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Forster resonance energy transfer (FRET) between the membrane fluorescent probes pyrene and TDV was employed to investigate the
modulation of amyloid-lipid interactions by polyphenols. The effects of various polyphenols, including quercetin, curcumin, gallic and
salicylic acids, on the complexation between the amyloid fibrils derived from N-terminal fragment of apolipoprotein A-I (ApoA-IF)
and insulin (InsF), and liposomes composed of phosphatidylcholine (PC) and its mixtures with cardiolipin (CL), cholesterol (Chol), or
phosphatidylglycerol (PG) were investigated. The incorporation of polyphenols resulted in decreased energy transfer efficiency,
indicating a significant alteration in the spatial relationship between amyloid fibrils and lipid membranes. The magnitude of this effect
was found to be dependent on lipid bilayer composition, the chemical nature of the polyphenols, and the type of amyloidogenic protein.
Notably, curcumin exhibited the most pronounced impact across all systems, with a particularly strong effect on ApoA-IF compared
to InsF. This differential response suggests protein-specific mechanisms of interaction and highlights the potential for targeted
therapeutic approaches. Our findings provide novel insights into the intricate interplay between polyphenols, amyloid fibrils, and lipid
membranes, contributing to the fundamental understanding of amyloid-related pathologies and opening new avenues for the
development of polyphenol-based therapeutic strategies in amyloid-associated disorders.
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Amyloid-membrane interactions are pivotal in the pathogenesis of numerous neurodegenerative diseases,
including Alzheimer’s and Parkinson’s diseases [1,2]. These interactions can lead to membrane disruption, altered
cellular homeostasis, and ultimately, cell death. The amyloid fibrils, which are the aggregates of misfolded proteins,
can insert into lipid bilayers, causing structural perturbations that compromise membrane integrity. This disruption is
often accompanied by the formation of ion-permeable pores, which can lead to dysregulated ion homeostasis and
trigger apoptotic pathways [3]. Understanding the mechanisms underlying amyloid-membrane interactions is crucial
for developing therapeutic strategies aimed at mitigating the amyloid toxicity. Various factors and substances can
influence the complexation of lipids with fibrillar species, including lipid composition, membrane fluidity, and the
presence of small molecules such as polyphenols. Lipid composition, for instance, can significantly affect the binding
affinity and insertion depth of amyloid fibrils into the membrane. Cholesterol, a major component of cell membranes,
has been shown to either stabilize or destabilize amyloid fibrils depending on its concentration and distribution within
the bilayer [4,5]. Polyphenols (PF), which are abundant in various fruits and vegetables, have garnered attention for
their potential to modulate these interactions [6,7]. These compounds can interact with both amyloid fibrils and lipid
bilayers, altering their structural and functional properties. The consequences of these interactions may be profound,
as they can affect membrane integrity, ion channel function, and cellular signaling pathways, thereby contributing to
the progression of amyloid-related diseases. A wide arsenal of experimental techniques is employed to analyze
biomolecular interactions, each offering unique insights into the dynamics and mechanisms at play. Among these
techniques, fluorescence spectroscopy stands out due to its high sensitivity, specificity, and ability to provide real-time
data on molecular interactions [8,9]. Fluorescence spectroscopy allows for the detection of subtle changes in the
environment of fluorescent probes, making it an invaluable tool for studying complex biological systems. In the present
study, we utilized one of the fluorescence spectroscopy modalities, Forster resonance energy transfer (FRET), to
investigate the impact of different polyphenols on amyloid-lipid interactions. FRET is a powerful technique that
enables the measurement of distances between two fluorophores in the range of 1-10 nm, making it ideal for studying
interactions at the molecular level. The aim of the present study was to ascertain whether the efficiency of the Forster
resonance energy transfer between the membrane fluorescent probes pyrene and TDV can serve as an indicator of
polyphenol effects on fibril-lipid interactions. The lipid bilayers employed in our experiments were composed of
distinct combinations of phosphatidylcholine (PC), cholesterol (Chol), cardiolipin (CL), and phosphatidylglycerol
(PG). Amyloid fibrils were prepared from apolipoprotein A-I (Apo-IF) and insulin (InsF). This methodological
approach enabled elucidation of the modulatory role of polyphenols on amyloid-membrane interactions, thereby
providing significant insights into their potential therapeutic applications.
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METHODS

