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a b s t r a c t
Bacosides, class of compounds extracted from the Bacopa monniera plant, exhibit interesting therapeutic properties, particularly enhancing cognitive functions and putative anti-amyloid activity. We show that bacoside-A
exerted signiﬁcant effects upon ﬁbrillation and membrane interactions of the amyloidogenic fragment of the
prion protein [PrP(106–126)]. Speciﬁcally, when co-incubated with PrP(106–126), bacoside-A accelerated ﬁbril
formation in the presence of lipid bilayers and in parallel inhibited bilayer interactions of the peptide aggregates
formed in solution. These interesting phenomena were studied by spectroscopic and microscopic techniques,
which suggest that bacoside A-promoted ﬁbrillation reduced the concentration of membrane-active preﬁbrillar species of the prion fragment. This study suggests that induction of ﬁbril formation and corresponding
inhibition of membrane interactions are likely the underlying factors for ameliorating amyloid protein toxicity
by bacoside-A.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Prion protein (PrP) is the pathogenic substance responsible for
transmissible spongiform encephalopathies (TSE), fatal diseases characterized by loss of motor control, dementia, and paralysis [1]. The “prion
hypothesis” proposes that native cellular protein PrP (PrPC), a soluble
protein rich in α-helical structures, transforms into the “scrapie form”
(PrPSc), characterized by high β-sheet structures, consequently inducing further aggregation of the native protein [2]. According to this
model, the ﬁbrillar aggregates of PrP are responsible for disease initiation and progression [3]. The molecular factors associated with conversion of PrPC to PrPSC are still not fully resolved, however cellular
membranes are believed to be intimately involved in the process [4,5].
Furthermore, membrane surfaces might constitute conduits for prion
toxicity [6]. Previous studies reveal that membranes and membrane interactions intimately affect the misfolding pathways of amyloidogenic
proteins' ﬁbrillation [7–13]. In particular, lipid bilayers have been previously shown both to promote ﬁbrillation of PrP fragments [14–16], as
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well as constitute a target for binding and interactions of prion aggregates, presumably oligomeric species [17–19].
While virtually all protein-misfolding diseases such as TSE are currently incurable, there is an intense search for therapeutic remedies. In
particular, there have been signiﬁcant efforts towards identiﬁcation of
small molecules that are capable of modulating protein aggregation
and reduce amyloid protein toxicity [20–23]. Bacoside A, mixed saponins that are the active compounds of the medicinal plant Bacopa
monniera, is used in traditional Indian medicine to treat various nervous
disorders and contribute to memory enhancement [24,25]. Recent
studies have suggested that bacoside-A might exhibit therapeutic
effects against amyloid diseases, such as Alzheimer's disease [26,27].
Here, we investigate the interactions between bacoside-A and the
21-residue amyloidogenic determinant of the prion protein [termed
PrP(106–126)] [14,16,17,28]. In particular, we assessed the consequence of bacoside-A/prion interactions upon membrane bilayers.
The experimental data reveal acceleration of PrP(106–126) ﬁbril
formation in the presence of lipid bilayers. Importantly, we found that
he enhanced ﬁbrillation of the peptide, induced by bacoside-A, went
hand-in-hand with signiﬁcantly reduced membrane interactions and
bilayer disruption. This work demonstrates a direct relationship
between externally-induced accelerated ﬁbrillation and inhibition of
membrane interactions, and points to possible use of bacoside-A and
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other aggregation modulators as potential therapeutic agents for TSE
and amyloid diseases in general.
2. Experimental section
2.1. Materials
PrP(106–126) having the sequence KTNMKHMAGAAAAGAVVGGLG
was purchased from Peptron (South Korea) in a lyophilized form at
N95% purity (HPLC), bacoside A was purchased from Natural Remedies
(Bangalore, India), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG), 1,2dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoylsn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG), 1,2-dimyristoyl-snglycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(N-NBD-PE), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamineN-(lissamine rhodamine B sulfonyl) (N-Rh-PE) were purchased from
Avanti Polar Lipids. Thioﬂavin T (ThT), 1,1,1,3,3,3-hexaﬂuoro-2-propanol
(HFIP), sodium hydrosulﬁte, sodium phosphate monobasic and Dimethyl
Sulfoxide (DMSO) were purchased from Sigma-Aldrich (Rehovot, Israel).
2.2. Sample preparation
PrP(106–126) was dissolved in HFIP at a concentration of 2.5 mM
and stored at −20 °C until use to prevent aggregation. For each experiment, the solution was thawed, and the required amount was dried
by evaporation for 6–7 h to remove the HFIP. The dried peptide sample
was dissolved in 10 mM sodium phosphate, pH 7.4, at room temperature. Stock solutions of bacoside A prepared at 2 mM DMSO and diluted
into the PrP(106–126) solutions at the required concentrations. All
samples used in the experiments contained ﬁnal DMSO concentration
of 0.5% (v/v).
2.3. Thioﬂavin T (ThT) ﬂuorescence assay
ThT ﬂuorescence measurements were conducted at 25 °C using 96well path cell culture plates on a Varioskan plate reader (Thermo,
Finland). Measurements were made on samples containing 50 μM
PrP(106–126) in the absence or presence of different concentrations
of bacoside A and in the presence of lipid vesicles (ﬁnal concentration
1 mM). A 192-μL aliquot of the aggregation reaction was mixed with
48 μL of 100 μM ThT in sodium phosphate, pH 7.4, in each well. The device was programmed to record ﬂuorescence intensity every minute for
1 h. Excitation and emission wavelengths were 440 and 485 nm, respectively. The ﬂuorescence curves were smoothed by using a ﬁve-point
adjacent averaging.
2.4. Transmission electron microscopy (TEM).
Peptide aliquots (5 μL) from samples used in the ThT experiments
(after 15 min incubation) were placed on 400-mesh copper grids
covered with a carbon-stabilized Formvar ﬁlm. Excess solutions were
removed following 2 min of incubation, and the grids were negatively
stained for 30 s with a 1% uranyl acetate solution. Samples were viewed
in an FEI Tecnai 12 TWIN TEM operating at 120 kV.
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2.6. Förster resonance energy transfer (FRET)
Small unilamellar vesicles (SUVs, DMPC/DMPG at 1:1 molar ratio)
were prepared by dissolving the lipid components in chloroform/
ethanol and drying together under vacuum, followed by dissolution in
sodium phosphate, pH 7.4, and sonication of the aqueous lipid mixture
at room temperature for 10 min using a Sonics vibracell VCX130 ultrasonic cell disrupter. Prior to drying, the lipid vesicles were supplemented
with (7-nitro-2-1,3-benzoxadiazol-4-yl)-phosphatydilethanolamine (NNBD-PE) and N-Rhodamine-B-phosphatydilethanolamine (N-Rh-PE) at
a 500:1:1 molar ratio, respectively. 50 μM PrP(106–126) in the absence
or presence of bacoside-A at 1:2 PrP(106–126)/modulator concentration
ratio, respectively, was added to the vesicles (ﬁnal vesicle concentration
1 mM) at t = 0. Fluorescence emission spectra were acquired at different
time points (λex = 469 nm) in the range of 490–650 nm using a
Varioskan 96-well plate reader (Thermo, Finland).
To calculate the extent of FRET efﬁciency the following equation was
used:
Efficiency ¼

