); and v(CH,),s bands provide
information on the phospholipid acyl chain conformation and
mobility in the membrane. Positions of the two CH, stretching
bands are potential independent for both fBLM-ABMs and
fBLM-ABOs (Fig. 7a and b). In contrast, these bands for fBLM
are shifted to higher wavenumbers at negative potentials. This
effect is more pronounced for the asymmetric band (curve 1 in
Fig. 7b). The v(CH,)s and v(CH,),s; wavenumbers lower than
2850 and 2920 cm ™, respectively, are characteristic of the gel
state of the bilayer, in which acyl chains are fully stretched and
assume the all-trans conformation.”” Wavenumbers values of
the two bands correspond to the gel state of fBLM in the
absence of AP (Fig. 7a and b). In the presence of either ABMs or
ABOs, these bands shift towards higher wavenumbers which
indicates partial melting of the chains. This shift is more
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pronounced for the v(CH,),s band than for the v(CH,)s band.
These results indicate that lipids have an increased number of
gauche conformers in the presence of both ABMs and ABOs, thus
indicating lipid acyl chains melting by both AB forms.*>*¢ The
chain melting is more pronounced in the presence of ABOs than
in the presence of ABMs. For all three membranes, widths of the
V(CH,),s and v(CH,); bands are potential independent
(Fig. 7c and d). However, the presence of either ABMs or ABOs
induces a significant decrease in the width of both bands. This
behavior indicates an AB-induced decrease of lipid acyl chain
mobility.*>*

The spectra in the C-H stretching region showed that the
amyloids induce not only changes in the orientation and
conformation of lipid molecules but also decrease the mobility
of their acyl chains. These changes differ from typical
temperature-induced phospholipid chain melting where
conformational disordering is accompanied by increased lipid
acyl chain mobility.*®
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(a and b) Position and (c and d) width of the (a and c) v(CH,)s and (b and d) v(CH,) s bands as a function of potential for fBLM (curves 1, 1/, 1”,

and 1”), fBLM-ABM (curves 2, 2/, 2", and 2"), and fBLM-ABO (curve 3, 3, 3", and 3") in the PBS/D,0O (0.01 M phosphate buffer, 0.0027 M KCl and
0.137 M NaCl, pH = 7.4) solution. CH,(s) and CHy(as) stand for symmetric and asymmetric CH, stretching vibrations, respectively. The upper
abscissa plots the transmembrane potential that accounts for the potential of zero free charge (E, ¢ = 0.11 V vs. Ag/AgCl).
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Fig.8 The PM-IRRAS spectra (black solid curves) in the CH, scissoring vibration band region and corresponding FSD spectra (red dotted curves)
for (a) fBLM, (b) fBLM-ABMs, and (c) fBLM-ABOs in the PBS/D,0O (0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4) solution.

3.2.2 C-H scissoring vibration mode of lipids. The C-H allowed to deconvolute the broad spectral region. The bands
scissoring vibration band, 6(CH,), provides useful information seen in the FSD spectra can be assigned to the asymmetric
concerning interchain interactions and packing of lipid mole- 6(N"(CHj3);),s vibration band at ~1490 cm ', the 6(CH,) scis-
cules in the bilayer. Fig. 8 shows PM-IRRAS spectra in the 1550~  soring vibration band at ~1470 cm ™', the §(CHs),s asymmetric
1420 cm ™' region containing a broad band, for all three vibration band of terminal CH; groups of acyl chains at
membranes. Fourier self-deconvolution*® (FSD) analysis
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Fig. 9 (a) Scheme showing the C=0O bond angle between the surface normal (black arrow) and direction of the transition dipole moment of the
C=0 bond (blue arrow). (b) Normalized and averaged PM-IRRAS spectra in the C=0 stretching vibration region for the fBLM (curve 1), fBLM-
ABMs (curve 2), and fBLM-ABOs (curve 3) in the PBS/D,0O (0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4) solution. Each
spectrum is an average of five spectra shown in Fig. S7.1 (c) The C=0O bond angle for the fBLM (curve 1), fBLM-ABM (curve 2), and fBLM-ABO
(curve 3') as a function of potential. The upper abscissa plots the transmembrane potential that accounts for the potential of zero free charge
(Epztc = 0.11V vs. Ag/AgCl).
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~1450 ecm ™', and 6(N(CH,);)s symmetric vibration band at
~1437 cm ™! overlapping with that for §(CH3)s.*>>