The bovine insulin, Tris, thioflavin T (ThT), cholesterol (Chol), quercetin (QR), curcumin (CR), salicylic (SA) and
gallic acids (GA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The phosphonium dye TDV was kindly
provided by Professor Todor Deligeorgiev (University of Sofia, Bulgaria). The N-terminal (1-83) fragment of
apolipoprotein A-I with amyloidogenic mutation G26R was kindly provided by Professor Hiroyuki Saito (Kyoto
Pharmaceutical University, Japan). All other reagents were of analytical grade and used without further purification.

The insulin amyloid fibrils were prepared by incubation of the protein solution (10 mg/ml) in 10 mM glycine buffer
(pH 2.0) 24 hours at 37 °C under continuous orbital shaking. The fibrillization of N-terminal fragment of apolipoprotein
A-I was conducted at 37 °C with constant agitation on an orbital shaker after the protein dialysis from 6M guanidine
hydrochloride solution into 10mM Tris-HCI buffer, 150 mM NaCl, 0.01% NaNs, pH 7.4. The fibril growth was monitored
through measuring the intensity of ThT fluorescence at excitation and emission wavelengths of 440 and 484 nm,
respectively. Hereafter, the fibrillar forms of insulin and N-terminal fragment of apolipoprotein A-I are referred to as InsF
and ApoA-IF, respectively. The large unilamellar vesicles were prepared from egg yolk phosphatidylcholine (PC) and its
mixtures with beef heart cardiolipin (CL), cholesterol and phosphatidylglycerol (PG) in different molar proportions: neat
PC, 11 mol% CL (CL11), 30 mol% cholesterol (Chol30), 11 mol% CL, 30 mol% Chol (CL11Chol30) and 20 mol% PG
(PG20). The thin lipid films were obtained by evaporation of appropriate lipid solutions in ethanol, then hydrated with
1.2 ml of 10 mM Tris-HCI buffer (pH 7.4) and extruded through a 100 nm pore size polycarbonate filter. The
concentration of lipids in the stock liposomal suspensions was 10 mM. The fluorescence measurements were carried out
in 10 mM Tris-HCl buffer (pH 7.4) with a Shimadzu RF-6000 spectrofluorimeter (Shimadzu, Japan) using the 10 mm
path-length quartz cuvettes. In the FRET measurements the fibril-liposome mixtures containing pyrene in concentration
5.1 uM were sequentially titrated with TDV solution in buffer. The fluorescence spectra were recorded from 360 to 640
nm with the excitation wavelength 340 nm. The excitation and emission band passes were set at 5 nm. The ratio of
vibronic bands in the pyrene fluorescence spectra (I,/I3) was calculated from the intensities at 374 nm (peak 1) and 383
nm (peak 3). The excimer-to-monomer fluorescence intensity ratio (E/M) was determined by measuring fluorescence
intensity at the monomer (391 nm) and excimer (474 nm) peaks.

The stock solutions of polyphenols, viz. quercetin, curcumin, salicylic and gallic acids (Fig. 1), were prepared in
dimethylsulfoxide in concentration 620 M.