Ri −R100%
 100
R0 −R100%

in which R is a ratio of ﬂuorescence emission of NBD-PE (531 nm)/
Rhodamine B-PE (591 nm). Ri is the ratio in the peptide/vesicles
mixtures, R100% was measured following the addition of 20% Triton
X-100 to the vesicles, which causes complete dissolution of the vesicles, and R0 corresponds to the ratio recorded for vesicles without
any additives.
2.7. Giant unilamellar vesicles labeled with C-dot-DMPC
Amphiphilic carbon dots were prepared according to a published protocol. Brieﬂy, the C-dot labeled lipids were prepared via
a phosphorylation reaction between a chloride derivative of
dimyristoylphosphatydilcholine (DMPC), a widely-studied membrane
lipid [29] and C-dots that were synthesized through a hydrothermal
method from 6-O-acylated fatty acid ester of D-glucose [30,31].
Giant unilamellar vesicles (GUVs) were prepared through the rapid
evaporation method [32]. Brieﬂy, GUVs comprising DOPC and DOPG
(1:1 mole ratio) were prepared through dissolving the lipid constituents with 2 mg of C-dots-DMPC dissolved in 500 μL chloroform through
vortexing and sonication. The mixture was then transferred to a 250-mL
round-bottom ﬂask and the aqueous phase (2.5 mL of 0.1 M sucrose,
0.1 mM KCl, 50 mM Tris solution, pH 7.4) was added carefully with a pipette and stirred gently for ~5 min. The organic solvent was removed in
a rotary evaporator under reduced pressure (ﬁnal pressure 20 mbar) at
room temperature. After evaporation for 4–5 min an opalescent ﬂuid
was obtained with a volume of approximately 2.5 mL.
2.8. Confocal ﬂuorescence microscopy
GUVs were imaged in the absence or presence of PrP(106–126),
bacoside A, or their mixtures using a PerkinElmer UltraVIEW system
equipped with an Axiovert-200 M (Zeiss, Germany) microscope and a
Plan-Neoﬂuar 63×/1.4 oil objective. The excitation wavelengths of 440
and 488 nm were generated by an Ar/Kr laser.
2.9. Fluorescence anisotropy

