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Abstract To investigate the molecular interaction of
amyloid beta peptides Af|_»5 or Af,5_49 with model lipid
membranes differential scanning calorimetry (DSC) and
DPH and TMA DPH fluorescence anisotropy approaches
were used. The main transition temperature (7,,) and
enthalpy change (AH) of model lipid membranes com-
pOSCd of DMPC/DPPG on addition of Aﬁ25_40 or A525_40
at 10:1 (w/w) phospholipid/peptide ratio either non-
aggregated or previously aggregated were examined. The
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effect of Af_»5 and Afl,5_49 on the membrane fluidity of
liposomes made of DMPC/DPPG (98:2 w/w) was deter-
mined by fluorescence anisotropy of incorporated DPH and
TMA DPH. The results of this study provide information
that Af,_»g preferentially interacts with the hydrophilic
part of the model membranes, while Af$,5s_40 rather locates
itself in the hydrophobic core of the bilayer where it
reduces the order of the phospholipids packing.
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Abbreviations

Ap f-amyloid peptide

AD Alzheimer’s disease

Buffer 10 mM Hepes buffer pH-7.4

Cp Heat capacity

DMPC 1,2-dimyristoyl-sn-glycero-3-
phosphocholine

DPPG Dipalmitoylphosphatidylglycerol

DPH 1,6-diphenyl-1,3,5-hexatriene

DSC Differential scanning calorimetry

AH Main phase-transition enthalpy

L:P Lipid:peptide ratio

LUV Large unilamellar vesicles

T Gel to liquid-crystalline phase transition
temperature

TMA-DPH  1-[4-(trimethyl-ammonium) phenyl]-
6-phenyl-1,3,5-hexatriene

Introduction

Ordered protein aggregation with amyloid fibril formation
and its accumulation in body tissues particular in brain lead
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to the range of the severe neurodegenerative diseases like
Alzheimer’s (AD), Parkinson’s and other diseases [1-4]. In
these pathological situations, structural changes affecting
proteins otherwise normally expressed in the organism lead
to the formation of proteinase resistant fibrils composed of
the aggregated abnormal forms of the proteins. These
aggregates are rich in f-sheet structure, and they are the
main component of the amyloid plaques in the affected
central nervous systems [5—8]. The mechanism by which
Af damages cells is still under debate [9, 10] but the
hypotheses that non-specific interaction between Af pro-
teins and neuronal membranes plays an important role in
the conformational changes, degradation and aggregation
of these peptides were discussed in literature [11-14]. A
number of observations indicate that the primary target of
amyloid and prion peptides is the cell membrane of neu-
rons [12, 15, 16]. It was previously reported that interac-
tions with lipid membranes, can alter important biological
properties of Af proteins [13, 17-20]. Moreover, the
presence of negatively charged lipids induces conforma-
tional changes of Apf native form to f-sheet structures [21].
Model lipid membranes composed of synthetic phospho-
lipids have been extensively used to investigate the amy-
loid peptide interaction with membranes [15, 22-24].

In this paper, we have analyzed the effects of two
amyloid beta peptides (Af;_»g and Af>s5_49) on the ther-
motropic properties of the model lipid membranes using
DSC and on the fluidity of liposomes composed of DMPC/
DPPG by analysis of the fluorescence anisotropy of DPH
and TMA DPH incorporated in the liposomes. The amino
acid sequence of the Apf,s_49 peptide fragment provides
hydrophobic groups which enable this peptide to be
incorporated into the hydrophobic part of lipid membranes.

Results also show that the investigated peptides affect
the bilayer order of DMPC membrane in the temperature
range of the cooperative phase transition. The incorpora-
tion of Af,s_40 in to the DMPC/DPPG vesicles decreases
the bilayer fluidity.

It was shown that the effect of Af,s_49 peptide incor-
poration into the lipid membranes caused bigger alterations
in membrane properties than Af_,g peptide fragment.

Experimental
Materials

Synthetic peptides Af1_,s [DAEFRHDSGYEVHHQKLV
FFAEDVGSNK] and Afys_40 [SNKGAIIGLMVGGVYV]
were purchased from JPT Peptide Technologies (Ger-
many). Stock solutions were kept in aqueous 10 mM Hepes
buffer at neutral pH. Phospholipids (DMPC, DPPG) and
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fluorescent probes (DPH, TMA DPH), were purchased
from Sigma Chemical Company.