HO OH
0 e d 0
CH, O OH CH,
OH O
Quercetin Curcumin (enol form)

O._OH
@) OH

OH

HO OH
OH

Gallic acid Salicylic acid
/\{\ 9_
Q_Pe NI
b
N
I
Pyrene TDV

Figure 1. Chemical structure of the examined polyphenols and fluorescent probes
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RESULTS AND DISCUSSION

Figs. 2 and 3 illustrate the pyrene emission spectra in amyloid-lipid systems in the presence and absence of
polyphenols at increasing concentrations of TDV. The data clearly demonstrate that as the concentration of TDV
increases, there is a corresponding decrease in the fluorescence intensity of pyrene. This inverse relationship is indicative
of the Forster resonance energy transfer occurring between the two membrane fluorescent probes, since TDV absorption
spectrum strongly overlaps with the emission spectrum of pyrene excimers (Fig. 2, F).

The introduction of various polyphenols into the system significantly influenced the energy transfer process. The
extent of this influence varied depending on several factors, including the chemical nature of the polyphenols, the specific
composition of the liposomes, and the type of protein involved in the amyloid formation.
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Figure 2. Pyrene fluorescence spectra in the systems PC+ApoA-IF+TDV (A) and PC+ApoA-IF+PF+TDV (B-E) measured at
different concentrations of TDV. The overlap between pyrene emission and TDV absorption spectra (F). Lipid concentration was
67 uM, Pyrene concentration was 5.1 uM. ApoA-IF concentration was 1.1 um. PF concentrations were — quercetin/curcumin —
2 uM, gallic acid/ salicylic acid — 20 uM

To assess the impact of polyphenols quantitatively, the energy transfer efficiency was calculated in all systems under
study (Figs. 4, 5). The results reveal a notable influence of liposome composition on FRET efficiency between pyrene
and TDV in amyloid-liposome systems.
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Interestingly, the FRET efficiency remained virtually consistent regardless of the amyloid fibril type, whether
derived from apolipoprotein A-I or insulin, suggesting that the specific protein composition of the fibrils does not
significantly affect energy transfer in these systems.
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Figure 4. The efficiencies of the Forster resonance energy transfer between pyrene excimers and TDV observed in the systems
PC+ApoA-IF+PF+TDV (A), CL11+ApoA-IF+PF+TDV (B), Chol30+ApoA-IF+PF+TDV (C), CL11Chol30+ApoA-IF+PF+TDV
(D), PG20+ApoA-IF+PF+TDV (E)
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The most striking observation was the marked variation in FRET efficiency across different lipid compositions. Neat
PC bilayers exhibited a baseline FRET efficiency of ~30%, which served as a reference point for comparison with more
complex lipid mixtures. The incorporation of cardiolipin (CL) into PC bilayers resulted in a dramatic increase in FRET
efficiency to 60%, representing a two-fold enhancement compared to pure PC systems. This substantial increase may be
attributed to CL unique molecular structure and its ability to alter membrane curvature and fluidity [10], potentially
facilitating closer proximity or more favorable orientation between the donor and acceptor fluorophores.
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Figure S. The efficiencies of the Forster resonance energy transfer between pyrene excimers and TDV observed in the systems
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Conversely, the addition of Chol to PC bilayers did not affect FRET efficiency. This observation suggests that well-
known membrane-ordering effect of the sterol does not significantly influence the spatial relationship or energy transfer
dynamics between pyrene and TDV in this context. However, the combination of PC, Chol, and CL yielded an
intermediate FRET efficiency of ~50%, indicating a complex interplay between these lipid components. This result
implies that while cholesterol alone does not enhance FRET efficiency, it does not completely negate the positive effect
of cardiolipin when both are present in the membrane. The inclusion of PG into PC bilayers also led to a substantial
increase in FRET efficiency, reaching ~55%. This enhancement, albeit slightly less pronounced than that observed with
CL, suggests that negatively charged lipids generally promote more efficient energy transfer in these amyloid-liposome
systems. The observed findings can be interpreted through several mechanistic lenses. First, the increased FRET
efficiency in CL- and PG-containing bilayers may be due to electrostatic interactions between the negatively charged
lipids and the amyloid fibrils, potentially altering the fibril orientation or proximity to the membrane surface. Second,
changes in membrane fluidity and curvature induced by these lipids could modify the distribution or mobility of the
fluorophores within the bilayer, thereby affecting their average separation distance and, consequently, FRET efficiency.
Furthermore, the differential effects of various lipid compositions on FRET efficiency may reflect alterations in the
membrane physical properties, such as thickness, lateral pressure profile, or phase behavior. These changes could
indirectly influence the interaction between amyloid fibrils and the liposome surface, thus modulating the spatial
relationship between the donor and acceptor molecules.

