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Abstract

The relationship between prion propagation and the generation of neurotoxic species and clinical onset
remains unclear. Several converging lines of evidence suggest that interactions with lipids promote
various precursors to form aggregation-prone states that are involved in amyloid fibrils. Here, we
compared the cytotoxicities of different soluble isolated oligomeric constructs from murine full-length
PrP and from the restricted helical H2H3 domain with their effects on lipid vesicles. The helical H2H3
domain is suggested to be the minimal region of PrP involved in the oligomerization process. The
discrete PrP oligomers of both the full-length sequence and the H2H3 domain have de novo [3-sheeted
structure when interacting with the membrane. They were shown to permeabilize synthetic negatively
charged vesicles in a dose-dependent manner. Restricting the polymerization domain of the full-length
PrP to the H2H3 helices strongly diminished the ability of the corresponding oligomers to associate with
the lipid vesicles. Furthermore, the membrane impairment mechanism occurs differently for the full-
length PrP oligomers and the H2H3 helices, as shown by dye-release and black lipid membrane
experiments. The membrane damage caused by the full-length PrP oligomers is correlated to their
neuronal toxicity at submicromolar concentrations, as shown by cell culture assays. Although oligomers
of synthetic H2H3 could compromise in vitro cell homeostasis, they followed a membrane-disruptive
pattern that was different from the full-length oligomers, as revealed by the role of PrP< in cell viability
assays.

Keywords: Prion, lipid-protein interaction, membrane, oligomer, conformational change, ion
current, vesicle leakage, cell death.
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INTRODUCTION

It is now generally accepted that protein misfolding leading to aggregation is a key pathogenic feature
of various amyloid-related disorders, including Alzheimer's disease, Parkinson's disease, Huntington's
disease, type Il diabetes, and prion diseases [1-3]. In prion diseases, the specific role of soluble
oligomers, soluble protofibrils and mature fibrils in neurotoxicity and infectivity remains unknown [4,
5]. However, the early events that lead to the structural conversion of the prion protein (PrP)* appear to
be related to the presence of more or less stable soluble oligomers, which might mediate neurotoxicity
[6, 7]. Considerable evidence now suggests that aggregation, toxicity, and infectivity are distinct
properties of PrP that do not necessarily coincide. Several mutant forms of PrP that produce spontaneous
neurodegeneration in humans and/or transgenic mice do not lead to the formation of infectious PrPs¢
[8]. Previous findings also demonstrate that infectivity and toxicity are uncoupled in vivo [9]. Two
distinct mechanistic phases take place in the development of prion diseases. The first phase consists of
the autocatalytic production of infectivity up to a maximal prion titer, followed by a second phase of the
production of neurotoxic species distinct from PrP=¢,

It is widely accepted in the field of diseases associated with protein misfolding that oligomers or small
fibrillar fragments are the most toxic species and are responsible for the impairment of cellular functions,
whereas mature fibrils or plaques are considered innocuous or even protective [10-13]. Small soluble
oligomers can be produced as prefibrillar intermediates on the pathway to mature amyloid fibrils [14,
15], as a result of fragmentation of mature fibrils or large aggregates [10, 11], or as off-pathway products
formed through alternative aggregation mechanisms [16].

Membrane disruption by amyloid oligomers is often considered to be a primary mechanism of toxicity
in neurodegenerative disorders, but the mechanism by which these structures eventually cause neuronal
cell dysfunction and death is not clearly understood [17]. Two mechanisms of neural dysfunction by
membrane permeabilization have been recently proposed. The first argues that membrane
permeabilization is induced by the formation of specific ion channels that may be inhibited by specific
channel blockers [18-20]. The second mechanism suggests the involvement of nonspecific ion leakage
[21, 22]. One of the problems associated with these investigations is related to the fact that the oligomeric
species are often unstable, making detailed structural analyses difficult [23].

In our previous works, we laid emphasis on the role of purified oligomers of the full-length and N-
terminally truncated forms of PrP compared to the corresponding monomers on negatively charged
vesicles [24, 25]. Both oligomeric constructs possess the lipid-bound transmembrane domain Prp1-135
but this domain is differently accessible in the 3-sheeted 12-mers for membrane binding depending on
the monomer primary sequence. Both the membrane leakage by the B-sheeted 12-mers and the structural
rearrangement of the lipid-bound oligomeric assembly suggest a pore-like mechanism. In a previous
paper, the polymerization of the helical H2H3 domain of ovine PrP was compared to that of the full-
length construct and found to also form two types of discrete soluble B-sheeted oligomers according to
a parallel pathway [26, 27]. The two types of oligomers corresponded to off-pathway and on-pathway
species, the latter leading to fibrillation. In the case of murine PrP, we showed that the oligomerization
of H2H3 is identical to the full-length sequence and gives exclusively 12-mers in a B-sheeted
conformation in a stable manner due to the difference between the ovine and murine sequence at position
208 [28].

In the current work, we examined the role of the off-pathway oligomers from a murine sequence, which
has the advantage to be isolated and purified and is more stable than the corresponding oligomers
generated with the ovine sequence, which is more prone to aggregation [26]. In addition, in vitro
experiments showed that negatively charged lipids accelerate the PrP aggregation [24, 29]. It is thus
important to compare the membrane effect of the off-pathway oligomers produced in solution to the

L The abbreviations used are: PrP, prion protein; PrP<, cellular prion isoform; PrPs¢, disease-associated
scrapie isoform; mo-, mouse; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPS, 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine; ThT, thioflavin T; SLS, static light scattering; DLS, dynamic light
scattering; L/P, Lipid/Protein; BLM, Black Lipid Membrane; iep, isoelectric point; SEC, size exclusion
chromatography; CGN, cerebellar granule neurons.
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distinct intermediates, if any, generated by the lipid-templated fibrillation. Another focus was to identify
the minimal region in the prion protein sequence required for the formation of the discrete soluble
oligomers to reach insights regarding the mechanism of oligomerization [28]. Here, the biophysical
characterization of the stable 12-mers from the full-length murine PrP?*2 sequence (named O:.moPrP)
and from the truncated moPrP423 (named O:.moH2H3) are compared to decipher the effect of the
H2H3 polymerization domain on their ability to bind to model membranes. A
phosphatidylcholine/phosphatidyl-serine lipid mixture has been used by several groups as a simplified
mimic of mammalian neuronal cells [30-32]. In our study, we determined the binding affinities of the
different constructs, either monomeric or oligomeric, towards lipid bilayers composed of DOPC/DOPS
by FTIR-ATR experiments. Changes in the secondary structure of the proteins in contact with the planar
lipid membrane were concomitantly compared to the free state in solution. The conformational changes
were also studied in the presence of the lipid vesicles by circular dichroism. Static light scattering (SLS)-
ThT binding assays of the different oligomeric constructs interacting with DOPC/DOPS vesicles were
compared to the corresponding monomers to determine the ThT-positive lipid-bound state of the
different constructs. In addition to the use of well-defined discrete oligomers, this study encompassed
structural and functional characterization to investigate the structure—membrane impairment relationship
for the same lipid composition. The membrane impairment was determined by dye-release assays and
BLM experiments, and the results are discussed in relation to neuronal toxicity. To characterize the toxic
effect of different PrP conformations, we exposed primary neuronal cultures expressing or lacking
cellular prion protein to submicromolar concentrations of exogenous oligomers (Oi2moPrP and
012moH2H3) and the corresponding monomers.