2.5. Capillary assay
Samples containing 50 μM PrP(106–126) in the absence or presence of 100 μM bacoside A and in the presence of lipid vesicles
(ﬁnal concentration 1 mM) were prepared and immediately inserted
into rectangular glass capillaries (CM Scientiﬁc, Silsden, UK), sealed
and then monitored under light microscope. Images were recorded
in time zero and after 30 min.

The ﬂuorescence probe C-dot-DMPC was incorporated into the SUVs
(DOPC/DOPG at 1:1 molar ratio) by adding the dye dissolved in chloroform (0.4 mg/mL) to the lipid and drying together under vacuum,
followed by dissolution in sodium phosphate, pH 7.4, and sonication
of the aqueous lipid mixture at room temperature for 10 min using a
Sonics vibracell VCX130 ultrasonic cell disrupter. The ﬂuorescence
emission anisotropy of the C-dot-DMPC ﬂuorescence was measured at
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Fig. 1. Molecular structure of bacoside-A. R1–R5 functional units are outlined in Table 1.

463 nm (excitation 375 nm) before and after addition of PrP(106–126),
bacoside-A, or their mixture solutions at room temperature on a FL920
spectroﬂuorimeter (Edinburgh Co., Edinburgh, UK). Anisotropy values
were automatically calculated by the spectroﬂuorimeter software.
3. Results & discussion
Fig. 1 depicts the structure of the bacoside-A backbone. Bacoside-A
constitutes a mixture of steroidal saponins; Table 1 outlines the speciﬁc
composition of the bacoside-A blend employed in the study. Since
bacoside-A comprises of a mixture of amphiphilic compounds containing sterol and sugar moieties, one expects that the material would interact with both bilayer membranes as well as amphiphilic peptides.
Bacoside-A forms micellar assemblies in organic solvent/water solutions due to the amphiphilic properties (Fig. 1, SI). The spectroscopy
and microscopy experiments in Figs. 2–6 were designed to examine
whether, and to what extent, bacoside-A interferes with both
PrP(106–126) ﬁbrillation as well as with the concurrent bilayer interactions of the peptide assemblies formed throughout the ﬁbrillation
process.
Fig. 2 depicts thioﬂavine-T (ThT) ﬂuorescence curves recorded in
different solutions of PrP(106–126) – the peptide in buffer, and coincubated with vesicle bilayers and bacoside-A in several concentrations. ThT is widely used as a marker for protein ﬁbril formation, as its
ﬂuorescence increases upon binding to ﬁbril aggregates comprising
strands [33,34]. The ThT ﬂuorescence curves in Fig. 2 reﬂect signiﬁcant
differences in PrP(106–126) ﬁbrillation rates depending upon both
the presence of lipid vesicles and concentrations of bacoside-A coincubated with the prion fragment. The ﬂat ThT ﬂuorescence curve in
Fig. 2i corresponds to PrP(106–126) in a buffer solution not containing
DMPC/DMPG vesicles, reﬂecting the very slow ﬁbrillation of the prion
fragment when not in membrane environments [15,16]. Similar negligible ThT ﬂuorescence signals were recorded in solutions of bacoside A
alone or bacoside A in the presence of lipid vesicles (data not shown).
In the presence of DMPC/DMPG vesicles, however, PrP(106–126)
underwent rapid aggregation, giving rise to a signiﬁcant increase of
ThT ﬂuorescence reaching a plateau after around 30 min (Fig. 2iii).

