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ABSTRACT

Soluble oligomers of prion proteins (PrP), produced during amyloid aggregation, have
emerged as the primary neurotoxic species, instead of the fibrillar end-products, in
transmissible spongiform encephalopathies. However, whether the membrane is among their
direct targets, that mediate the downstream adverse effects, remains a question of debate.
Recently, questions arise from the formation of membrane-active oligomeric species
generated during the B-aggregation pathway, either in solution, or in lipid environment. In the
present study, we characterized membrane interaction of off-pathway oligomers from
recombinant prion protein generated along the amyloid aggregation and compared to lipid-
induced intermediates produced during lipid-accelerated fibrillation. Using calcein-leakage
assay, we show that the soluble prion oligomers are the most potent in producing leakage with
negatively charged vesicles. Binding affinities, conformational states, mode of action of the
different PrP assemblies were determined by thioflavin T binding-static light scattering
experiments on DOPC/DOPS vesicles, as well as by FTIR-ATR spectroscopy and specular
neutron reflectivity onto the corresponding supported lipid bilayers. Our results indicate that
the off-pathway PrP oligomers interact with lipid membrane via a distinct mechanism,
compared to the inserted lipid-induced intermediates. Thus, separate neurotoxic mechanisms
could exist following the puzzling intermediates generated in the different cell compartments.
These results not only reveal an important regulation of lipid membrane on PrP behavior but

may also provide clues for designing stage-specific and prion-targeted therapy.
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1. Introduction

Prion protein (PrP) misfolding is associated with a range of deadly neuropathological
diseases, including bovine spongiform encephalopathy in cattle, scrapie in sheep, and
Creutzfeld-Jacob in human, characterized by the accumulation of insoluble proteinaceous
aggregates inside the infected tissues [1]. The mechanisms that trigger the structural transition
from mainly o-helical cellular PrP (PrP%) to its B-sheeted enriched pathological “scrapie”
conformer (PrP*) are still unclear. PrP/membrane interactions are believed to be essential to
the function of PrP in the cell since the protein is localized in close proximity to plasmatic
membranes [2-4]. Several converging lines of evidence suggest that this interaction promotes
various precursors to aggregation-prone states involved in the amyloid fibrils [5]. As proposed
by Collinge et al. [6], the prion propagation and toxicity in vivo would be kinetically
controlled by the interaction of the prion strain type and the host environment. Neurotoxicity
would be mediated by lethal PrP species, distinct from the pathological PP [7]. For
example, there is a compelling evidence suggesting that PrP aggregates of low molecular
weight or soluble oligomers disrupt membranes and/or induce the formation of ion channels,
possibly leading to cellular membrane depolarization [8]. It has been shown that the prion
proteins induce ion channel current with defined conductance states in planar lipid bilayers
[9]. More recently, neurotoxic mutants of PrP induce spontaneous ionic current in cultured
cells [10].

Membrane surface, depending on its chemical composition, is known to act as a catalytic site
that promotes the misfolding and aggregation of bound amyloidogenic proteins [11, 12].
Recombinant PrP in monomeric forms has been shown to bind lipids and this binding
involves the unfolding of helical structures present in the C-terminal globular part [13-16],
while recombinant PrP in B-structure using reducing conditions was found to form amyloid

fibers when interacting with lipid membrane [17]. In vitro experiments show that negatively



charged lipids accelerate PrP fibrillation [18, 19]. Most notably, aggregated recombinant PrP
in the presence of anionic lipids, such as phosphatidylglycerol, leads to the formation of
insoluble particles showing infectivity, supporting a crucial role for lipid-PrP interaction into
PrP conversion [20]. Moreover, the highly conserved middle region of PrP, spanning the
residues 105-135 consisting of a positively charged region and a hydrophobic domain, is
essential for lipid-induced PrP conversion. Disease-associated mutants, encompassing
mutation in this middle region, have distinct lipid interaction compared to the wild type PrP,
suggesting the relevance of PrP-lipid interaction in forming intermediates linked to
pathogenic changes [21]. Like many other amyloidogenic proteins, PrP oligomeric assemblies
could disrupt membrane structural integrity, which is a first indicator of toxic function [22,
23]. However, the difficulties remain to assess the role of each intermediate on the [3-
aggregation pathway from the different recombinant constructs produced in vitro to elucidate
the neurotoxicity mechanism of oligomeric intermediates generated in vivo [24]. Regarding
the complexity of this issue, the necessity of simplifying the membrane interaction with
disruptive species produced along the pathway of in vitro B-aggregation in solution is evident.
Since the lipid membrane could act as a template for B-aggregation of amyloidogenic
proteins, deciphering the mode of action of oligomers produced in solution from those, if any,
produced during interaction with lipid membrane is more and more necessary. Furthermore,
the question concerning the mode of action, as well as the variation of the permeabilization
mechanism depending on the amyloid oligomeric states and its link with their structural
identity, remains fully open.