Differential scanning calorimetry

DSC was performed on a DSC 822¢ calorimeter (Mettler
Toledo, Switzerland) calibrated using pure indium
(T, = 156.6 °C). The samples were prepared by adding
appropriate amount of DMPC/DPPG mixtures (98:2 w/w)
dissolved in chloroform and dried under vacuum. 2-3 mg
of dried residue was accurately weighed in aluminum
crucibles of 40 pL. capacity. 10% (w/w) of Af_»g or
Afars_so was added to the samples followed by hydration
with HPLC grade water filtered through Millipore Filters
(pore size 200 nm) in a ratio of sample/H,0, 1:2 (w/v). The
peptide aggregation process was triggered by the addition
of heparin and the crucibles were hermetically sealed. The
same experiment was repeated using previously aggregated
peptides.

Prior to DSC scanning, the samples underwent a quick
heating and a quick cooling cycle (scanning rate of 10 and
20 °C/min, respectively) to ensure equilibration and
exemption of the thermal history of the samples. All
samples were scanned three to four times from O to 40 °C
until identical curves were obtained using a scanning rate
of 1 °C/min. An empty pan was used as a reference.
Enthalpies and characteristic temperatures were calculated
using Mettler-Toledo STAR software [25].

Liposome preparations

Large unilamellar vesicles (LUV) composed of DMPC/
DPPG (98:2 w/w) were prepared using the thin-film
hydration method. Briefly, appropriate amounts of lipid
solutions in chloroform were placed in a round bottom
flask and the thin lipidic film was formed by slow removal
of the solvent under argon atmosphere. The remaining
solvent traces were removed under vacuum using a rotary
evaporator over a water bath at 37 °C for 30 min. The
resulting lipid film on the wall of the flask was hydrated
with an appropriate volume of buffer resulting in a final
lipid concentration of 5 mg/mL. The mixture was vortexed
for 5 min with glass beads, allowed to equilibrate for
30 min, under argon atmosphere at 37 °C (above the gel—
liquid crystal transition temperature of the lipid mixture).
Subsequently the liposome suspension was forced to pass
at least 15 times through a polycarbonate membrane of
100 nm porosity (Nuclepore, T-E), mounted in a mini-
extruder (Avanti Polar Lipids) fitted with two 1,000-uL
Hamilton gastight syringes. Exposure to light was mini-
mized throughout the liposome preparation process. The
size distribution (z-average mean), polydispersity index
of the liposomes were measured at room temperature using
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dynamic light scattering in a photon correlation spec-
trometer (Zetasizer Nano-S90, Malvern Instruments, Mal-
vern UK). The refraction factor was assumed 1.336 while
the detection angle was 90” and the wavelength was
633 nm. The analysis method used was based on CONTIN
algorithm.

Membrane fluidity measurements

The fluidity of lipid bilayer was measured using a steady-
state fluorescence polarization technique. Two different
fluorescent probes were used: 1,6-diphenyl-1,3,5-hexatri-
ene (DPH), an apolar molecule which is incorporated into
the hydrophobic region of the liposome bilayer with its long
axis parallel to the acyl chains, and 1-(4-trimethylammo-
niumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH), which
is anchored at the surface of the liposome bilayer in contact
with the water due to its positively charged amino groups.
Since DPH probe is incorporated deeper into the lipid bilayer
than TMA-DPH, the use of both probes in the same lipid
membrane allows for the comparison of membrane order at
different depths of the bilayer. Measurements were made
using a Perkin Elmer luminescence spectrometer LS-50B
equipped for fluorescence polarization measurement. A
quantity of 500 pM liposomes suspension was added to the
cuvette followed by the addition of 1 uM DPH (in tetrahy-
drofuran) or TMA-DPH (in methanol) molar ratio 1:500
(probe/phospholipids). The sample was stirred well and
incubated in the dark at room temperature for 20 min. The
cuvette holder was temperature controlled by water ther-
mostat (MLW-U) with 37 °C. The readings were taken at
intervals of 2 s. The polarization values () of the samples
were calculated by the fluorescence data manager program
using the following equation:

r = (Iyv — Glyn)/(Ivv + 2Glyy)

where Iyv and Iyy are the vertical and horizontal fluores-
cence intensities, respectively, to the vertical polarization
of the excitation light beam. The factor G = Iyvy/Ign
(grating correction factor) corrects the polarizing effects of
the monochromator. The excitation wavelength was
348 nm and the fluorescence emission was measured at
426 nm for DPH and 340 nm; 430 nm for TMA DPH,
respectively.