MATERIAL AND METHODS
Materials

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-
serine) were purchased from Avanti-Polar, France. Triton-X-100 (Plus-One reagent) was obtained from
Pharmacia biotech, Sweden. MOPS (4-morpholinepropanesulfonic acid), sodium citrate,
triethylammonium acetate and sodium dodecyl sulphate (SDS) were purchased from VWR, France.
Cholesterol, calcein, Thioflavin T (ThT), 8-anilino-1-naphthalene sulfonic acid (ANS), 3, [4,5
dimethylthiazol-2yl]-2,5 diphenyltetrazolium bromide (MTT) were purchased from Sigma—Aldrich,
France.

Expression of the PrP monomers and purification of the soluble oligomers of PrP

Murine full-length PrP%231 (23 kDa), named moPrP, and the truncated domain PrP*72%l named
moH2H3 (7.7 kDa), were expressed recombinantly and purified as described [27, 33]. The soluble
oligomers were obtained by incubation of the solution of moPrP or moH2H3 at a concentration of 80
MM in 20 mM citrate buffer at pH 3.4 and 50°C for 10 min in a Perkin Elmer GenAmp2400
thermocycler. The fraction corresponding to the 12-mer was collected in triethylammonium acetate
buffer after separation by SEC using Akta FPLC and lyophilized before use as described previously
[24].

Preparation of the liposomes

The DOPC/DOPS liposomes were prepared as follows. The amounts of DOPC:DOPS 80:20 mol/mol
ratio, unless specified, were mixed in chloroform. Solutions of the lipid mixtures were dried under
vacuum, until the lipids formed a thin layer inside the flask. The lipid films were then suspended in the
desired buffer at a total lipid concentration of 2 mg/mL. The resulting suspension was freeze-thawed
three times before extrusion using a Northern lipids apparatus (Vancouver, Canada) through two stacked
0.1 um polycarbonate filters (Millipore, France) to obtain unilamellar vesicles. The liposome suspension
was prepared freshly for each experiment, and the size of the liposomes was confirmed using DLS. The
suspensions were monodisperse, with mean hydrodynamic diameters of 110 nm £ 10 nm.
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Dynamic Light Scattering

The sizes of the different prepared liposomes were measured at 18°C using a Malvern nanosizer ZS
(Malvern Instruments, France) containing a temperature controlled sampler unit to investigate possible
aggregation after addition of the monomer or oligomer solutions. The lipid concentration of the DLS
samples was 125 UM, unless specified and the protein concentrations were adjusted such that the same
lipid-to-protein molar ratio was used as for the dye-release assays.

SLS-Thioflavin T Fluorescence Correlation Experiments

The combined SLS-fluorescence Kinetics experiments were performed on a homemade device using a
407-nm laser beam for the excitation of ThT and three other lasers (473, 533, and 633 nm) for light
scattering measurements as described previously [27]. Stock solutions of ThT were prepared in MOPS
buffer to a final concentration of 3 mM, and the concentration was determined using a molar extinction
coefficient of 24,420 M~ cm at 420 nm. This solution was then filtered on a 0.2 um pore-sized filter.
Liposomes of DOPC:DOPS 85:15 mol/mol ratio were incubated at 25 °C in a 2-mm cuvette in the
presence of 100 uM ThT before addition of oligomeric or monomeric protein samples (at a final
concentration of 1-5 uM) in 20 mM MOPS at pH 6.8. The fluorescence at 485 nm and light scattered
signals were recorded at a 112° angle. Signal processing was achieved by a homemade MatLab program.
The experiments were performed in two independent manners. A representative plot was shown for each
species.

The dye-entrapped liposomes assays

Calcein-entrapped liposomes were prepared according to the procedures described above. Calcein was
dissolved in 10 mM MOPS and 100 mM KCI at pH 7 by repeated vortexing for 30 min at room
temperature, to a final concentration of 80 mM. The chloroform solution containing 5 mg of total lipid
of DOPC:DOPS 85:15 mol/mol ratio was evaporated under nitrogen and resuspended in calcein
solution. The resulting mixture was passed after extrusion through a Sephadex-G25 column (Amersham
Biosciences) in the desired buffer, to remove the non-entrapped dye. The suspensions of calcein-
entrapped vesicles were monodisperse, and their mean size, as measured by DLS, was 110 nm = 15 nm.
An increase in the fluorescence intensity of the dye-entrapped liposomes after incubation with
monomers or oligomers of PrP constructs indicated a protein-induced liposomal leakage. The
experiments were run at 18°C in a 2x10 mm quartz cuvette. Briefly, concentrated protein samples were
diluted in a suspension of vesicles in 10 mM MOPS and 100 mM KClI at pH 7. The medium was stirred
continuously to allow rapid mixing of the protein and vesicles. The samples were excited at 492 nm,
and their emission was recorded at 520 nm, using a Jasco FP-777 spectrofluorimeter. The total release
of calcein was achieved by the addition of Triton X-100 at a final concentration of 0.05 % (v/v) at the
end of each titration series, so that the maximum fluorescence intensity could be determined. The percent
leakage value was determined at 5 minutes of interaction with lipid vesicles, and calculated according
to previously described procedures [24]. The experimental results were expressed as mean + SD of at
least two independent experiments.

Black Lipid Membrane (BLM) Measurements

The planar lipid bilayers were prepared as follows. A solution of a lipid mixture DOPC:DOPS 80:20
mol/mol ratio in chloroform was dried under vacuum, until the lipids formed a thin layer on the flask
wall. The lipid films were then suspended in decane at a total lipid concentration of 4 mg.mL™. A film
of DOPC/DOPS was then spread across a 150 pum wide hole, separating two chambers of the
measurement device (Harvard Apparatus). Each chamber contained 1 mL of MOPS buffer solution
containing KCI 150 mM, at pH 6.8. After thinning the film and obtaining a planar bilayer of appropriate
capacitance (at least 35 pF), solutions of monomers or oligomers were added in both chambers at a
controlled concentration. A voltage was then applied to the lipid bilayer and current measurements were
performed. The ion current through the membrane was measured with an Axopatch 200B (Axon,
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Molecular Devices). Data were acquired at 100 kHz and filtered at 10 kHz with the Measurement
Computing Digitizer and analyzed as previously described [34]. The experiments were repeated three
times and a representative trace was shown in Figure 2.