In a previous work, we demonstrated the sequential formation of structurally distinct soluble
PrP oligomers, either off-pathway, or on-pathway, corresponding to 12-mers or 36-mers
respectively, as depicted in Scheme 1 [25]. The soluble oligomers of higher molecular weight,

corresponding to 36-mers of PrP as characterized by SAXS, are able to form fibrils, whereas



the soluble 12-mers remain in equilibrium with the monomeric forms [26, 27]. We also
showed that the well-characterized highly homogeneous populations of both off- and on-
pathway PrP oligomers are stable at physiological pH, and that the discrete 12-mers could

disrupt negatively charged membrane containing phosphatidylinositol lipid [18].

Scheme 1. Schematic representation of in vitro polymerization of PrP in solution leading to
the formation of soluble oligomers, either on-, or off-pathway. Only the off-pathway
oligomers are not converted into prion fibrils.
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In the present study, our goal was to detail the interaction of the off-pathway 12-mers
produced in solution along PrP [-aggregation compared to the on-going lipid-induced
PrP intermediates generated at the early stage of the amyloid fibrillation with model
membranes. To decipher the role of soluble intermediates, the propensities of lipid membrane
disruption by off-pathway oligomers have been checked by calcein-leakage assays on
DOPC/DOPS vesicles and compared to on-pathway PrP assemblies. ThT is the most widely
used amyloid marker for both in vitro and in vivo amyloid fibrillation characterization [28].
ThT binding assays combined to SLS measurements enable to follow the lipid-induced

fibrillation of PrP monomer at the surface of lipid vesicles, and to detect ThT positive
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intermediates during interaction of the off-pathway oligomers with the lipid membrane. The
interactions of the soluble oligomers with membrane were also studied by FTIR-ATR and
specular neutron reflectometry (SNR) experiments and compared to the lipid-induced PrP
intermediates. For both ATR and SNR techniques, the model lipid bilayer was obtained by the
fusion of DOPC/DOPS vesicles to obtain well-characterized supported lipid bilayers (SLBs)
[29], as well as relevant biomimetic lipid composition for mammalian neurons [30]. The
conformational states of lipid-bound intermediates along in situ lipid-induced PrP conversion
were determined by spectral analysis of Amide I' band. A “snapshot” of the lipid-bound
intermediates was taken at the early stage of lipid-induced PrP conversion and characterized
by SNR experiments at identical protein to lipid ratio used for ATR. SNR enables to observe
the A-level resolution changes in the thickness and density of lipid bilayers as a result of
protein binding, by determining the in-plane averaged scattering length density (SLD) profile
normal to the surface [31, 32]. Recently, SNR was used to examine in details the membrane
interaction of amyloidogenic proteins to provide insight into the mechanism of amyloid
toxicity [33-35].

Based on the functional and structural data recorded by in vitro fluorescence assays and
biophysical techniques, such as SNR and FTIT-ATR, the present study aims at tracking the
putative membrane-active -structured oligomers along the amyloid -aggregation in solution

from those induced via confinement of monomers to a lipid membrane.

2. Materials and Methods

2.1 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, Triton-X-100 from Pharmacia biotech,

MOPS (4-morpholinepropanesulfonic acid), sodium citrate, triethylammonium acetate,



sodium dodecyl sulphate (SDS) from VWR, D,0 from Eurisotop, calcein , thioflavin T (ThT),
and chloride salt from Sigma-Aldrich. Stock (I mM) solutions of ThT were prepared by
dissolving ThT in double-distilled water and its concentration was determined using a molar
extinction coefficient of 24,420 M™' cm™' at 420 nm. ThT was stored at 4°C, protected from

light.