The 6(CH,) scissoring band shifts from 1470 cm ™" for fBLM
to 1468 and 1467 cm ' for fBLM-APMs and fBLM-ABOs,
respectively. These shifts indicate that in the presence of both
AP forms, packing of lipid molecules changes from triclinic to
hexagonal unit cell.>*>*

3.2.3 C=0 stretching vibration mode of lipids. The 1800-
1700 cm ™' region of PM-IRRAS spectra contains a band corre-
sponding to the ester carbonyl C=0 stretching vibration of the
glycerol moiety of the phospholipid molecule (Fig. 9a). The PM-
IRRAS spectra and the corresponding FSD analysis for the three
bilayers at different potentials are shown in Fig. S7 in ESL.{ The
spectra are independent of the potential applied. Therefore,
they were averaged and normalized to improve S/N (Fig. 9b).

The FSD analysis showed a band at ~1743 cm™" corre-
sponding to the non-hydrogen bonded (dehydrated) carbonyl
group and two bands at ~1731 and ~1724 cm™ " corresponding
to the hydrogen bonded (hydrated) carbonyl group (Fig. S8a—ct).
The deconvolution of the C=O0 band revealed that sub bands
corresponding to non-hydrogen bonded and hydrogen bonded
carbonyl group occupy a similar area in fBLM and fBLM-ABOs
(Fig. S8d and f in ESI}). This feature indicates that the content
of non-hydrated and hydrated lipid heads in these two samples
is similar. In fBLM, 52 and 48% of the lipid heads were non-
hydrated and hydrated, respectively. In fBLM-ABO, 55 and
45% of the lipid heads were non-hydrated and hydrated,
respectively. However, in fBLM-ABM, 67 and 33% of the lipid
heads were non-hydrated and hydrated, respectively (Fig. S8et
in ESIY). This result suggests that ABMs, unlike ABOs, inhibit
hydration of carbonyl groups.

The integrated intensity of the C=0 band and eqn (1) were
used to calculate the angle between the direction of the tran-
sition dipole moment of the C=0 bond and the surface normal,
i.e., the direction of C=0 bond angle (Fig. 9a). Fig. 9c plots the
C=0 bond angle as a function of the potential applied for all
three membranes. The C=0 bond angle was potential inde-
pendent (within limits of experimental errors) for all three
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membranes. The C=O0 bond is nearly perpendicular to the fully
stretched acyl chain. Therefore, the sum of the acyl chains and
the C=O0 bond angles should be ~90°. Indeed, the determined
C=0 angle of ~70° is consistent with the acyl chain tilt angle of
~30° determined for fBLM (Fig. 6). However, the C=0 bond
angle of ~73° for fBLM-ABMs is unexpectedly high because the
acyl chain tilt angle was ~50°, thus resulting in the sum of these
two angles to be ~120°. Importantly, the sum of tilt angles for
C=0 bonds and acyl chains for the fBLM-ABOs is again close to
100°. Similar value of the C=0 bond angle for fBLM-ABMs and
fBLM, however higher sum of the C=O bond and acyl chain
angles, and dehydration of lipid heads determined for fBLM-
ABMs higher than that for fBLM-ABOs suggest that ABMs
interact with the membrane lipids in a fundamentally different
way than ABOs do.