FTIR spectral acquisition and PrP adsorption Kinetics on lipid bilayers

Infrared analysis of lipid-bound protein was conducted using a Bruker 55 spectrometer equipped with a
mercury cadmium telluride detector, continuously purged with dry air. A 45° cut silicon plate mounted
in an ATR liquid cell was used as the multiple internal reflections element, providing 30 useful internal
reflections at the buffer/silicon interface. FTIR-ATR spectra were recorded using a boxcar apodization
at 4 cm? resolution with 128 scans being averaged. A supported lipid bilayer was formed by the
spontaneous fusion of DOPC/DOPS vesicles onto the freshly cleaned silicon ATR element [35]. The
deuterated buffer used was 10 mM MOPS, 150 mM NaCl in D20, adjusted to pD 7.4 by the addition of
DCI. The cell was then filled with the suspensions of DOPC/DOPS vesicles diluted to 0.1 mg/mL in the
deuterated buffer containing 2 mM CacCl,. After 30 min of contact, the cell was rinsed with 20 mM
MOPS buffer in DO at pD 6.8 to ensure the removal of lipid vesicles in excess and check the amount
of lipid deposited corresponding to the single lipid bilayer. A reference IR spectrum was collected before
filling the cell with the protein solution in the deuterated buffer at pD 6.8. The zero time-point for the
adsorption kinetics was set to time at the start of filling the ATR cell with the protein solution. IR spectra
were recorded as for the last reference spectrum and transformed to the absorption spectra of the
adsorbed protein. The integrated absorbance of the Amide I' band was used to determine the amount of
moPrP or moH2H3 species adsorbed onto the planar lipid bilayers in stationary conditions as previously
described [24]. The experiments were performed in two independent manners.

Semi-Quantitative analysis of adsorbed protein secondary structure

The broad Amide I’ band in the spectral range from 1600-1700 cm™ is assigned to peptide carbonyl
stretching modes, and it reveals the extent of the secondary structure of the protein. Spectral
decomposition with the aid of a second derivative analysis was suitable for both the free and adsorbed
moPrP or moH2H3 and was performed from the Amide I’ band analysis, such that the extent of the
different types of secondary structures could be compared directly for the protein in solution or in the
lipid-bound state depending on the oligomeric or monomeric states (see Supplemental information,
Table S1). Prior to spectral decomposition, the baseline was done between 1500 and 1750 cm™. The
curve-fittings were performed on the 1500-1750 cm™ spectral region by taking into account the
characteristic infrared bands due to vibrational modes of the Tyr side-chains (1515 cm®), the Amide I1
modes (1530-1550 cm!), the Asp and Glu side-chains (1565-1585 cm™?), the C=C stretching mode of
the aromatic side chains (1595-1608 cm™) and the Amide I’ bands (1615-1700 cm™), as previously
reported [36]. The spectral decomposition was performed using the least-square iterative curve-fitting
program (Origin) with fixed component band positions and profiles for each species. The accuracy of
the spectral decomposition analysis was determined by calculating standard errors from three different
curve fittings using one spectrum over the overall spectra as a reference model. The component bands
were assigned according to our previous work [24, 25, 36] and according to the infrared analysis of 3-
structured or B-aggregated proteins [37, 38].

Circular Dichroism Measurements

Circular Dichroism (CD) spectra were obtained with a Jasco J-810 spectropolarimeter. Spectra were
recorded using a 1-mm path length cuvette, scanning from 250 to 190 nm with a step size of 0.2 nm and
a scanning speed of 20 nm/min. The CD spectra represented averages of 8 scans and the CD spectra of
the lipid-protein suspensions were recorded after 5 minutes of incubation with the lipid vesicles of
DOPC:DOPS 85:15 mol/mol ratio, and were corrected by subtraction of the contribution of the pure
lipid suspension. Thus the data in Figure 2 represent the CD signal originating from the proteins only.

Transgenic Mouse lines
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Care of mice was performed according to institutional and national animal care committee guidelines
(Comethea Permit number 12/034). To ensure a consistent genetic background, primary neuronal
cultures were derived from the following homozygous transgenic mouse lines: PrP® (PrP knock-out
mice) (Zurich I [39]), and Zurich I-derived tga20 (mouse Prnp-a allele [40]).

Primary mouse cerebellar cultures

Primary cultures of cerebellar granule neurons (CGN) were established as previously described [41, 42].
Briefly, CGN extracted from P6 cerebellum by enzymatic and mechanical dissociation were plated (250
000 cells/well) in 48-well plates coated with poly-D-lysine (20 pg/ml, Sigma). CGN cultures were
maintained at 37°C with 6% CO; in Dulbecco’s modified Eagle’s medium (DMEM) containing
ultraglutamine (BioWhittaker), 10% fetal calf serum (FCS, BioWhittaker), 20 mM KCI, penicillin,
streptomycin (Gibco) and complemented with N2 and antioxidant-depleted B27 supplements (Gibco).

In vitro neurotoxicity experiments

After 7 days in culture, neurons were incubated for 72 h with the different recombinant PrP proteins
resuspended in MOPS buffer (10 mM pH 6.8). To ensure uniformity among wells, volumes of culture
medium were adjusted to 300 pl / well before PrP addition and 5 to 10 ul of recombinant protein solution
was added to quadruplicate wells. For controls, the cells were exposed to an equivalent volume of buffer
solution (‘mock treatment’).

After exposure of neurons to the proteins, the viability was measured with the MTT assay. A 4 mg/ml
solution of MTT dissolved in PBS was diluted 10-fold in culture medium. After 2 h of incubation at
37°C in the dark, the culture medium was removed and the blue formazan was solubilized with an
isopropanol/HCI 1IN (92:8) solution. Samples were immediately transferred to a 96-well plate and
optical density was measured at 550 nm on the Multiskan FC microplate photometer (Thermo
Scientific). Plate background value was subsequently subtracted from all samples for each experiment.
Neuronal survival is expressed as a percentage of total living neurons (NeuN-positive cells) in mock-
treated cultures. Analysis of statistical significance was done using Mann-Whitney U-test. Statistical
analysis data were expressed as means + SE of four independent experiments (n=4).

RESULTS
In vitro membrane leakage

The ability of moPrP and H2H3, either in monomeric or oligomeric forms, to disrupt phospholipid
membranes of DOPC/DOPS was examined by dye-release and BLM experiments.

The monomers of both moH2H3 and moPrP showed Iytic activity towards DOPC/DOPS vesicles but
only reached 20% and 25%, respectively, of the dye content at a concentration of 500 nM (Fig 1A and
1C). While moH2H3 did not significantly perturb the size distribution of the lipid vesicles (Fig S1),
moPrP induced aggregation of the negatively charged vesicles at the corresponding lipid/protein (L/P)
molar ratio of 250/1, as shown by DLS experiments (Fig S2). Most intriguing, the monomeric moH2H3
had the same lytic activity as the monomeric moPrP but did not cause the aggregation of the liposomes,
suggesting a different mechanism of leakage. As shown by the BLM experiments, no moPrP-lipid
bilayer interaction was detected in the presence of moPrP monomers in the 68 to 272 nM range (Fig 2C
and 3C), while the moH2H3 monomer caused membrane disruption after 40 s at a concentration of 280
nM at an applied voltage of +100 mV (Fig 2A). The histogram of occurrence, giving the number of data
points plotted as a function of current, allowed us to observe well-defined jumps for the monomeric
moH2H3 (Fig 3A and 3A1), with an average unitary current estimated as 17.5 pA at an applied voltage
of +100 mV. These results corroborate a mode of interaction of moH2H3 with lipids that is different
from that of the full-length protein.
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When moPrP oligomers were added to DOPC/DOPS vesicles, a drastic release of calcein was detected
by the dye-release experiments in a manner dependent on the L/P ratio (Figure 1D). At low
concentrations, below 100 nM of O1moPrP, the dye release reached 65% at a lipid concentration of
62.5 pM. It decreased to 40% at 125 uM and to only 22% at 250 uM, thus indicating a high affinity for
the DOPC/DOPS membrane (Fig 1D). For a L/P molar ratio in the range 62.5/1 to 250/1, the leakage
reached 60% for an O;omoPrP concentration of 500 nM compared to 20% for the monomer at the
equivalent concentration (Fig 1B).