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

103-234

N-truncated ovine PrP (ARQ variant) was expressed and purified as described

previously [36]. The soluble oligomers were obtained by incubation of the solution of PrP'**
24 at a concentration of 80 uM in 20 mM citrate buffer, at pH 3.4 and 50°C, for 8 min in a
Perkin Elmer GenAmp2400 thermocycler, as described previously [27] (Figure S1 in the
Supporting Information). The fraction corresponding to the 12-mer was collected in
triethylammonium acetate buffer after separation by size-exclusion chromatography (SEC)
using Akta FPLC and lyophilized before use in the appropriate hydrogenated or deuterated
buffer. The fraction corresponding to the 36-mer was collected in citrate buffer and then

exchanged with MOPS buffer at pH 6 using micro-spin column immediately before calcein

leakage assays.

2.3 Preparation of the liposomes for SLBs

Solutions of the DOPC/DOPS mixtures in chloroform were dried under vacuum, until the
lipids formed a thin layer inside the flask. The lipid films were then suspended in the desired
buffer (10 mM MOPS, 150 mM NaCl pH 7.4), either in D,O for ATR, or in H,O for SNR,
experiments at the concentration of 2 mg/mL. The resulting suspension was freeze-thawed
three times before extrusion using a Northern lipids apparatus (Vancouver) through two

stacked 0.1 um polycarbonate filters (Millipore) to obtain large unilamellar vesicles (LUV)



with mean hydrodynamic diameters of 110 + 10 nm, measured by DLS. For the SLBs, the
suspension of DOPC/DOPS (molar ratio 7:3) LUVs was extruded on a 0.05 um polycarbonate

filter and was diluted to 0.1 mg/mL lipids in buffer containing 2 mM CacCl,.

2.4 Calcein-entrapped liposome assay

Calcein was dissolved in 10 mM MOPS and 100 mM KCIl at pH 7 by repeated vortexing for
30 min at room temperature, to a final concentration of 80 mM. The chloroform solution
containing 10 mg of lipid 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 120 + 15 nm.

An increase in the fluorescence intensity of the dye-entrapped liposomes after incubation with
monomer or oligomers of PrP indicated a protein-induced liposomal leakage. The
experiments were run at 18°C in a 2 X 10 mm quartz cuvette. Briefly, concentrated protein
samples were diluted in a suspension of vesicles in 10 mM MOPS and 100 mM KCI at pH 7,
so as to have a final protein concentration ranging from 10 to 500 nM. The medium was
stirred continuously to allow a 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 percentage of leakage was then calculated
over the course of the 10 min experiment according to previously described procedures [18].
The experiments were generally repeated at least two times with different, fresh preparations

of vesicles. The experimental uncertainty was estimated as + 5% of the measured value.



2.5 Light-scattering/ThT fluorescence correlation experiments

The static light-scattering (SLS) fluorescence kinetics experiments were performed on a
homemade device using a 407 nm laser beam for the excitation of ThT and using three other
lasers (473, 533, and 633 nm) for the SLS measurements. Stock solutions of ThT were
prepared in 20 mM MOPS buffer to a final concentration of 3 mM. This solution was then
filtered on a 0.2 pm pore-sized filter. Liposomes of DOPC/DOPS (molar ratio 7:3) of 110
nm-diameter sized were incubated at 25°C in a 2-mm cuvette in the presence of 100 uM ThT
before addition of PrP samples in 20 mM MOPS at pH 7. The emission fluorescence at 485
nm and the light-scattered signals were recorded at a 112° angle. Signal processing was

achieved by a homemade Matlab program [26].

2.6 Sample preparation and FTIR spectra acquisition

FTIR-spectra were recorded on a Bruker Equinox spectrometer equipped with a Mercury
Cadmium Telluride detector. The resolution was set at 4 cm. The spectrometer was
continuously purged with dry air. A 45° cut silicon crystal, providing 30 internal reflections at
the liquid/crystal interface, was freshly cleaned in a solution of 4:1 (v/v) concentrated sulfuric
acid (H,SO4) and 30% hydrogen peroxide (H,O,) followed by extensive rinsing with
deionized water and drying under nitrogen gas before being mounted in an ATR liquid cell.
The ATR cell was filled with the 10 mM MOPS and 150 mM NacCl buffer in D,O and a
reference infrared spectrum was collected. A supported lipid bilayer was formed by the
spontaneous adsorption of DOPC/DOPS (molar ratio 7:3) vesicles at 0.1 mg/mL (lipid
concentration) onto the freshly-cleaned silicon surface [29]. After 30 minutes of contact, the
cell was rinsed with deuterated buffer and the ATR spectrum was acquired to quantify the
amount of lipid deposited on the silicon crystal (as calculated using the intensity of the

infrared stretching band attributed to the lipid carbonyl at 1730 cm™). The cell was then filled



with the PrP prepared in deuterated solution at pD 7. Interferograms were recorded as for the
reference spectrum and transformed to the ATR corrected absorption spectrum of the
adsorbed protein for four hours. Each spectrum was the average of 128 scans. The zero time-
point for the adsorption kinetics experiments was set to the start of the contact of the protein
solution with the lipid bilayer. The integrated absorbance of the Amide I' band was used to

determine the amount of PrP adsorbed onto the SLBs and expressed as I in mg/m* [37].