The ThT ﬂuorescence data in Fig. 2 reveal ﬁbrillation enhancement effect upon co-incubation of PrP(106–126) with bacoside-A.
Importantly, bacoside-A was added to PrP(106–126) before coincubation with the lipid vesicles. Speciﬁcally, the ﬂuorescence
curves in Fig. 2iv–vi point to a direct relationship between the overall
increase in ThT ﬂuorescence and bacoside-A:PrP(106–126) mole
ratio. Furthermore, in the sample comprising 2:1 mole ratio between
bacoside-A and PrP(106–126) (Fig. 2, curve vi), both the rate of ThT
ﬂuorescence increase and absolute intensity were noticeably more
pronounced compared to the two other bacoside-A/PrP(106–126) mixtures, conﬁrming that bacoside-A gave rise to enhanced PrP(106–126)
ﬁbrillation process. It should be emphasized that the ﬁbrillation enhancement effect was apparent only in the presence of DMPC/DMPG
vesicles; the ﬂat ThT curve in Fig. 2ii indicates that no ﬁbrillation
occurred in a bacoside-A/PrP(106–126) mixture in buffer only (without
lipid vesicles).
Microscopy experiments in Fig. 3 provide visual evidence for
bacoside-A-induced PrP(106–126) ﬁbrillation. Optical microscopy experiments carried out in a capillary tube [35] reveal pronounced differences in the kinetics of PrP(106–126) ﬁbril formation and morphologies
upon co-incubation of the peptide with bacoside-A and its subsequent
addition to lipid vesicles (Fig. 3A). Speciﬁcally, while no aggregates
were apparent in the control sample containing PrP(106–126) and
DMPC/DMPG vesicles immediately after their mixing (time = 0 min)
(Fig. 3A(i)), short ﬁbers were clearly observed upon addition of
bacoside-A/PrP(106–126) mixture to the vesicles (Fig. 3A(ii)). Moreover,
Fig. 3A demonstrates that signiﬁcant differences in PrP(106–126)
aggregate morphologies were recorded after 30-min incubation. In particular, bacoside-A co-incubation with the prion peptide induced an
entangled network of elongated ﬁbers (Fig. 3A(ii)), while a more
amorphous peptide aggregate was visualized in the control sample
(Fig. 3A(ii)).
Transmission electron microscopy (TEM) experiments depicted in
Fig. 3B further illustrate the effect of bacoside-A upon the abundance
and morphologies of the PrP(106–126) aggregates. Speciﬁcally, thin,
dispersed PrP(106–126) ﬁbers were observed in the TEM analysis
after 15-minute incubation with DMPC/DMPG vesicles (Fig. 3B(i)). In
comparison, Fig. 3B(ii) reveals that co-incubation of bacoside-A with
PrP(106–126) prior to incubation with the DMPC/DMPG vesicles generated abundant ﬁbrils that were visibly thicker compared to the sample
without bacoside-A. More pronounced ﬁbrillation in the mixed samples
was similarly apparent in TEM measurements carried out after 60minute incubation (Fig. 2, SI). Turbidity assay [36] applied to the
PrP(106–126)/vesicle and PrP(106–126)/bacoside-A/vesicle solutions,
respectively, similarly pointed to enhanced aggregation upon preincubation of PrP(106–126) with bacoside-A (Fig. 3, SI).
While Figs. 2 and 3 demonstrate signiﬁcantly-enhanced bacoside-Ainduced ﬁbrillation of PrP(106–126) in the presence of lipid bilayers,
an important question one needs to address concerns the effect of
bacoside-A upon membrane interactions of the peptide species
assembled in solution. This issue is scientiﬁcally and therapeutically importance since membrane-active oligomeric and pre-ﬁbril species of
amyloid peptides including the prion protein are believed to play prominent roles in the toxicity proﬁles of these biomolecules and the pathogenicity of amyloid diseases [37–39]. Figs. 4–5 present biophysical
analyses of the impact of PrP(106–126)/bacoside-A mixtures upon the
structures and dynamics of membrane bilayers.

Table 1
Composition of bacoside-A employed in this study. The molecular composition of bacoside-A was determined by HPLC chromatography and mass spectrometry.