Next, we evaluated the impact of different polyphenols on amyloid-lipid complexation. To this end, the changes in
the systems liposomes+amyloid+PF were calculated relative to the systems without PF (Figs. 6, 7).
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Figure 6. The changes in FRET efficiency relative to control without PF in the systems PC+ApoA-IF+PF+TDV (A),
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Analyzing these results, the following tendencies emerged: i) the incorporation of polyphenols into amyloid-lipid
systems resulted in decrease of energy transfer efficiencys, ii) the effect of polyphenols on amyloid-lipid interactions depends
on lipid bilayer composition, chemical nature of polyphenols and the type of the protein, iii) for all systems there is no
correlation between the increase in TDV concentration and the magnitude of polyphenols impact, iv) curcumin induced the
changes in energy transfer efficiency in all systems under consideration. Furthermore, in the case of ApoA-IF in all types of
lipid membranes except Chol30, the influence of quercetin, salicylic and gallic acids were within the experimental error, and
only in Chol30 the changes in the efficiency of energy transfer were noticeable not only for curcumin but also for gallic and
salicylic acids. In turn, in the presence of InsF, the statistically significant effect of polyphenols was observed for all
polyphenols. Finally, the impact of curcumin on amyloid-lipid interactions is more pronounced in the case of ApoA-IF.

The most salient finding is the observed decrease in energy transfer efficiency upon incorporation of PF into the
amyloid-lipid systems. This reduction in FRET efficiency suggests that polyphenols may modulate the spatial relationship
between the amyloid fibrils and the lipid membranes, potentially altering the proximity or orientation of the fluorophores
within the system. Several mechanisms may account for this phenomenon. First, PF are known to interact directly with
amyloid fibrils, potentially inducing conformational changes or disrupting fibril structure [11]. Such interactions could lead
to a reorganization of the amyloid-lipid interface, thereby increasing the average distance between the FRET donor (pyrene)
and acceptor (TDV) molecules. This increased separation would result in reduced energy transfer efficiency, as FRET is
highly sensitive to the distance on the nanometer scale. Furthermore, PF may exert their effects by modulating the properties
of the lipid membranes themselves. Many polyphenolic compounds have been shown to interact with lipid bilayers, altering
membrane fluidity, curvature, or lateral organization [12,13]. These changes in membrane properties could indirectly affect
the binding or orientation of amyloid fibrils at the lipid interface, again leading to altered FRET efficiency.

The magnitude of the polyphenol-induced effect was found to be dependent on a complex interplay of factors,
including the lipid bilayer composition, the chemical nature of the polyphenols, and the type of amyloidogenic protein.
This multifactorial dependence underscores the intricate nature of these interactions and suggests that the modulation of
amyloid-lipid complexation by polyphenols is not a simple, uniform process but rather a nuanced phenomenon influenced

by the specific molecular characteristics of all components involved.
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Among the polyphenols studied, CR demonstrated the most pronounced and consistent effect across all systems
under consideration, exhibiting a remarkable ability to reduce FRET efficiency. This observation not only aligns with
previous studies highlighting curcumin potent ability to interact with amyloid fibrils and modulate their behavior but also
extends our understanding of its effects in complex, membrane-associated systems [14]. The superior efficacy of curcumin
in reducing FRET efficiency may be attributed to its unique molecular structure, which includes two aromatic rings
connected by a flexible linker region, conferring both hydrophobic and hydrophilic properties. This amphipathic nature
could allow CR to interact more effectively with both the amyloid fibrils and the lipid membranes, potentially disrupting
their association or altering their relative orientations through multiple mechanisms. Furthermore, CR ability to modulate
oxidative stress and inflammation, processes often associated with amyloid pathology, may contribute to its pronounced
effects in these systems [15].