2.7 FTIR spectral analysis

The broad Amide I’ band in the spectral range of 1600-1700 cm™ is attributed to the carbonyl
peptide stretching vibrational modes and it reveals the extent of the secondary structure of the
protein. An identical spectral decomposition was found for the analysis of the Amide I’ band
that was suitable for both the free and lipid-bound PrP species, in such a manner that the
extent of the different types of secondary structures could be determined for comparison . The
spectral range of conformational interest, i.e. the Amide I’ band around 1600-1700 cm'l, was
analyzed using the curve-fitting procedure as described previously for monomeric PrP and
applied to the oligomeric species with the aid of a second derivative analysis [18]. These
component bands were assigned according to our previous work and according to the
infrared analysis of B-structured or B-aggregated proteins [38-40]. The major peptide carbonyl
contributions at 1630 and 1650 cm™ correspond to B-sheets and o-helices in D,O,
respectively. Furthermore, the infrared component band that appears at 1614 cm™ is assigned
to the B-structures corresponding to the extended intermolecular B-sheets, and corresponds to
the amyloid structures [41]. The component band at 1623 cm, that is found in the IR spectra
of soluble oligomers in the deuterated buffer, is indicative of B-structure with stronger
hydrogen bonds than the component corresponding to a band at 1630 cm™. This latter band is

indeed generally assigned to intramolecular B-sheets in parallel conformation[40].
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The least-square iterative curve-fitting program (in Origin software) was used to only adjust
the intensity parameter of each component band for each spectrum, while the half bandwidth
at half height, and both the band positions and the profile were fixed. The area of each Amide
I’ component band is expressed as the percentage of the sum of the areas of all of the Amide
I’ component bands in the spectral range from 1600 to 1700 cm™. The contents in the
different secondary structural elements were given for the pure monomer and the off-pathway
oligomers in solution, determined from spectra recorded in transmission and given in Table

S1 in the Supporting Information.

2.8 Sample preparation for specular neutron reflectivity

The model membranes, consisting of a single phospholipid bilayer composed of both the
zwitterionic DOPC lipid and the negatively charged DOPS lipid (at 7:3 molar ratio), were
prepared on a silicon substrate. Round single crystals of silicon of 5.1 cm diameter and 0.5 cm
thickness were used and freshly cleaned like for ATR experiments (see above). The silica-
coated silicon plates were then mounted in liquid-cells to perform the lipid bilayer deposition
by liposome fusion, following the same protocol as described above. Briefly, the solutions of
h-DOPC/h-DOPS (7:3) SUV were injected in the SNR liquid cell at a final lipid concentration
of 0.1 mg/mL in MOPS buffer containing 2 mM CaCl,. The lipid bilayer was incubated for 30
min before rinsing with the desired contrast medium, provided by two buffers at pH or pD 7.2
containing 10 mM MOPS, either in 100% D0, or in 100% H,O. The characterization of the
SLB was made at the two contrasts before injection of the PrP species at a monomer
equivalent concentration of 5 uM. This corresponded to a protein/lipid mol/mol ratio of 6.3:1
and 4.5:1 for the monomers and 12-mers, respectively. The protein layer was characterized
after 30 min of adsorption in stationary conditions to ensure identical interaction with the

membrane, as described in ATR experiments, and rinsed with the appropriate buffer. The
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study at the early stage of formation of the lipid-bound states ensures to characterize
oligomeric states by SNR rather than fibrillar end-products.

We verified in situ that the SNR curves did not evolve over time by combining several
reflectivity spectra over a total duration of 4 hours. Since no changes occurred (the reflectivity
curves were superimposed), the spectra were summed. The sample cells were kept at a
temperature of 25.0 £ 0.5°C all along the measurements, under the control of a temperature

bath, to ensure a fluid state of the membranes.