The high binding of moPrP oligomers to DOPC/DOPS was confirmed by the rapid disruption of the
membrane, which occurred after 50 s at a concentration of 30 nM at +100 mV (data not shown). A too
fast diffusion of the positively charged oligomers towards the lipid bilayer was suspected. A voltage of
+50 mV was then applied to study the interaction of the moPrP oligomers with the model lipid
membrane (Fig 2D). O12moPrP was added to both chambers from 3 nM to 30 nM, and current versus
time was recorded to document events or interactions. Discrete intensity increase/decrease was observed
at a concentration of 30 nM O1,moPrP before the disruption of the membrane, which was at 500 s (Fig
2D). The histogram of occurrence revealed a set of peaks between 0 and 40 pA (Fig 3D and 3D1) at a
constant intensity gap, confirming the presence of well-defined permeation structures attributed to pore
formation in the lipid bilayers that was induced by the moPrP oligomers. The unitary current was
estimated at 20 pA for an applied voltage of +50 mV.

In contrast to the oligomers of full-length moPrP, the oligomers formed by the H2H3 domain had no
significant effect on calcein release at low concentrations (between 10 to 500 nM), and the dye release
reached 15% of the dye content at concentrations above 800 nM at a lipid concentration of 125 uM (Fig
1A). When O, moH2H3 was added at concentrations ranging from 10 to 60 nM to DOPC/DOPS
bilayers at +100 mV, interactions were observed and disruption of the membrane occurred after 100 s
(at 60 nM) (Fig 2B). The data analysis showed a steady decrease of events versus intensity without any
identifiable peak in the 0-1200 pA range (Fig 3B), suggesting that the interaction between moH2H3
oligomers and the model lipid membrane was achieved via a mechanism of leakage different from that
of the moPrP oligomers.

DOPC/DOPS membranes induce a B-structured conformation of monomeric moPrP and
moH2H3

To determine the structural basis for the lytic activities of the monomeric species, we analyzed the CD
and FTIR spectra of the monomeric proteins in the presence or absence of DOPC/DOPS lipids. The CD
spectra of monomeric H2H3 (Fig 4A) and monomeric moPrP (Fig 4C) in MOPS buffer exhibited a
strong minimum at 208 nm and a weaker minimum at 222 nm, indicating an a-helical structure. In the
presence of DOPC/DOPS vesicles, the CD spectra of both monomeric moPrP and moH2H3 exhibited a
strong CD minimum at 220 nm and a weaker minimum at 208 nm in a lipid concentration-dependent
manner. These CD spectra were suggestive of a de novo o/ conformation [43]. It should be noted that
if only a fraction of the proteins bound to lipid membranes, the CD signal around 208 nm was attributable
to free proteins in the buffer. To ascertain the conformational change of the proteins bound to the lipid
membranes, the monomers were added to supported lipid bilayers and characterized by surface-sensitive
ATR-FTIR spectroscopy. Figure 5A shows strong binding of the monomeric moPrP in a-helical form
to the DOPC/DOPS bilayer. This binding caused the unfolding of polar and apolar a-helices, as
indicated by the decrease in the respective IR component bands at 1650 and 1665 cm, giving rise to
intermolecular and intramolecular B-sheets in the lipid-bound state of moPrP, corresponding to the
increase in the component bands at 1614 and 1630 cm™, respectively (Fig 5C and Table S1). The
monomeric moH2H3, with an isoelectric point (iep) of 5.5, is weakly negatively charged at pD 6.8
(scheme 1), and the binding of moH2H3 to DOPC/DOPS bilayer is weaker than for the full-length
moPrP (Fig 5B). However, a strong conformational change of the mainly a.-helical monomeric moH2H3
occurred after 30 min of contact with the lipid bilayer (Fig 5B, D). The drastic unfolding of moH2H3
a-helices involved 20% of the moH2H3 polypeptide backbone and mainly corresponded to the
formation of intermolecular B-sheets (absorbing at 1614 cm™) present in the lipid-bound state. From 30
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min to 90 min of moH2H3 adsorption onto DOPC/DOPS, the decrease in intermolecular -sheet,
corresponding to the component band at 1614 cm™, was concomitant with increased moH2H3 binding,
suggesting that the subsequently adsorbed moH2H3 monomers were less altered by the lipid
environment (Fig 5D). SLS and ThT binding kinetic profiles of the lipid-induced fibrillation are shown
for moPrP added to DOPC/DOPS vesicles (Fig 6A, 6B). The intensity at 633 nm increased immediately
after the addition of monomeric moPrP to the vesicle suspension, then decreased from 1 to 8 min and
then increased again from 8 to 60 min, following a sigmoidal shape. The SLS curve indicated two
phenomena: (i) rapid moPrP binding leads to membrane disruption, as revealed by the dye-release
assays, resulting in decreased intensity at 633 nm; and (ii) ongoing moPrP binding due to strong
electrostatic interactions between positively charged monomers and negatively charged lipid
membranes entails moPrP polymerization as well as lipid aggregation, as shown by DLS (Fig S2B). The
increased ThT intensity from 8 to 60 min concomitant with the sigmoidal increase in intensity at 633
nm (Fig 6A) corresponded to the presence of lipid-bound p-sheeted intermediates, as shown by CD (Fig
4C) and FTIR (Fig 5C).

Compared to the full-length monomeric PrP, binding of monomeric moH2H3 to the DOPC/DOPS
vesicles did not produce vesicle aggregation at similar L/P ratios (Fig 6C) or a significant increase in
ThT binding (Fig 6D). The CD spectrum of moH2H3 in the presence of DOPC/DOPS vesicles, showing
de novo o/f conformation (Fig 4A), certainly contained some contribution of the unbound o-helical
monomers present in the buffer, as shown by the reduced binding of moH2HS3 to the lipid bilayer (Fig
5B). The lipid-bound state of moH2H3 as determined by FTIR analysis contained a high fraction of
intermolecular B-sheet absorbing at 1616 cm™ and intramolecular B-sheet at 1630 cm™ (Fig 5D) and
(Table S1). However, this aforementioned conformational state of moH2H3 showed low ThT binding
(Fig 6D). The kinetic profiles of monomers binding to DOPC/DOPS vesicles showed that only full-
length moPrP led to intermediate states with higher ThT binding (Fig 6B).