Bacoside A3
Bacopaside II
Jujubogenin isomer of bacopasaponin C
Bacopasaponin C

R1

R2

R3

R4

R5

% W/W

H
CH = C(CH3)2
H
CH = C(CH3)2

CH = C(CH3)2
H
CH = C(CH3)2
H

CH2OH
CH2OH
H
H

H
H
OH
OH

OH
OH
H
H

19.5
26.9
32.3
17.2
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Fig. 2. Fibrillation kinetics of PrP(106–126). ThT ﬂuorescence curves recorded in different PrP(106–126) solutions (peptide concentration was 50 μM). i. PrP(106–126) in buffer;
ii. PrP(106–126) in buffer + addition of bacoside-A (100 μM); iii. PrP(106–126) in the presence of DMPC/DMPG vesicles (1 mM); iv. PrP(106–126) pre-incubated with bacoside-A
(25 μM) and added to DMPC/DMPG vesicles; v. PrP(106–126) pre-incubated with bacoside-A (50 μM) and added to DMPC/DMPG vesicles; vi. PrP(106–126) pre-incubated with
bacoside-A (100 μM) and added to DMPC/DMPG vesicles. All curves represent ﬂuorescence values after subtraction of the background emissions (ThT in buffer or ThT in DMPC/DMPG
vesicles). Error bars were calculated from triplicate experiments.

Fig. 4A presents Förster resonance energy transfer (FRET) experiments illuminating the effects of PrP(106–126) and bacoside-A upon
DMPC/DMPG vesicles which also contained NBD-PE and Rh-PE as the
ﬂuorescence donor and acceptor, respectively. FRET has been previously
employed for investigating structural and dynamic modulations within
lipid bilayer systems, particularly the effects of membrane-active molecules [40,41]. The pronounced increase in FRET efﬁciency (i.e. greater
intensity of the acceptor ﬂuorescence, FA, affected by incubation of
PrP(106–126) with the NBD-PE/Rh-PE/DMPC/DMPG vesicles (curve i,
Fig. 4A), reﬂects smaller average distance between bilayer-embedded
donor and acceptor, likely induced by accumulation of membraneactive peptide aggregates, speciﬁcally oligomeric species upon the
bilayer surface.
Modiﬁcation of bilayer interactions of PrP(106–126) was detected,
however, when bacoside-A was co-incubated with the prion fragment

(Fig. 4A, curve ii). Speciﬁcally, the lower FRET efﬁciency indicates reduction of bilayer binding of PrP(106–126) upon pre-addition of bacosideA. Indeed, the reduced FRET recorded in case of the PrP(106–126)/
mixture is speciﬁcally due to interactions between bacoside-A and
the amyloidogenic peptide, since bacoside-A alone also gave rise to
slight increase in FRET efﬁciency (Fig. 4A, curve iii).
The ﬂuorescence anisotropy measurements in Fig. 4B corroborate
the FRET data and further illuminate the effect of bacoside-A/
PrP(106–126) interactions upon bilayer dynamics. Fig. 4B displays
the ﬂuorescence anisotropy values of a newly-synthesized carbon-dot
(C-dot)-phospholipid conjugate embedded within DMPC/DMPG
vesicles; recent reports have shown that C-dots constitute a sensitive
ﬂuorescent probe for membrane dynamics and impact of membraneactive molecules [30]. Indeed, Fig. 4B shows that PrP(106–126) individually signiﬁcantly increased the ﬂuorescence anisotropy of the

Fig. 3. Microscopy analyses of PrP(106–126) aggregation in the presence of DMPC/DMPG vesicles. A. Capillary-tube optical microscopy. i. Only PrP(106–126) (50 μM) added to the vesicle
solution (1 mM); ii. PrP(106–126) (50 μM) pre-incubated with bacoside-A (100 μM) added to the vesicle solution. Scale bar corresponds to 25 μm. B. Transmission electron microscopy
(TEM) images of the tested samples after 15 min incubation. i. 50 μM PrP(106–126) added to the vesicle solution (1 mM); ii. 50 μM PrP(106–126) pre-incubated with 100 μM bacoside-A
added to the vesicle solution (1 mM). Scale bars in all images correspond to 25 μm.
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Fig. 4. Effect of bacoside-A upon bilayer dynamics properties. A. Förster resonance energy
transfer (FRET) efﬁciency measured in NBD-PE/Rh-PE/DMPC/DMPG vesicles (1:1:500:500
mole ratio). FRET efﬁciency value of 1 corresponds to the control vesicles prior to addition
of either the peptide or bacoside-A. i. 50 μM PrP(106–126) added to the vesicles; ii. 100 μM
bacoside-A added to the vesicles; iii. 50 μM PrP(106–126) pre-incubated with 100 μM
bacoside-A then added to the vesicles. Error bars were calculated from triplicate
experiments. B. Fluorescence anisotropy recorded in C-dot-DMPC/DOPC/DOPG vesicles
after 5-min incubation. i. Control vesicles [without addition of PrP(106–126) and
bacoside-A]; ii. 50 μM PrP(106–126) added; iii. 50 μM PrP(106–126) and 100 μM
bacoside-A mixture added; iv. 100 μM bacoside-A added. Error bars were calculated
from triplicate experiments.