3.2.4 The amide I band spectra. The amide I band of
peptides and proteins is used to determine their secondary
structure. AP aggregation is accompanied by the conversion of
a structure rich in o-helices and random coils present in ABMs
to PB-sheet secondary structure characteristic of AP aggre-
gates.***® Therefore, the determination of the secondary struc-
ture can help to identify the AP form that interacts with fBLM.
The amide I band is usually very broad and, therefore, requires
spectral deconvolution for interpretation. Fig. S9a and b in ESI{
show PM-IRRAS spectra of the amide I band for fBLM-ABMs and
fBLM-ABOs, respectively, at different potentials. The amide I
band is weakly potential dependent for both fBLM-ABMs and
fBLM-ABOs. The spectra recorded at different potentials are
averaged and plotted in Fig. 10. The FSD analysis was used to
reveal the sub bands in a broad envelope of this spectral region
(Fig. S9c and d in ESI}). With this analysis, spectra in Fig. 10
were deconvoluted to show sub bands corresponding to the
random coil, B-sheet, B-turn, and a-helix secondary structures.
For both fBLM-ABMs and fBLM-ABOs, secondary structures did
not change with the potential applied (Fig. S9e in ESIf). The
amide I band in fBLM-ABMs (Fig. 10a) contains strong o-helix
and random coil bands, characteristic of ABMs.?” In contrast,
Fig. 10b shows weaker o-helix and random coil bands and the
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Fig. 10 Deconvoluted amide | band region of the PM-IRRAS spectra averaged at all potentials for (a) fBLM-ABMs and (b) fBLM-ABOs in the PBS/
D,0 (0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, pH = 7.4) solution.
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stronger B-sheet band for fBLM-ABOs compared to those for
fBLM-ABMs. This result indicates higher B-sheet as well as lower
a-helix and random coil content in fBLM-ABOs compared to
those in fBLM-ABMs (Fig. S9et). This change in the dominant
secondary structure of A signifies the presence of AP
aggregates.”>*”>

Fig. 11 shows the correlation between the secondary struc-
ture content of both AB forms (ABMs and ABOs) and the C=0
bond angle of the phospholipid molecules. To obtain high
enhancement of the signal in the spectral region of interest in
the PM-IRRAS experiment, the aperture had to be adjusted
accordingly and every spectral region of interest had to be
studied in a separate experiment. The lipid C=O band is
located close to the amide I band of AB. Therefore, the signal
from both regions is expected to be similarly enhanced. Hence,
it was easy to directly correlate changes in the C=0 angle of the
carbonyl glycerol ester group in the lipids with changes of the
amide I band in the AP secondary structure in a single experi-
ment. Fig. 11 was constructed using four independent
measurements. A cluster of points at ~78° and ~68° correspond
to two separate measurements for fBLM-ABMs and the
remaining points correspond to measurements for fBLM-ABOs.
Because the spectra were recorded at several potentials for each
measurement, the spread of points within the cluster accounts
for small changes induced by variation of the electrode poten-
tial. The content of the random coil and a-helix secondary
structures is high and that of B-sheet is low for fBLM-ABMs, thus
indicating a high population of ABMs and low population of
ABOs, respectively. As expected, the content of the random coil
and a-helix secondary structures is low and the content of the 3-
sheet is high for fBLM-ABOs. Apparently, the population of
ABOs dominates over that of ABMs. This domination is expected
because the population of ABOs increases at the expense of that
of ABMs during AP aggregation. Interestingly, the higher the
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Fig. 11 Correlation between the content of dominant AR secondary
structure and changes in the C=O bond angle for fBLM-ABMs and
fBLM-ABOs samples. The percentage of the secondary structure
corresponds to the fraction of the area of the sub bands to the total
area under the amide | band.
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ABOs population, the lower is the C=0 bond angle. This rela-
tion directly shows that the change in the C=0 bond angle in
each membrane is influenced by the presence of ABO only.

Generalized two-dimensional correlation spectroscopy (2D-
COS)* was employed to analyze spectra used to construct
Fig. 11. The perturbation applied to these spectra was the
change in the angle of the C=0 bond in the lipids of the bilayer.
The 2D-COS analysis provides two important pieces of infor-
mation, ie., (i) it allows identifying the presence of bands cor-
responding to different elements of the secondary structure
and, thus verifying the FSD analysis and (ii) it provides infor-
mation about sequential changes of analyzed bands.”>*
Synchronous (Fig. 12a) and asynchronous (Fig. 12b and c) 2D-
COS spectra were constructed for the 1800-1600 cm ™" region.
The synchronous spectra show poorly resolved broad auto-
correlation bands located at the diagonal (Fig. 12a). The poor
resolution and the absence of sub bands indicates that the
spectral changes are predominantly asynchronous (out of
phase).*> There are two negative cross-correlation bands
between bands corresponding to C=0 vibrations in lipids and
amide I bands of AB. The negative sign of these bands indicates
that the bands of lipids and amide I bands change in opposite
directions. The resolution of asynchronous spectra is high and
all sub bands identified by FSD are seen (Fig. 12b). This
performance confirms that the observed changes are out of
phase.