Results
DSC experiments
Differential scanning calorimetry profiles for model lipid

membranes composed of DMPC/DPPG 98:2 (w/w) either
pure or in the presence of 10% (by weight) of Af;_»g or

ApPss_4 are shown in Fig. 1 and the corresponding ther-
modynamic parameters are reported in Table 1. The
DMPC/DPPG membrane curve shown in Fig. la shows
two characteristic peaks at 14.26 and 24.54 °C. The first
peak presents a low enthalpy transition attributed to the
mobility of the choline polar head of DMPC, while the
sharp enthalpy main transition is attributed to the mobility
of the alkyl chains [25-28]. The presence of both Af;_»g
and Afs_40 peptide fragments in the DMPC/DPPG lipid
membrane caused the increase of the transition temperature
(T,) and transition enthalpy (AH) of the pre-transition peak
(Table 1). Thermal analysis of the main peak shows that
Api_»g peptide fragment induces a minor change of Ty,
from 24.54 to 24.67 °C. In contrast, the presence of
Afos5_49 peptide in the membrane leads to the increase of
T, from 24.54 to 25.11 °C and of enthalpy AH from 28.28
to 36.59 kJ/mol ™! (Table 1). These data lead to the con-
clusion that Af_»g peptide fragment interacts with the
external surface of the membrane (DPPC/DPPG + Af;_»g
systems), while Af,5_4o is rather located in the hydro-
phobic core of the bilayer were it reduces the order of the
phospholipids packing. This can be explained by consid-
ering the different nature of investigated peptide fragments.
Therefore, two different mechanisms can be distinguished.
In the case of Af};_»g the interactions with a lipid bilayer
are driven by electrostatic forces. On the contrary, for
ApPss_4o a predominant role is played by hydrophobic
interactions.

We also carried out experiments on multilamellar
DMPC/DPPG membranes interaction with previously
aggregated peptides to examine the possibility of peptides
in a plaque form to change the thermodynamic parameters
of model membranes. Samples with aggregated peptides
were prepared before DSC measurements by the addition

Heat flow, endotherm

Temperature/°C

Fig. 1 DSC heating curves of fully hydrated model membranes of
DMPC/DPPG (98:2 w/w) with amyloid beta peptides. a Curve a
present the DSC transition of a pure DMPC/DPPG membrane in
absence of peptides; b in presence of A 3 (10% w/w), c: in
presence of Afss 40 (10% wiw)
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Table 1 Interaction of beta amyloid peptides with DMPC/DPPG (98:2 w/w) lipid membranes

Sample (x = mass%) Pretransition peak

Transition peak

Tonsedd°C T,/°C AH/KJ mol ™! Tonsedd°C T,/°C AH/KT mol ™!
DMPC/DPPG 13.26 14.26 3.66 24.17 24.54 28.28
DMPC/DPPG/AB, 5 (x = 10) 13.79 15.79 5.04 24.15 24.67 29.45
DMPC/DPPG/A Bs_40 (x = 10) 13.17 16.06 4.30 24.14 25.11 36.59

Calorimetric parameters. T, temperature at which the thermal effect starts; T, temperature at which heat capacity (AC),) at constant pressure,

is maximal; AH transition enthalpy normalized

of corresponding amounts of heparin to the dissolved
peptides. It should be noted that pure heparin had no effect
on the thermodynamic parameters of DMPC/DPPG lipid
system (data not shown).

The DSC scans for the DPPC/DPPG with Af_ 3 or
Afays_so aggregates are shown in Fig. 2. The presence of
Afi_»g in the DPPC/DPPG lipid membranes induces the
small increase of the pre-transition and main peaks tem-
peratures from 14.26 to 15.36 °C and 24.54 to 24.70 °C,
respectively. Transition enthalpy of pre-transition peak
changes from 3.66 to 3.76 kJ/mol " and for main peak from
28.28 to 26.83 kJ/mol~'. The presence of Af,s5_49 in the
same lipid system induces following changes of thermody-
namical parameters of melting process: temperatures of pre-
transition and main peaks rice from 14.26 to 14.68 °C and
from 24.54 to 24.76 °C, respectively. Transition enthalpies
of pre-transition and main peaks change from 3.66 to
3.96 kJ/mol ™! and from 28.28 to 25.77 kJ/mol ™", respec-
tively (Table 2). These data suggest that changes of heat-
ing curves in the presence of aggregated peptides were
insignificant leading to the conclusion that peptides’
plaques show weak interaction with lipid membranes and do
not change the order of the phospholipids packing in the
bilayer.