The modified B-sheeted conformations of oligomers induced by DOPC/DOPS membranes are ThT
positive

The binding to lipid bilayers as well as the changes in secondary structure over time for O;,moH2H3
and O12moPrP are shown in Figure 7. Compared to the respective monomers, the oligomers presented
S-shaped adsorption kinetics patterns upon binding to the DOPC/DOPS lipid bilayers. For both
oligomeric constructs, the adsorption to lipid bilayers caused a change in the B-structure of the solvated
oligomers (Fig 7C, 7D). From the Amide I’ analysis, 28% of O1,moH2H3 was composed of the
polypeptide backbone in intramolecular B-sheets absorbing at 1620 cm™ and 28% absorbing at 1638 cm
! (Figure S3; Table S1). The former component band is attributable to B-sheets that have either a more
planar conformation [44] or are composed of a larger number of strands [45]. Upon binding to the lipid
membrane, the B-structure of O;;,moH2H3 was altered by increasing the domains with more planar 3-
sheets (1620 cm?) at the expense of regular B-sheets (1638 cm™). In solution, the full-length oligomers
had a larger content (27%) of B-turns, generally assigned to the component band at 1665 cm™, compared
to 14% for O12moH2H3. The O1.moPrP also contained 25% of intramolecular B-sheets at 1622 cm™ and
22% at 1638 cmL. Once adsorbed onto the lipid bilayer, O1.moPrP lost the domains absorbing at 1665
cmt and formed new intramolecular B-sheets at 1622 cm, along with random domains at 1650 cm™
(Table S1). The changes in B-structure were also confirmed in the presence of vesicles by CD
measurements. The CD spectra of both O12moH2H3 and O:,moPrP exhibited strong minimums at 217
nm and 219 nm, respectively, indicating a -sheeted conformation in solution (Fig 4B and 4D); this
finding is in agreement with the IR analysis (Figure S3). In the presence of DOPC/DOPS vesicles, the
intensity of the minimum decreased for both species but to a lesser extent than for the full-length protein.
The decreased signal at 218 nm could be from light scattering due to the increased size of the oligomer—
vesicles complex, as also shown by the increased intensity at 633 nm measured by SLS for the full-
length and truncated oligomers (Fig 8A and 8C). Figures 8B and 8D respectively show the ThT binding
of the oligomeric moPrP and moH2H3 when bound to DOPC/DOPS vesicles. The change in ThT
intensity was immediate after the addition of oligomers to the DOPC/DOPS suspension and remained
constant for 1 hour. For O;2moPrP, the ThT intensity increased from 0.75 to 1 in the presence of
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DOPC/DOPS, while the pure oligomer at a concentration of 2 uM gave an intensity of 0.83. For
012moH2H3, the increased ThT signal was 0.92 at 5 min compared to a reference value of 0.79 for a
solution of 5 M pure moH2H3 oligomer and reached 0.97 after 1 hour of incubation with DOPC/DOPS
vesicles. In a previous study, we showed that moH2H3 oligomers have poor affinity for ThT [46].
Nevertheless, the increase in ThT binding of lipid-bound O1,moH2H3 occurred spontaneously and was
linked to the increase in the component band at 1665 cm™, as indicated in Fig 7D. According to other
studies [47, 48], a more twisted or less stacked p-structure conformation also explains the appearance
of the IR component band at 1665 cm™. We suggest that a less stacked B-structure would favor ThT
binding. In addition, the full-length oligomers in solution present a larger content of less stacked 3-
structure (1665 cm™), corroborating the higher ThT binding of full-length oligomers compared to
O12moH2H3. Both oligomers in their lipid-bound state are in a f-sheeted conformation, with higher ThT
affinities, suggesting a rapid lipid-induced conformational change.

Cell viability assays

Differentiated cerebellar granule neurons expressing homologous PrP¢ (CGN?) or not (CGNY°) were
exposed for 72 h to either monomeric or oligomeric full-length moPrP or moH2H3 at two
submicromolar concentrations. Their viability was examined by MTT assay as shown in Figure 9. The
most important finding was that oligomers of the full-length PrP and of the H2H3 sequence exhibited
significant cytotoxicity for neurons devoid of PrP¢ at the submicromolar concentrations tested. There
was a loss of approximately 20% of the neurons compared to control cells treated with the monomers.
Notably, neurons devoid of PrP® are reportedly more sensitive to neurotoxins [49]. At the 50 nM dose,
the moPrP oligomers were neurotoxic for both CGN®?and CGN?°, whereas O1,moH2H3 was neurotoxic
for CGNY° but not for CGN?, suggesting a different requirement for PrP expression in mediating their
toxicity. At the 100 nM concentration, the toxic effect of O1;moH2H3 was statistically significant in
CGN? as compared to moH,Hs (Figure 9D).

DISCUSSION
Link between lipid-bound conformational states of monomers and membrane impairment

Since the lipid membrane could act as a template for B-aggregation, it was important to determine the
conformational states responsible for the membrane impairment. In contrast to the full-length monomer,
monomeric moH2H3 produces dye release at high concentrations without leading to liposome
aggregation, as shown by the DLS experiments (Figure S1A). The different modes of action of moH2H3
and full-length PrP towards the lipid membrane was also corroborated by the BLM technique. The
ability of moH2H3 to produce ion channels with stepwise ion currents indicates the existence of well-
defined lipid-bound structures that destabilize the lipid bilayers (Scheme 1). Although moH2H3 with an
iep of 5.5 is overall weakly negatively charged at pD 6.8, binding to the negatively charged lipid bilayer
still occurs and induces a large conformational change from o-helical to B-sheeted structure. Such
unfavorable adsorption of the charged protein surface is known to occur via an entropic mechanism [50].
To minimize its energy in the vicinity of the hydrophobic lipid bilayer, the adsorbed moH2H3 is
compelled to rearrange its conformational structure by exposing the hydrophobic residues that were
previously involved in internal interactions for a-hairpin stabilization to the external lipid surface. Many
studies have used MD simulations to show that the residues corresponding to H2 unfold first, and then
those in H3 are replaced by newly formed -sheets in ovine or murine PrP sequences [51, 52]. The large
conformational change from a.- to B-sheet that moH2H3 undergoes in the presence of the lipid bilayer
leads to the channel-forming lipid-bound state containing a high fraction of intermolecular 3-sheets, as
shown by the surface-sensitive FTIR-ATR experiments. The infrared component band absorbing at 1616
cm® was generally assigned to intermolecularly H-bonded B-sheets, and its presence indicates that the
lipid-bound state is no longer in a monomeric state. It should be noticed that the IR signal could result
from different conformers coexisting at the buffer/membrane interface. Surprisingly, the lipid-bound
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state of moH2H3 has low ThT binding, suggesting that the membrane-active structures are not an
amyloid structure. Of note, many studies have demonstrated the difference in ThT binding of
amyloidogenic proteins with distinct patterns of fibrillation [53]. Thus, it is not surprising that the
conformation of the lipid-bound moH2H3 enriched in B-structure can present a poor affinity for the ThT
probe that is generally used for detection of cross-beta structure.