vesicle-displayed C-dots, from 0.22 (in the control C-dot-phospholipid/
DMPC/DMPG vesicles) to around 0.30. The higher anisotropy corresponds to a more rigid bilayer, consistent with the FRET data in Fig. 4A
which revealed immobilization of the acceptor and donor dyes following bilayer interactions of PrP(106–126). Fig. 4B also demonstrates
that co-addition of bacoside-A and PrP(106–126) gave rise to signiﬁcantly lower anisotropy (bar iii). The reduced rigidity cannot be
explained simply by an additive effect of bacoside-A (Fig. 4B(iv)).
Indeed, the greater bilayer ﬂuidity apparent upon incubating the
bacoside-A/PrP(106–126) mixture with the vesicles likely reﬂects
bacoside-A-induced inhibition of PrP(106–126) interactions with the
bilayer.
To further probe the inhibitory effect of bacoside-A upon membrane
interactions of PrP(106–126) we carried out ﬂuorescence confocal microscopy experiments using giant unilamellar vesicles GUVs) comprising DOPC/DOPG and the C-dot-DMPC ﬂuorescent probe (Fig. 5). The
representative confocal microscopy images in Fig. 5 dramatically visualize both the consequences of vesicle interactions of PrP(106–126) and
bacoside-A separately, as well as the inhibitory effect of co-incubating
the molecules prior to their addition to the GUVs.
Speciﬁcally, Fig. 5i reveals “fraying” of the vesicle surface few
minutes after addition of PrP(106–126) to the ﬂuorescently C-dotlabeled GUVs. This bilayer disruption is consistent with bilayer association of the peptide recorded both in the FRET and ﬂuorescence anisotropy experiments in Fig. 4. Interestingly, bacoside-A induced signiﬁcant
rearrangement within the vesicle surface, generating dark domains
presumably due to signiﬁcant lipid rearrangement upon bacoside-A
binding (Fig. 5ii). This result is consistent with membrane binding of
bacoside-A reﬂected in the ﬂuorescence spectroscopy data in Fig. 4.
In contrast to the modulation of vesicle morphology and surface
organization induced by PrP(106–126) and bacoside-A when each
was added separately, pre-mixing of both molecules and subsequent addition to the C-dot-labeled GUVs did not have discerned structural effect
upon the vesicles (Fig. 5iii). The confocal ﬂuorescence microscopy images in Fig. 5iii corroborate the spectroscopy experiments highlighted
in Fig. 4, and conﬁrm the “membrane-protective” effect of bacoside-A,
when co-incubated with PrP(106–126) prior to addition to the vesicles.
Importantly, the inhibitory action of bacoside-A was recorded only
upon mixing with PrP(106–126) prior to incubation with vesicle bilayers (e.g. Fig. 5iii). An experiment in which bacoside-A was added to a

Fig. 5. Visualization of bilayer interactions using giant unilamellar vesicles (GUVs) labeled with a C-dot-phospholipid conjugate. Representative confocal ﬂuorescence microscopy images
(Ex 405 nm, emission 440/60) following addition of: i. 50 μM PrP(106–126); ii. 100 μM bacoside-A; iii. 50 μM PrP(106–126) pre-incubated with 100 μM bacoside-A. The left columns depict
the corresponding bright-ﬁeld microscopy images. Scale bar corresponds to 5 μm.
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Fig. 6. Schematic model for the activity of bacoside-A. Left: PrP(106–126) alone forms abundant pre-ﬁbril aggregates which interact with, and disrupt membrane bilayers; right: when
PrP(106–126) is pre-incubated with bacoside-A, ﬁbrillation is accelerated resulting in lower abundance of membrane-active species.