The dependence of polyphenol effects on lipid bilayer composition suggests that the membrane environment plays
a crucial and multifaceted role in mediating amyloid-lipid interactions. Different lipid compositions may alter a myriad
of physical properties of the membrane, such as fluidity, curvature, surface charge, and lateral organization, which in turn
could affect the binding of amyloid fibrils and the distribution of polyphenols within the system in complex and potentially
synergistic ways. For instance, the presence of negatively charged lipids like CL or PG might enhance electrostatic
interactions between the membrane and positively charged regions of the amyloid fibrils, potentially influencing the
ability of polyphenols to disrupt these associations. Additionally, the incorporation of cholesterol could modulate
membrane fluidity and the formation of lipid rafts, potentially creating specialized microenvironments that influence the
interaction of both amyloid fibrils and polyphenols with the membrane.

Of particular interest is the observation that CR exerts a more pronounced impact on amyloid-lipid interactions in
the case of ApoA-IF compared to InsF.This differential effect can be attributed to several factors related to the structural
and physicochemical properties of these amyloidogenic proteins. ApoA-I, being an amphipathic protein with a high a-
helical content, possesses a unique structural plasticity that allows it to interact with lipids and undergo conformational
changes. This inherent flexibility might render ApoA-IF more susceptible to CR-induced perturbations. Curcumin, with
its amphipathic nature and ability to intercalate into lipid bilayers, may disrupt the delicate balance of hydrophobic and
hydrophilic interactions that stabilize ApoA-IF, leading to more pronounced effects on fibril structure and stability. The
pronounced effect of curcumin on ApoA-IF may also be attributed to its ability to modulate lipid-protein interactions.
Curcumin has been shown to alter membrane fluidity and organization, which could indirectly affect the binding of ApoA-
IF to lipid surfaces. Given that ApoA-I plays a crucial role in lipid metabolism and transport, its interaction with lipid
membranes is likely more sensitive to curcumin-induced changes in membrane properties compared to insulin. The
observed differences in CR impact on ApoA-IF and InsF interactions with lipid membranes may also have implications
for understanding the role of these amyloidogenic proteins in their respective pathological contexts. ApoA-I is associated
with atherosclerosis and cardiovascular diseases, while insulin is linked to type 2 diabetes. The enhanced susceptibility
of ApoA-IF to CR-mediated modulation suggests that curcumin or its derivatives might be particularly effective in
targeting ApoA-I-related amyloidoses.

CONCLUSIONS

In summary, our findings indicate that the efficiency of FRET between pyrene as a donor and TDV as an acceptor
is sensitive to the variables such as 1) lipid composition of the model membranes; ii) the structural peculiarities of amyloid
fibrils; and iii) the chemical nature of polyphenolic compounds. The observed reduction in FRET efficiency upon
polyphenol incorporation suggests a significant and nuanced modulation of amyloid-lipid interactions, which could have
important implications for understanding and potentially mitigating the membrane-mediated toxicity of amyloid species
in various pathological conditions. These findings not only expand our fundamental understanding of the biophysical
principles governing amyloid-membrane interactions but also open new avenues for the development of targeted
therapeutic strategies in amyloid-related disorders.
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BILJIMB MOJI®EHOJIIB HA B3AEMO/IIIO AMUIOITHUX ®IEPUI 3 TINIIHUMUA MEMBPAHAMN
V. Tapa6apa?, B. Tpycosa?, M.X. Tomcen®, I'. 'opGenxo?
“Kagheopa meouunoi ghizuxu ma 6iomeoudnux Hanomexnonoziu, Xapkiecokuii nayionansnuil ynieepcumem imeni B.H. Kapasina
M. Ceob00u 4, Xapxis, 61022, Ykpaina
bYuieepcumem Aanvobopey, eyn. H. Bopa 8, 6700 Ec6 epe, Janis