MoPrP monomers also induced low membrane leakage that was similar to the moH2H3 constructs at
corresponding concentrations. However, in contrast with moH2H3, moPrP monomers caused vesicle
aggregation (Figure S2). Nevertheless, the difference in terms of vesicle aggregation induced by
monomers could be interpreted as protein-protein rather than protein-lipid interactions. Indeed,
formation of protein clusters at lipid membrane in presence of the N-terminal polybasic domain would
be responsible for vesicle aggregation. It should be noticed that the N-terminal domain of PrP could
act as a powerful toxic effector [54]. Deletions in the flexible N-terminal domain produce severe
neurodegeneration phenotypes. Protein-protein interactions with the wild type PrP¢ enable the rescue of
such phenotypes [55]. Previous studies have shown that the full-length PrP is responsible for a fusogenic
effect of negatively charged vesicles and thus participates in lipid aggregation [24, 56]. The nature of
the interaction between the positively charged protein and the negatively charged lipid membrane is
mainly electrostatic [29]. Evidently, the polybasic region encompassing residues 23-115 is involved in
the high amount of binding of full-length PrP to the external surface of the lipid membrane, as has been
suggested by many studies [29, 30]. Furthermore, the interaction of the N-terminal domain is specifically
established with the phosphatidylserine headgroups [32]. With the BLM technique, we showed that the
monomeric moPrP does not induce stepwise ion currents at low bulk concentrations (< 300 nM),
reinforcing the point of dye release leakage induced by fusion and/or aggregation. Surprisingly, ion
currents were reported for monomeric full-length moPrP [57], but this was for hydrophobic membranes
containing cholesterol. In our case, we used negatively charged membranes that are a known template
for prion fibrillation [29]. If the first adsorbed moPrP monomers were also altered by the lipid surface,
the conformational change they underwent involved a lesser content of polypeptide backbone than in
the change of the first adsorbed moH2H3 molecules. We can then propose from the SLS-ThT binding
assays that a concentration threshold is needed to produce the lipid-induced full-length moPrP-
fibrillation, whereas this is not the case for moH2H3. Considering the co-existence of polydispersed
species formed during the lipid-induced fibrillation, it is difficult to decipher which oligomeric species
would be membrane-active in the case of the full-length protein [25, 58]. Working at concentrations
below 300 nM ensured that the moPrP molecules remained in the monomeric state for the duration of
the BLM experiments.

Link between lipid-bound conformational states of oligomers and membrane impairment

We estimated the conformational differences between soluble oligomers of the full-length sequence and
the truncated from restricted to the H2H3 domain. The two sequences formed oligomers containing 12
monomeric units that exhibited -sheeted structure, as previously reported [28] (scheme 1). Here, we
report that the soluble oligomers from moPrP and moH2H3 have different Iytic activities towards lipid
membranes. When adsorbed or embedded in the lipid membrane, both B-structured oligomers underwent
a conformational change, giving rise to de novo p-structures with increased ThT affinity. However, the
full-length oligomers disrupted the DOPC/DOPS membrane at very low concentrations (above 50 nM),
while the moH2H3 oligomers were mostly inactive in the concentration range of 50-500 nM. We
previously showed that oligomers from truncated PrP 104-231 and from the full-length sequence are
active towards negatively charged lipids through interaction with the transmembrane domain 105-135
[24]. The lower membrane activity of the moH2H3 oligomers could be explained by the lack of this
central region, which contains a palindromic poly-Ala stretch. The accessibility of this hydrophobic
domain in the lipid-bound conformers is essential for enabling membrane permeabilization, as suggested
by previous studies [59]. O1moH2H3 presented a higher ThT binding, corroborating the change in
regular B-sheets to less stacked B-sheets (1665 cm™) in the early stage of membrane binding. This
observed conformation in the non-saturating condition of the lipid bilayer could be responsible for
membrane destabilization, but in a less efficient way. In contrast to oligomers of moH2H3, O;.moPrP
in the lipid-bound showed a decrease in the content of less-stacked B-sheeted domain (1665 cm™) and
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an increase in the amount of B-sheets having a more planar conformation (1622 cm™) compared to the
solution state, leading to a more stable channel-forming structure. This lipid-bound conformation would
reorganize the hydrophobic residues on the external surface of the oligomer to minimize its energy when
inserted into the lipid bilayer, as further supported by the ANS binding data.

Link between membrane-active oligomers and their neurotoxicity

An important question regarding the large number of oligomers that form in vitro from amyloidogenic
proteins concerns their relevancy for in vivo amyloid processes and their implication in conformational-
associated diseases. The presence of amyloid-associated oligomers was revealed in vivo for Ap [60] and
a-synuclein [61]. Such in vivo-selected oligomers were shown to cause memory impairment following
a single brain infusion [60]. Thus far, the neurotoxic effect of soluble exogenous oligomers has generally
been tested in primary neuronal cultures, for example, AP species [60, 62] and PrP oligomers [12], but
the toxicity of small AP oligomers has also been established in vivo [63]. Many studies have attempted
to gain structural insights from in vivo-formed oligomers and have shown that they share structural
characteristics with those formed in vitro [64, 65]. Although our understanding of oligomer formation
in vivo remains limited, we believe that studies concerning the fate of in vitro-formed oligomers in the
neuronal cell environment, and their implications for membrane impairment, can increase our
knowledge of the intricate mechanisms of amyloid—cell toxicities. One of the actions of soluble
oligomers in amyloid diseases is to disturb cell homeostasis by directly interacting with the cell
membrane [20, 66, 67]. A hypothesis was proposed for the toxic activity of prefibrillar oligomers due
to the fact that they share a common structure, suggesting that they may also share acommon mechanism
of toxicity [64, 68, 69].

In the current study, the exposure of neuronal cells devoid of PrP¢ to submicromolar concentrations of
off-pathway oligomers showed that exogenous species from both the full-length and truncated
sequences resulted in neuronal death that was linked to their ability to permeabilize lipid membranes
(Scheme 2). Indeed, the mechanism of the full-length oligomer is in agreement with channel formation
by a well-defined B-structure, which could be the basis for its neurotoxicity. However, the de novo 8-
sheeted lipid-bound conformer from O12moH2H3 failed to form defined channels but was shown to
destabilize the membrane on the basis of the BLM and dye-release experiments. It is possible that the
neurotoxic mechanism of small amyloidogenic oligomers is primarily governed by the degree that their
hydrophobic residues are exposed to solvent and is weakly influenced by their secondary structure [69,
70]. In another work, the cytotoxicity of Ap fibrils was found to be dependent on the primary sequence
of Ap mutant peptides having different hydrophobicities [71]. The ANS experiments we performed to
probe the accessibility of the hydrophobic clusters in oligomers of full-length PrP and H2H3 revealed a
higher exposure of their hydrophobic regions compared to the monomer (Figure S4), thus favoring
interaction with lipid membranes. Moreover, the full-length oligomer exhibited a 4-5 fold increase in
ANS binding compared to the monomer, while that of O;, moH2H3 was only 2-fold greater.