\h\ / ﬁ— c
£ \/
| —
s /

B \\/ .

12 14 16 18 20 22 24 26 28 30 32

Temperature/°C
Fig. 2 DSC heating curves of fully hydrated model membranes of
DMPC/DPPG (98:2 w/w) with aggregated amyloid beta peptides. a
Curve a present the DSC transition of a pure DMPC/DPPG membrane

in absence of peptides, b In presence of Af; g (20% w/w), ¢ APas 40
(20% wiw)
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These results are consistent with literature findings.
Recent studies have shown that plaques formed from
aggregated peptides are not as harmful as short oligomers
[29]. In terms of interactions with a lipid bilayer, this
phenomenon can be easily explained. The efficient incor-
poration into a lipid bilayer can happen only when the
object does not exceed certain dimensions. It seems that the
size of aggregated peptides that form fibrils is too big to
allow for the incorporation.

Fluorescent anisotropy experiments

To confirm the effects of A o5 or Af549 on model
membranes obtained by the DSC method we also carried
out experiments of membrane fluidity changes determina-
tion of LUV (liposome diameter was measured to be equal
to 162.9 nm) induced by incorporation of the investigated
peptide fragments and measured by DPH and TMA DPH
fluorescence anisotropy. DPH shows a stiff structure and
possesses cylindrical symmetry around its long axis in the
saturated lipid system [30]. DPH is likely aligned with the
long axis parallel to lipid acyl chains [31]. The hydrophilic
group of the TMA DPH anchors the molecule in the head
group region of the bilayer [32]. The effect of Af;_»g and
Afys_4o on the membrane fluidity of LUVs made of
DMPC/DPPG (98:2 w/w) and determined by fluorescence
anisotropy of incorporated DPH and TMA DPH is shown
in Fig. 3. The addition of progressive concentrations of
peptides leads to a change of probe anisotropy that shows
that the membrane fluidity alters. For Af};_,3 we observed
significantly rising anisotropy of TMA DPH but not DPH.
The increase of TMA DPH anisotropy was dose-dependent
in the concentration range from 10 to 50 pM. It may mean
that this peptide fragment interacts with the polar region of
the membrane. Af,s_40 increased fluorescence anisotropy
of DPH and slightly of TMA DPH. It can be considered
that this peptide fragment interacts with a hydrophobic part
of membrane and slightly with a hydrophilic region. This
indicates that both peptides change the fluidity of the
liposome lipid matrix. This change was significantly pro-
nounced at higher concentrations of the preparations
studied. Comparison of the changes in anisotropy with
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Table 2 Interaction of previously aggregated beta amyloid peptides with DMPC/DPPG (98:2 w/w) lipid membranes

Sample (x = mass%) Pretransition peak

Transition peak

Tonsedd°C T,/°C AH/KJ mol ™! Tonsedd°C T,/°C AH/KT mol ™!
DMPC/DPPG 13.26 14.26 3.66 24.17 24.54 28.28
DMPC/DPPG/AB, 5 (x = 20) 13.62 15.36 3.76 24.18 24.70 26.83
DMPC/DPPG/A Bs_40 (x = 20) 13.35 14.68 3.96 24.22 24.76 25.77

Calorimetric parameters. T, temperature at which the thermal effect starts; T, temperature at which heat capacity (AC),) at constant pressure,

is maximal; AH transition enthalpy normalized

o
V)

o

—_

©
I

0,18

0,17 A

0,16 3

TMA DPH fluorescence anisotropy

o
=
o

0,14- T T T T T

DPH fluorescence anisotropy

0 10 20 30 40 50
concentration [uM]

Fig. 3 Fluorescent anisotropy of TMA DPH and DPH in phospho-
lipids/peptide mixtures. Liposomes were prepared using DMPC/
DPPG (98:2) w/w phospholipids. (0.5 mM of lipid, 10 mM HEPES
buffer, pH 7.4, 37 °C). Lipid:probe (500:1) molar ratio. Final peptide
concentration was 50 pM. L:P (10:1) final molar ratio. (Circle),
Afi_os; (square), APrs_so. a TMA DPH anisotropy detected with
1 uM of probe. This method estimates membrane fluidity in the
membrane interface region; b DPH anisotropy detected with 1 pM of
probe. This method estimates membrane fluidity in the hydrophobic
membrane interior region

increasing concentration showed that the two peptides had
completely different effects. It should be noted that Af,5_4¢
is insoluble in water, so it was diluted in DMSO. Contri-
bution of DMSO was subtracted from each measurement
point for Af,5_49, so the changes in TMA DPH and DPH
anisotropy are attributable only to the interaction of peptide
with lipid molecules in the bilayer. It may be considered
that the sample molecules interact directly with the lipid.
This result is highly consistent with the DSC data.