2.9 Specular neutron reflectivity

The SNR measurements were performed at the Laboratoire Léon-Brillouin (Saclay, France)
using the horizontal-sample reflectometer EROS [42]. In a SNR experiment, specular
reflection is measured as a function of the wave vector transfer g, perpendicular to the surface,
with q = (4 = / 2) sin 6, where 6 is the angle and 1 is the wavelength of the incident neutron
beam. The wavelength of the incident neutrons was between 2 and 20 A for EROS
reflectometer [42]._We used the time-of-flight configuration with the beam pulsed by a double
chopper system with variable phase. The contrast variation method was employed by using
aqueous buffer solutions of different scattering length densities (SLD), in 100% D,0 or 100%
H,O buffer (with respective SLD of 6.34 x 10~ and -0.56 x 10~° A7), allowing us to enhance
the sensitivity of the measurements. The data were recorded at two fixed incident angles,
respectively 1.34° and 2.5° for D,O and 0.6° and 1.8° for H,O, in order to cover the desired g-
range. The incoming neutron white beam was reflected at the silicon/water interface from the
silicon which is almost transparent to neutrons. Data were analyzed using the Motofit
software [43]. The experimental resolution of the spectrometer (around 10%) was taken into
account in the calculation. In a SNR experiment, the intensity of the curves arose from

constructive interferences of the reflected neutron beams from the surface and the interfaces
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of the successive layers composing the sample. Each layer is characterized by its SLD, i.e. its
ability to scatter neutrons, its thickness, and a roughness parameter (i.e. the width of the
interface between two adjacent layers assuming that the profile between these two adjacent
layers can be described by an error function). The SLD of a molecule is directly linked to its
chemical composition. For organic compounds, it is mainly sensitive to hydrogen isotopes (H
and D) since he coherent length of H is very different to those of other atoms constitutive of
organic matter (D, C, O, N) which have coherent lengths of the same order. The SLD of a
layer that contains several types of objects is the average of the SLD of the objects weighted
by their volume fraction within the layer. This enables to obtain the solvent content of any
layer (i.e. the volume fraction occupied by the aqueous buffer (prepared in 100% D,O or
H,0).

Four- or five-layer models (depending on the presence of an extra protein layer or not) were
used to fit the reflectivity profiles, a layer being defined as a homogeneous region: (i) the
silicon oxide (SiOy), (ii) the inner polar head chains, (iii) the inner and outer hydrophobic acyl
chains, (iv) the outer polar head chains, and (v) a possible protein adlayer. The parameters

used to model the reflectivity profiles are shown in Table S2 (in the Supporting Information).

3. Results

3.1 Membrane permeabilization by PrP oligomers

Membrane damage was assessed by monitoring the calcein probe release from DOPC/DOPS
vesicles. Both the 12-mers and 36-mers of PrP had a leakage effect reaching, respectively,
45% at 500 nM and 50% at 100 nM, whereas the monomeric PrP had no effect with the
DOPC/DOPS vesicles within the concentration range of 0-500 nM, as shown in Figure 1. The
magnitude of leakage effect is dependent on the concentration of the on- and off-pathway (36-
and 12-mers, respectively) oligomers. The on-pathway oligomers caused around 30% leakage

of probes to P/L ratio of 1/15000 and 50% leakage to P/L ratio of 1/1500 corresponding to 53
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molecules per vesicle. The off-pathway oligomers entailed around 15% leakage to P/L ratio
of 1/15000 and reached 45% leakage at higher P/L ratio of 1/300. All bound oligomers do not
give a disruptive state, and lipid-bound aggregates, which do not lead to efflux, compete with
the productive pore-forming state, if any, leading in time to a stop of the efflux. The
percentage of leakage increased significantly from 7:3 to 8.5:1.5 molar ratio of DOPS/DOPC
for the off-pathway oligomers, whereas it was not significantly changed for the on-pathway
oligomers. The fact that the dye leakage does not depend on the PS concentration indicates a
different affinity of the on-pathway oligomers compared to the off-pathway ones towards the
negative moiety. The higher propensities to disrupt membranes for the on-pathway oligomers
than for the off-pathway ones could be explained by an effect of size, since the 36-mers have
a mean hydrodynamic diameter of 23 + 3 nm, measured by DLS, compared to 17.6 = 1.6 nm
for the off-pathway ones. The binding to lipid bilayer of the on-pathway oligomers of higher

molecular weight would entail mechanical stress that could stabilize a pore state [44].