Clear evidence that PrP¢ expression is not required for cytoxicity was established for different PrP
assemblies [72]. Here, our results support the idea that PrPC is not required for the neurotoxicity of well-
defined off-pathway oligomers. Furthermore, we showed that these oligomeric species exhibited
significant toxicity at low dose, at variance with other reports based on use of higher species generated
by protein misfolding cyclic amplification or 50-fold higher concentrations [73]. But the most intriguing
feature is that neurons expressing homologous PrP¢ exhibited low survival when in contact with the
full-length oligomers, whereas survival was recovered when in contact with O1;,moH2H3 compared to
the neurons devoid of PrPC. The cellular form of the prion protein plays a crucial role in prion-mediated
neuronal death following interaction with PrPS¢ [54, 74], but its role in toxic signaling is still unclear, as
mentioned in studies of other 3-sheet-rich conformers such as amyloid  [75-77] or antibody cross-
linking [78]. The N-terminus domain of PrP¢ specifically binds to toxic amyloid B oligomers and then
exerts distinct toxic effects through an unknown mechanism [79]. Recently, electrophysiological studies
have clarified the role of the N-terminus domain of the full-length PrPC in the appearance of spontaneous
ion currents associated with neurotoxic mutants of PrP [54]. Our findings lead us to hypothesize that the
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off-pathway oligomers of the full-length PrP sequence and the H2H3 helices differ in size, membrane
activity, and -sheeted structure, with the more hydrophobic external surfaces binding differently to the
cellular PrP protein. The full-length oligomers have high affinity towards negatively charged vesicles
and would interact less with PrP¢, while the O;omoH2H3 weakly bind to membranes and would
preferentially bind to PrP¢, forming a complex with a neuroprotective effect (Scheme 2). Another
possibility is that the full-length oligomers interact with PrP¢ but form complex intermediates with
neurotoxicities equal to the initial oligomers. The competitive binding of off-pathway oligomers to PrP¢
or to lipid membranes depends on their conformation, the hydrophobicity of the external surface of their
assembly, and the presence of the N-terminal region. Our suggestion is that cellular membrane
impairment cannot be excluded in the presence of off-pathway oligomers, producing marked membrane
perturbations. The change in the ionic homeostasis across the membrane may be one part of the
neurotoxicity exerted by off-pathway species generated in PrP fibrillation. It is also important to define
other intermediate species in the fibrillar pathway as potential neurotoxic agents. This could be
accomplished by deciphering the role of membrane binding and membrane templating by studying the
capability of PrP€ to bind to complex amyloid conformers.
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Figure 1: Effect of protein concentration on dye release from DOPC/DOPS vesicles at pH 6.8: at lipid
concentration of 125 pM for monomeric moH2H3 (A) and for oligomers of moH2H3 (B), and with
different constant lipid concentration (A) 62.5 uM, (®) 125 pM; (O) 250 uM for monomeric moPrP
(C) and for oligomers of moPrP (D). The results are expressed as mean value £ SD for at least two
independent experiments (Curves are presented for eye guidance only).
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Figure 2: Electrical measurements with DOPC/DOPS planar bilayers at pH 6.8, for an applied voltage
of +100 mV, for monomeric moH2H3, at 280 nM (A) and for O1, moH2H3 at 60 nM (B) for an applied
voltage of +50 mV, for monomeric moPrP at 272 nM (C) and for O1, moPrP at 30 nM (D). Black Arrow

representing the disruption of the bilayer.
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Figure 3: Data analysis of the electrical measurements with DOPC/DOPS planar bilayers at pH 6.8,
for an applied voltage of +100 mV, for monomeric moH2H3, at 280 nM (A) (zoom Al) and for O1
moH2H3 at 60 nM (B) for an applied voltage of +50 mV, for monomeric moPrP at 272 nM (C) and for
012 moPrP at 30 nM (D).
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Figure 4: CD spectra of (A) monomeric H2H3 at 20 pM (bold line) and in presence of lipid vesicles at
L/P of 15.5/1 (dot dashed line), 12/1 (plan line) and 6.25/1 (short dashed line), and (B) O, moH2H3 at
30 uM (bold line) and in presence of lipid vesicles at L/P of 0.4/1 (dot dashed line), 0.2/1 (plan line) and
0.1/1 (short dashed line), (C) monomeric moPrP at 10 uM (bold line) and in presence of lipid vesicles
at L/P of 31/1 (dot dashed line), 24/1 (plan line) and 12/1 (short dashed line), and (D) O12moPrP at 22
MM (bold line) and in presence of lipid vesicles at L/P of 2.8/1 (dot dashed line), 1.2/1 (plan line) and
0.6/1 (short dashed line).
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Figure 5: Adsorbed protein amount (T") onto supported DOPC/DOPS bilayer for the monomeric moPrP
at a bulk concentration of 5 uM (A) and monomeric moH2H3 at 15 uM (B). The results are presented
as the mean + SD of two independent experiments. The change in protein secondary structure monitored
with time for monomeric moPrP (C) with the % of the infrared component band area at 1614 cm™
(diamond), at 1623 cm? (triangle), at 1650 cm™ (circle) and at 1665 cm™ (open square); for monomeric
moH2H3 (D) with the component bands at 1614 cm™ (diamond), at 1640 cm™ (open circle) and at 1650
cmt (full circle). The % Amide I’ is for one representative experiment. The error bars are standard errors
and are shown except for sake of clarity.
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Figure 6: SLS (left) and ThT binding (right) experiments for moPrP monomers at a concentration of 2
MM brought into contact with liposomes DOPC/DOPS at 250 uM at time 0 (A, B) for the moH2H3

monomer at a concentration of 5 uM in the same conditions (C, D).
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Figure 7: Adsorbed protein amount (I') onto supported DOPC/DOPS bilayer for the O:2moPrP at a bulk
concentration of 3 UM (A) and O12moH2H3 at 5 UM equivalent monomer concentration (B). The results
are presented as the mean + SD of two independent experiments. The change in protein secondary
structure monitored with time for moPrP oligomers (C) with the % of the infrared component band area
at 1622 cm* (triangle), at 1648 cm™ (open circle), and at 1665 cm™ (open square); for H2H3 oligomers
(D) with the component bands at 1620 cm™ (triangle), at 1651 cm (open circle), and at 1665 cm™ (open
square). The % Amide I’ is for one representative experiment. The error bars are standard errors and are

shown except for sake of clarity.
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Figure 8: SLS (left) and ThT binding (right) experiments for oligomers of the full length moPrP at a
concentration of 2 uM in contact with DOPC/DOPS liposomes at 250 uM at time 0 (A, B) compared to
the corresponding experiments for the O;o,moH2H3 at a concentration of 5 uM (C, D).
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Figure 9: Neuronal survival after addition of full length mouse PrP monomers (A, B, black square),
mouse H2H3 monomers (C, D, black circle), full length mouse PrP oligomers (A, B, red square) and
mouse H2H3 oligomers (C, D, red circle) on primary cultured neurons devoid of PrP¢ (A, C, CGN%0)
and on neurons expressing moPrP¢ (B, D, CGN%). Neuronal survival is expressed as a percentage of
total living neurons (NeuN-positive cells) in mock-treated cultures. The small dots are data points
obtained for independent experiments and the large dots indicate the data mean. The error bars represent
standard errors of the mean. * indicates when survival statistically decreased (p<0.05, Mann-Whitney
U-test).
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Scheme 1: Schematic representation of the different constructs under study and their effect on lipid
membranes: (A) mouse H2H3 monomer, (B) full length mouse PrP monomer, (C) mouse H2H3
oligomer and (D) full length mouse PrP oligomer. The structures for oligomers are presented for an
illustrative purpose and B-sheets are indicated in yellow. Z-average hydrodynamic diameters are