Discussion

Our results show that Af interact with DMPC/DPPG
(98:2) w/w model lipid membranes. Differential scanning
calorimetry demonstrated that amyloid peptide fragments
Afiog and Afr5_49 altered the thermotropic behavior of
DMPC/DPPG model membranes. Af;_,3 caused an
increase in the thermal phase transition temperature of pre-
transition peak and its transition enthalpy without affect-
ing the thermal parameters of the main transition. Af,5_49
affected the transition temperature and enthalpy of both
pre-transition and main peaks of DMPC/DPPG mem-
branes (Fig. 1b, ¢). These DSC results suggest that Af1_»g
inserts into the headgroup region of the liquid-crystalline
DMPC/DPPG. Af,s49 had a much greater effect on
membrane and inserts deeper into the bilayer of DMPC/
DPPG resulting in an increase in the area per lipid mol-
ecule and leading to a decrease of the melting coopera-
tivity of the main phase transition. The amino acid
sequence of the Af,s_40 peptide fragment provides
hydrophobic groups which renders this peptide capable of
being incorporated into the hydrophobic part of lipid
membranes. The proposed localization of Af; ,s and
Afrs_40 in the DMPC/DPPC bilayer is presented in Fig. 4.
Aggregated peptides, behaved in a qualitatively different
manner. In both cases no significant effects on the lipid
bilayer were observed, however, aggregated fragments
caused only a small decrease in enthalpy of phase transi-
tion (Table 2). These data imply that aggregated peptides
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Fig. 4 Schematic drawings of the possible localization of Af};_»g and

Afas_40 peptides in the model membrane composed from DMPC/
DPPG (98:2 w/w)

interact probably with membranes in a manner of random
contact but this supposition needs further confirmation by
other methods.

As the influence of amyloid peptides on membrane order
is concerned, the results concerning DPH and TMA DPH
fluorescence anisotropy indicate that Aff;_»g and Afss5_49
perturb the packing order of the bilayer. The progressive
increase in TMA DPH fluorescence anisotropy with
increasing concentration of Aff;_,g in the bilayer can be
explained by interaction of this fragment with the hydro-
philic part of the membrane and partial incorporation into
the hydrophobic region which is reflected by the small
increase in the anisotropy of DPH fluorescence in lipo-
somes containing Af1_pg. This suggests that the Af; g in
the bilayer affects both the lipid-water interphase and
hydrophobic core of the membrane. In contrast, the effect
of Af»5_49 on anisotropy of DPH fluorescence was more
pronounced. Thus, it is possibly due to the interaction of
Aas_40 with the acyl chains of the lipids and leads to the
conclusion of the Af,s_4 incorporation into the hydro-
phobic part of the bilayer.

Summarising, Af_g probably interacts with polar
heads of lipids but Af,5_4o resides within the hydrocarbon
core in model membranes. This localization may be
important in determining its capacity to interact with
membrane lipids.

Conclusions
This study provides the direct experimental evidence for
ApPi_og and Afrs_4o peptide fragments’ interactions with

the DMPC/DPPG lipid bilayer. Results show that Af»s 4
can incorporate deeper into the lipid bilayer than Af;_,g.

@ Springer

The above observation supports the strong interaction of
Afas_40 in lipid/peptide ratio (10:1) w/w with the DMPC/
DPPG membranes. On the other hand Af;_,gs peptide
fragment probably interacts only with a hydrophilic part of
a lipid bilayer.

These results complement studies, which have con-
cluded that Af|_»3 and Af,s_4o peptides’ interaction with
lipid membranes governed by their ability to change the
membrane lipids packing orders [9, 14, 15]. Finally these
data may have important implications for membrane
structure/function relationship in Alzheimer’s disease
neuropathology. All this findings can have important con-
sequences on the understanding of the mechanism of
interaction of amyloid peptides with cells.
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