solution in which PrP(106–126) was already mixed with GUVs yielded
no interference with membrane interactions of the amyloidogenic peptide (Fig. 4, SI). Moreover, enhancement of the ﬂuorescence within the
circular domains was apparent when PrP(106–126) was added to the
GUVs after ﬁrst incubation with bacoside-A, possibly due to modulation
of bacoside-A-induced lipid reorganization affected by addition of
PrP(106–126). These data conﬁrm that speciﬁc interactions between
PrP(106–126) and bacoside-A are responsible for shielding the bilayer
from further interactions by membrane-active soluble species. Isothermal titration calorimetry measurements depicted in Fig. 5, SI indeed
demonstrate that when bacoside-A and PrP(106–126) were mixed
and subsequently added to lipid bilayers, the molecules interacted
with each other, rather than with the membrane bilayers.
The ﬁbrillation kinetics experiments in Figs. 2–3 and membrane interaction analysis in Figs. 4–5 point to a putative mechanism for the effect of bacoside-A upon PrP(106–126), outlined in Fig. 6. At the core of
bacoside-A action is acceleration of PrP(106–126) ﬁbrillation in the
presence of lipid membranes. This process, clearly recorded in the ThT
ﬂuorescence and microscopy experiments in Figs. 2 and 3, likely results
in lower abundance of early-ﬁbril intermediates which are membraneactive and believed to constitute the primary toxic species in amyloid
systems [42]. Oligomeric and pre-ﬁbrillar PrP species are indeed believed to play prominent roles in the toxicity of the protein [19,43,44].
Consistent with this interpretation, bacoside-A-induced inhibition of
lipid-bilayer binding and disruption by PrP(106–126), schematically
outlined in Fig. 6, is the most signiﬁcant experimental result obtained
through application of complementary spectroscopic and microscopic
techniques (Figs. 4–5).
Overall, the following model, based upon the complementary experiments carried out, is proposed. When PrP(106–126) and bacoside A
were mixed and incubated with lipid vesicles, enhanced ﬁbrillation occurred [ThT data in Fig. 2 and microscopy results in Fig. 3]. This process
is ascribed to formation of PrP(106–126) aggregation nuclei initially induced by the lipid bilayers (a phenomenon observed in varied amyloid
peptide systems), further promoted upon interaction with bacoside-A.
Importantly, the ﬁbril species that rapidly assembled upon, or close to
the membrane surface (Fig. 6, right) effectively shielded the membrane
from interactions of soluble species – in the case here PrP(106–126). It
should be noted that the lipid membranes were likely pivotal in

promoting interactions between PrP(106–126) and bacoside A; no interactions between the two species were apparent in the ITC analysis
(data not shown).
4. Conclusions
In conclusion, this study examined the effect of bacoside-A, a natural
substance exhibiting anti-amyloid toxicity properties, upon membrane
interactions and bilayer-induced ﬁbrillation of PrP(106–126), the
amyloidogenic determinant of the prion protein. The experimental
data reveal that pre-incubation of PrP(106–126) with bacoside-A prior
to addition to vesicle bilayers clearly enhanced ﬁbril formation, and in
parallel inhibited membrane interactions of the peptide assemblies.
The bacoside-A-induced aggregate acceleration and reduced bilayer interactions are likely ascribed to lower concentration of membraneactive early-ﬁbril PrP(106–126) species. While bacoside-A has not
been studied yet in conjunction with the prion protein, the results
reported here point to signiﬁcant interactions of the compound with
the amyloidogenic determinant of PrP, and apparent effects upon the
structural and functional properties of the peptide. In a broader context,
the anti-amyloid properties of bacoside-A might be traced to its effect in
reducing the concentration of membrane-active, toxic peptide species
through promoting and enhancing ﬁbrillation.
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Appendix A. Supplementary data
DLS data for bacoside A in DMSO/water solution. TEM images of
PrP(106-126) and PrP(106-126)/bacoside A with DMPG/DMPC vesicles.
Turbidity data of PrP(106-126)/vesicles and PrP(106-126)/bacoside-A/
vesicles. Confocal ﬂuorescence microscopy images of GUVs following
interactions with PrP(106-126) and bacoside A. ITC data for vesicle solutions containing PrP(106-126), Bacoside A, their mixture and buffer
alone. Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2016.06.019.
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