% leakage

concentration (nM)

Figure 1. Percentage of calcein leakage of DOPC/DOPS vesicles (0.15 mM) at pH 6.8

induced by the 36-mers of PrP (circles), the 12-mers of PrP (diamonds), and the
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corresponding monomers (squares) for a molar ratio of DOPC/DOPS of 7:3 (full symbols) or

8.5:1.5 (open symbols). The lines are guidance for the eye.

3.2 Light-scattering and ThT fluorescence correlation

Kinetics of lipid-induced fibrillation is shown by the addition of monomeric PrP to
DOPC/DOPS vesicles suspension, by both ThT binding (Figure 2A) and SLS (Figure 2C).
The SLS-ThT binding curves indicated two phenomena: (i) the perturbation of the lipid
vesicles by PrP binding and (ii) the amyloid state of the PrP expressed by the increase in dye
binding. The intensity at 633 nm increased instantly after addition of the monomeric PrP,
showing the increase in total mass and size of the protein bound-vesicles. It should be noted
that the PrP monomer conversion at the vesicle surface is performed at a lipid-to-protein
molar ratio of 50/1. In the same conditions, DLS measurements show that vesicle size
increases from 110 nm up to 500 nm during PrP monomer binding, whereas the size of lipid
suspensions remains significantly unchanged upon addition of the off-pathway oligomers
(Figure S3 in the Supporting information).

The intensity measured at 633 nm increased within 1 minute at the addition of oligomers to
the DOPC/DOPS vesicles suspensions, showing the rapid and high binding of the off-
pathway oligomers to the negatively charged vesicles (Figure 2D). The change in ThT
intensity is immediate after addition of the 12-mers to the DOPC/DOPS suspension and
remains constant for 1 hour (Figure 2B). The ThT intensity increased from 0.76 to 0.95 in the
presence of DOPC/DOPS (Figure 2B), while the pure oligomer at a concentration of 2 uM
gave an intensity of 0.805 + 0.005. These lipid-bound oligomers have higher ThT affinities
than the solvated 12-mers, corroborating the lipid-induced conformational change of the 12-

mers (Figure 2B). The contact of the oligomers with the lipid bilayer induces the
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conformational change of the B-structured 12-mers to an enriched [B-state conformers, as

supported by the following FTIR-ATR results obtained on SLBs (Figure 3B).
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Figure 2. ThT binding (A, B) and SLS (C, D) experiments for PrP 12-mers (B, D), at a

concentration of 2 uM, compared to the corresponding experiments for the monomer (A, C),

at an equivalent concentration of 5 uM of PrP, in contact with DOPC/DOPS liposomes at

lipid concentration of 0.2 mg/mL.

3.3 Conformational changes of PrP oligomer versus monomer bound to lipid bilayers

The percentage of Amide I' in each secondary structural elements were determined from

FTIR-ATR spectra, recorded as a function of adsorption time of, either PrP monomer, or off-

pathway oligomers, on DOPC/DOPS bilayers (Figure 3). From our spectral analysis, PrP

monomers in deuterated solution at pD 6.5 contains 40% of a-helix and this content decreases

to 34 % at 30 min and to 28 % at 240 min upon contact with membrane (Table S1). The lipid
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environment entails for PrP monomers a conformational change from a-helix to B-structure,
giving rise to intermolecular B-sheet absorbing at 1630 cm™ and to intermolecular B-sheet at
1614 cm™ (Table S1). We only reported in Figure 3A the content in intermolecular $-sheets at
1614 cm™, which is an indicator of the amyloid fibrillation [41]. This lipid-induced o-to-p
conversion of PrP is in agreement with previously published data [18, 19]. The percentage of
Amide I' band component at 1614 cm™ was found to be 3% for the monomeric PrP at time 0
and is indeed likely due to the contribution of Phe and Trp residues. Once the adsorbed
amount of PrP reached the plateau value of 6 mg/m?, the ratio of intermolecular B-sheets in
the polypeptide backbone (1614 cm™) reached 11.5% at 240 min (Figure 3A). The increase in
intermolecular B-sheets content for the adsorbed PrP layer gives evidence of the promotion of
fibril formation without a lag phase at the lipid interface (Figure 3A). Other studies show an

accelerating effect of lipids on the prion fibrillation [18, 19].
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Figure 3. The left axis represents the adsorbed protein amount (open symbols) onto
supported DOPC/DOPS bilayer for the monomeric PrP at a bulk concentration of 5 uM (A)
and of 12-mer at 5um equivalent monomer concentration (B). The right axis represents the %
of the infrared component band area (full symbols) at 1614 cm™ (A), assigned to

intermolecular B-sheets, or at 1623 cm™ (B), attributed to intramolecular -sheets.