determined at pH 7 in mops buffer. Net charge of the constructs is indicated at pH 7.
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Scheme 2: Models for the neurotoxic effects of PrP oligomers: (A) Full length PrP oligomers or from
the H2H3 sequence are toxic to neurons devoid of PrP¢ (CGN®P), in favour of a lipid mediated toxicity.
Both B-sheeted oligomers cause ion currents in lipid model membranes. (B) For CGN?, the full length
PrP oligomers entail low survival of neurons whereas the oligomers from H2H3 sequence produce high
survival in presence of PrP€. The competition between the bindings of oligomers to PrPC or to lipid
membrane results in more or less toxic effect. In presence of the cellular PrP€, neurotoxicity is mediated
by different PrP¢-oligomers complexes having distinct protective role.
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Table S1: Secondary structure contents (in %) of PrP monomers and oligomers either in solution or in
contact with DOPC/DOPS bilayers after the given time of contact from IR decomposition analysis.

Monomers
Wavenumber 1616 @ 1630 16350r | 1651 1665 1671-
(cm™) 1640 1682
Assignment | Intermolecular | Intramolecular | Random o- o- Random
[-sheet [3-sheet helices | helices or B-
in polar | in apolar turn
domains | domains
moH2H3 7 0 18 53 135 8.5
In solution
moH2H3
+ PC/PS 30 17 0 27 15 11
130 min
moPrP 75 15 175 31 14 15
In solution
moPrP
+ PC/PS 12 19 18 22 12 17
120 min
Oligomers
- (b)
Wa‘gi{#ﬁ;‘ber 1620-1622 1638 1648-1651 | 1662-1665 | 1678-1681
Intramolecular | Intramolecular
Assignment B-sheet B-sheet Random p-tum p-tum
O12moH2H3 28 28 22 14 8
In solution
O12moH2H3
+ PC/PS 31 26 18 16 9
280 min
O12moPrP 25 22 16 27 10
In solution
O12moPrP
+ PC/PS 28 21 19 21 10
240 min

(@) In solution the band at 1616 cm™ is assigned to the C=C stretching mode of the aromatic
residues. The component band at 1616 cm™ could also be attributable to the in-phase vibration
of the anti-parallel B-sheets, which is accompanied by the concomitant appearance of the out-
of-phase stretching band at 1685 cm™ of minor intensity (1). The later minor component
overlaps with components attributed to loops and turns at around 1680 cm™. Noticeably, the
component band at 1616 cm™ is assigned to extended intermolecular B-sheets and corresponds
to amyloid structures (2).

(b) The component band at 1620-1622 cm™ observed in the IR spectra of soluble oligomers is
assigned to intramolecular B-structure but with stronger hydrogen bonds than the component
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appearing at 1630-1638 cm™. The component band at 1630-1638 cm™ is generally assigned to
intramolecular B-sheets in parallel conformation (3). The component band at 1620-1622 cm™ is
also observed in the IR spectra of purified prion fibers with no coupling with a high-
wavenumber component band (4), whereas other amyloid fibrils exhibit infrared bands assigned
to antiparallel B-sheets with a clear correlation between major and minor components of the
corresponding vibrational modes (5). The intensity ratio between the high (1678-1681) and low
(1620-1622) wavenumber components calculated from spectral decomposition is 0.38 and 0.24,
respectively for full length moPrP and moH2H3 oligomers (Fig S3), which would indicate an
arrangement of B-strands in an anti-parallel conformation if we make the assumption of the
coupling between these two IR components (3,5).
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Figure S1. DLS measurements of liposomes DOPC/DOPS at 125 uM (*) in interaction with monomeric
moH2H3 at a concentration of 1 uM (A) and of 300 nM (B) corresponding to a L/P of 62.5/1 and 420/1
respectively, compared to the corresponding addition of the oligomer at a concentration of 2 uM (C)
and of 500 nM (D), corresponding to a L/P of 62.5/1 and 250/1 respectively. The plain line (T =0)
corresponds to the size distribution of liposomes alone. (*) except for A where the concentration in
liposomes was 62.5 pM.
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Figure S2. DLS measurements of liposomes DOPC/DOPS at 125 yuM in interaction with monomeric
moPrP at a concentration of 6 uM (A) and of 500 nM (B) corresponding to a L/P of 21/1 and 250/1
respectively, compared to the corresponding addition of the oligomer at a concentration of 2 uM (C)
and of 500 nM (D), corresponding to a L/P of 62.51/1 and 250/1 respectively. The plain line (T =0)
corresponds to the size distribution of liposomes alone.
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Figure S3: Transmission and ATR-corrected spectra in the Amide I’ band region and results of curve
fitting procedure for secondary structural analysis of the different protein constructs at pD 6.5 (A) in
solution, from the top to bottom for monomeric moPrP at 175 pM, monomeric moH2H3 at 245 uM, for
O12moPrP at 85 uM with a 50 um optical path and for O12moH2H3 at 72 uM with a 100 um optical
path; and (B) in contact with the DOPC/DOPS bilayer, from the top to bottom for monomeric moPrP at
5 UM after 240 min, for monomeric moH2H3 at 15 pM after 130 min, for O.,moPrP at 3 uM after 240
min and for O;omoH2H3 at 5 uM after 280 min. The dashed lines correspond to the component band
attributable to the C=C stretching mode of aromatic side-chains.
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Figure S3-bis: Transmission and ATR-corrected spectra in the Amide I’ band region and second
derivative spectra of the different protein constructs at pD 6.5 (A) in solution, from the top to bottom
for monomeric moPrP at 175 pM, monomeric moH2H3 at 245 pM, for O1,moPrP at 85 puM with a 50
pm optical path and for O;moH2H3 at 72 M with a 100 pm optical path; and (B) in contact with the
DOPC/DOPS bilayer, from the top to bottom for monomeric moPrP at 5 yuM after 240 min, for
monomeric moH2H3 at 15 uM after 130 min, for O;,moPrP at 3 uM after 240 min and for O;,moH2H3
at 5 puM after 280 min.
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Figure S4. ANS fluorescence probing the relative exposures of hydrophobic clusters of O;.moPrP
(black) and O1moH2H3 (blue) to their respective monomer (dashed lines). For each species the
concentration was adjusted to 10 uM in monomer equivalents at pH6.2.

ANS-binding experiments_ 8-anilino-1-naphthalene sulfonic acid (ANS) fluorescence measurements
were performed at 20 °C on a Jasco 6200 spectrofluorimeter with a 0.5 mmx10 mm optical path-length
cuvette. The concentration was adjusted to 10 uM for each species (in terms of monomer concentration)
before incubation with 160 uM ANS. Excitation was at 372 nm and each emission spectrum (from
400 nm to 650 nm) was the average of the scans.
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