The asynchronous spectrum consists of cross-correlation
bands only and provides information about sequential changes
of the bands. The positive sign of a band (v4, v,) indicates that
changes in the v, band precede changes in the v, band.***® The
cross-correlation of amide I bands of Af and C=O bands of
lipids is positive. However, the corresponding cross-correlation
band in the synchronous spectrum is negative and, hence, it
inverts the sequence predicted by the asynchronous bands. This
feature indicates that changes in the C=O band precede
changes in the amide I bands, i.e., first, changes in the lipids,
and then changes in the peptide occur.

Fig. 12c shows magnified asynchronous spectra corre-
sponding to the amide I bands of AB. The synchronous spectra
for this region are absent. The analysis shows that cross-corre-
lation between the B-sheet band at 1626 cm™* and all other
amide I sub-bands is negative. This feature indicates that the B-
sheet band changes after other sub bands change. In general,
the analysis indicates that a band with higher wavenumber
changes before the band with a lower wavenumber. Therefore,
the 2D-COS analysis allows establishing the following order of
changes in the secondary structure of the amide I band. That is,
first, the B-turn (1681 cm ') change sequentially followed by
changes in B-turn (1667 cm ™ '), a-helix (1556 cm '), random coil
(1640 cm ™), and finally, in B-sheet (1626 cm ™). Changes in a-
helix/random coil (APMs structure) precede changes in B-sheet
(ABOs structure). This sequence of changes suggests that the
cause of changes shown in Fig. 11 is ABMs aggregation into
ABOs, involving the transformation of the a-helix/random coil
structure to that of B-sheet. This inference is consistent with the
AP aggregation mechanism.>*

This journal is © The Royal Society of Chemistry 2020
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spectra showing the amide | band region for AB.

4. Conclusions

We investigated interactions of APMs and ABOs with fBLM
using electrochemical and IR spectroscopic techniques. Elec-
trochemical measurements demonstrated that ABOs signifi-
cantly alter the electric properties of the membrane. These
changes result from the membrane poration by ABOs. The
electric properties of the fBLM-ABOs are different from those
reported for lipid bilayers containing ion channels, thus
evidencing the fundamental difference between pores formed
by ABOs and ion channels formed by peptides like a-hemolysin
or alamethicin.'**”*® Moreover, it appeared that the change in
the average pore size significantly affects EIS features and
should be considered when analyzing the EIS data for phos-
pholipid bilayers. This finding allowed us to demonstrate
a novel way of interpreting the EIS results.

PM-IRRAS studies showed that both ABMs and ABOs caused
significant lipid molecules disordering, as evidenced by
conformational and orientational changes of lipid molecules in
the fBLM. Both AP forms interact with the membrane hydro-
phobic core, i.e., they increase the tilt angle of lipid acyl chains,
increase the number of gauche conformers in the lipid acyl
chains, decrease the mobility of lipid acyl chains, and change
the lipid molecule packing. All these changes were more
significant in the presence of ABOs than in the presence of
ABMs. Dehydration of the phospholipid carbonyl groups and
absence of change in the angle of the C=0 bond located in the
lipid heads was only observed for fBLM-ABMs. Oppositely, ABOs
changed the angle of the C=0 bond, causing the reorientation
of lipid heads without affecting their hydration. These results
demonstrate that the respective interactions of ABMs and ABOs
with lipid heads were significantly different. The 2D-COS spec-
troscopy results demonstrated that structural changes of lipids
are preceding those of AB. Moreover, they demonstrated that
changes in the random coil and a-helix bands precede changes
in the B-sheet band. This results are in line with the AP aggre-
gation mechanism assuming structural transformation from
the random coil/a-helix to the B-sheet secondary structure.

The present results provide new information on the AB-
induced changes in the fBLM properties, thus enabling a deeper
understanding of the mechanism of interaction of AB with
bilayer lipid membranes and, consequently, pathology of Alz-
heimer's disease.

This journal is © The Royal Society of Chemistry 2020
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