The off-pathway oligomers in solution contain 12% of intermolecular B-sheets, absorbing at
1614 cm™, and 24% of intramolecular B-sheets, composed of 13% of the polypeptide
backbone absorbing at 1623 cm™ and 14% at 1630 cm™ (Table S1). The secondary structures
of the off-pathway oligomers are also affected by the lipid bilayer, as shown by the increase

of the content in B-sheets (1623 cm™) to the detriment of the content in B-sheets structure at
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1630 cm™ during adsorption (Figure 3B) but no increase in content in intermolecular B-sheets
at 1614 cm™ is observed (Table S1). The hydrophobic environment of the lipid membrane
generates de novo B-structured lipid-bound oligomers, which do not evolve to further amyloid
aggregation (Figure 3B). The conformational ‘“snapshot” state of the lipid-induced
intermediates corresponding to 30 min of monomer adsorption on SLBs contains 18% of
peptide carbonyls involved in intramolecular B-sheets absorbing at 1623 cm™, 11% of
intramolecular B-sheets absorbing at 1630 cm™, and 9% of peptide carbonyls involved in

intermolecular -sheets absorbing at 1614 cm™.

3.4 PrP oligomer interaction with SLBs by SNR

3.4.1 Structure of the pure lipid bilayer from SNR

In the absence of protein, the system consisted of a SiO; layer above the silicon substrate, the
adsorbed lipid bilayer, and aqueous buffer. The naked silicon wafers were fitted without any
free parameter (Fresnel calculation). The SiO, layer was found to be a single layer of 5.0 +
0.3 A thickness with an average roughness of ~1 A. The bilayer for each sample was fitted,
either by a single fit from the D,O dataset only (not shown), or were co-refined using both
D,0 and H,0 datasets, by constraining the thickness and the change in experimental SLD of
each contrast to the same values (Figures 4 and 5). In the H,O contrast, the fringes associated
with the bilayer were hardly visible since the SLD of the acyl chains was very close to that of
the aqueous buffer (Figures 4B and 5B). By considering these two methods (D,O only or co-
refinement), the model fitting with the four-layer model gave an overall bilayer thickness of
54 + 3 and 58 + 2 A, for the two prepared bilayers, which were subsequently used for the
lipid-induced PrP intermediates and the off-pathway oligomers, respectively, in agreement

with DOPC/DOPS total lengths. For these two bilayers, the solvent fractions found for the
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hydrophobic acyl chain regions were about 85 and 81%, respectively. This corresponds to the
surface fraction occupied by the membrane on the silicon surface, in good agreement with
data published previously [45]. The hydrophilic heads of the upper layer were solvated at
~60%, giving SLD close to that of the buffer (Figure 4C and 5C). Note that the SLD profiles
for the pure lipid bilayer could be slightly different between both contrasts for each PrP
species, since the samples are actually different. We performed one experiment per contrast,
restarting from one lipid deposit on a new silicon wafer, but the two distinct SLBs were nicely
reproducible.

The structural parameters of the phospholipid bilayers were then used as references to
investigate the conformation and the degree of membrane insertion of the different PrP

oligomers during membrane interaction. The resulting model parameters are summarized in

Table 1.
A

ure lipid bilayer “PrP penetration” hypothesis “solvent penetration” hypothesis
layers t | r| exp. | solvent t r exp. solvent PrP exp. solvent solvent

SLD SLD penetration SLD penetration

headsin | 19 | 1| 3.15 21 23| 2 3.43 21 29 3.15 28 +7
tails 13 | 1] 1.04 19 16 | 1 1.69 19 19 1.04 29 +10
in/out
heads | 20 | 1| 4.60 57 25| 2 5.29 57 68 4.60 74 +17
out
B

ure lipid bilayer “PrP penetration” hypothesis “solvent penetration” hypothesis
layers t | r| exp. | solvent t r exp. solvent PrP exp. solvent solvent

SLD SLD penetration SLD penetration

headsin | 23 | 1| 2.95 16 20| 1 3.63 16 69 2.95 33 +17
tails 12 | 1] 0.77 15 17 | 2 1.95 15 34 0.77 33 +18
in/out
heads | 25 | 1| 4.97 66 24 | 1 4.72 66 <0 497 60 -6
out
PrP - |- - - 72| 2 5.98 88 - 5.98 88 -