Meroxn ®ropcrepiBcskoro pezonancHoro neperocy eneprii (OPIIE) mixk MeMOpaHHUMHU (IIyOpPECLEHTHHIMH 30HIaMU ITiPEHOM Ta
TDV 6yB 3acTocoBaHUil y SIKOCTi aHAUIITHYHOTO IHCTPYMEHTY JUISL JOCIIPKEHHS MOJYJIIOI0YOTO BILUIMBY ITOJi()EHONIB Ha B3a€MOJIIO
aminoinHux ¢iGpun 3 ninigHuMu MeMOpaHamu. Byiio BHBYEHO e(eKTH pi3HUX MONi()EHONIB, BKIIOYAIOYM KBEPLETHH, KYPKyMiH,
rajoBy Ta CaJiIMIOBY KHCIIOTH, Ha KOMIUICKCOYTBOPEHHS MK aMijIoitHUMH (QiOpHiIaMu, OTpUMaHUMHU 3 N-TepMiHAIBHOTO (parMeHTy
anouninonpoteiny A-I (ApoA-IF) Ta incyniny (InsF), i ninocomamu, 1o cknagamucs 3 pocoarummixomniny (PX) ta iioro cymireit 3
kapaionininom (KJI), xonecrepunom (Xom) abo docharuaunriineposom (PI). BriarodeHHs nonipeHOIB MPU3BEI0 A0 3HUKCHHS
e(eKTUBHOCTI MEPEHOCY eHeprii, 10 BKa3ye Ha 3MiHy IPOCTOPOBOrO PO3TAIlyBaHHS aMiIoimHUX (GiOpui Ta JimigHUX MeMOpaH.
BenmunHa 1p0r0 eeKTy 3anexana Bif CKIAAY JiMiAHOTo Gimapy, XiMiyHOT IpUpOIU TOMi()EeHOMIB Ta THITY aMiJIOiZOTeHHOTO OiKa.
Oco0MuBO BHpaKeHHUH BIUIMB MaB KypKyMiH, SIKHH JEMOHCTPYBaB HaWCHIIBHIIINNA eeKT y BCiX CHCTEMax, 30KpeMa y TMPUCYTHOCTI
ApoA-IF nopisusHo 3 InsF. Ile#t nqudepenmiifoanuii BIATyK CBIIUUTH PO OLTOK-crieru(pivyHi MeXaHi3MU B3a€MOJii Ta BKaszye Ha
MOXJIMBICTE PO3POOKH IUICCIIPSIMOBAHUX TEPAaNEeBTHYHUX MinxofiB. OTpuMaHi pe3yibTaTH HANAIOTh HOBI YSBJICHHS IPO CKIIAJHY
B3a€EMOJIII0 MiX ToJieHonamu, aMmitoinHumMu GidpraMu Ta JiMiAHUMH MeMOpaHaMy, IO Crpuse pyHIaMEHTaIbHOMY PO3YMIHHIO
aMiJIoiloreHe3y Ta BiIKPHBA€ HOBI LIUISIXU VISl CTBOPEHHS TEPAaNeBTHYHUX CTPATEridi Ha OCHOBI NMONi()EHONIB Yy JIIKYBaHHI aMijoin-
acoLiiOBaHNUX 3aXBOPIOBAHb.

KuarouoBi cinoBa: aminoioni ¢iopunu; ninionuii 6iwap, nonigpenonu; @bopcmepiscokuli pe30HAHCHUL NEPEHOC eHepail