Table 1. Physical parameters of the supported lipid bilayer, before (left) and after exposure to
(A) lipid-induced on-pathway PrP intermediates or (B) PrP off-pathway oligomers (12-mers).
The calculation results presented in the middle part follows the assumption that bilayer
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modification comes from PrP recruitment; the right part of the table follows the assumption of
additional buffer penetration but without loss of lipids. Significant changes in structural
parameters are marked in bold. t (A): layer thickness (+ 1 A); r (A): roughness between one
layer and the adjacent previous one (+ 1 A); PrP or solvent penetration: percent of volume
fraction (+ 2%); exp. SLD (x 10° A®): experimental scattering length density (SLD) of the
layer (+ 0.05 x 10® A™); solvent: percent buffer content of the layer (+ 2% in volume). The
experimental SLD takes into account the solvent content that is noted in the adjacent column.

For the theoretical SLD, see Table S2.

3.4.2 The lipid-induced on-pathway intermediates.

After 30 min of exposure to the lipid bilayer, the PrP monomers injected in the subphase were
actually p-sheeted intermediates due to the lipid-induced conformational changes, as shown in
the FTIR-ATR experiments (Figure 3A). In the presence of the lipid-bound intermediates, the
SNR data measured in D,O showed no deviation of the position of the first oscillation
(observed at q ~ 0.058 A™) but only a change in its amplitude (Figure 4A). That means there
was no significant modification of the membrane thickness but rather strongly suggests a
change in the bilayer composition. The data of PrP in interaction with the bilayer in D,O and
H,O contrasts have been fitted together using the co-refinement option, by assuming two
different hypotheses. The first one is to attribute the experimental SLD change upon PrP
assemblies interaction to the penetration of the protein solely and not to the solvent, the
second one exclusively to an additional solvent income into the lipid bilayer. The two
hypotheses enable to fit correctly the experimental results by a four-layer model (Table 1).
Since no fit was possible with a five-layer model, the presence of the protein is excluded at
the lipid interface. Moreover, rinsing with pure buffer does not desorb the lipid-induced PrP

intermediates, as checked by our FTIR-ATR experiments. Therefore, the second hypothesis
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(solvent penetration only) can be ruled out and only the model of insertion of the lipid-bound
intermediates into the bilayer can fit the experimental data with a four-layer model. With a
protein SLD (in D,O contrast) at about 3.3 x 10° A? the fit gave a volume fraction of
inserted proteins of 19% in the tail region and 68% in the headgroups of the out leaflet (Table
1). Nevertheless, it could also be suggested that the insertion of the PrP assemblies in the lipid
bilayer could entail some partial hydration within the headgroups of the external leaflet. The
total bilayer thickness increased from 54 + 3 to 65 + 2 A, suggesting that these lipid-bound
intermediates penetrated the bilayer without appreciable external protrusion (Figure 4A). In
the H,O contrast, the lipid bilayer was hardly not visible, as mentioned above, but was

“revealed” by the protein insertion within the membrane (Figure 4B).
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Figure 4. Specular neutron reflectivity profiles of lipid-induced on-pathway PrP intermediates
in interaction with a supported lipid membrane. (A, B) SNR profiles in 100% D,0 (A) or
100% H,0O (B) contrast of the naked silicon wafer (black squares), of the pure (in the absence
of PrP) supported membrane bilayer made of hydrogenated DOPC/DOPS (7:3) phospholipids
in 20 mM MOPS buffer, pD (A) or pH (B) 7.2, (blue circles), and SNR profiles of the same
bilayer in the presence of lipid-induced PrP intermediates (red triangles) in the same buffers.
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Solid lines (gray, cyan, and orange, for the corresponding data) are the best fits obtained with
the four- or five-layer model described in the text. (C) Scattering length density profiles for
the pure bilayer (blue curve) or for the membrane in the presence of lipid-induced PrP
intermediates (red curve) are shown in the D,O contrast only but are extracted from the co-

refinement reflectivity data analysis from both D,O and H,O contrasts.

3.4.3 The off-pathway oligomers.

In the case of the PrP 12-mers (i.e. the off-pathway oligomers), the minimum of the SNR
spectrum in D,O was shifted towards the low g-values (Figure 5A), meaning that the
membrane/PrP oligomers system was thicker than its associated single supported bilayer. In
the H,O contrast, the reflectivity profile was very “soft” and rough (Figure 5B), compared to
the spectrum observed for the lipid-bound on-pathway intermediates in the same contrast
showing a more marked oscillation (Figure 4B). The reflectivity curves were modeled, using
the same co-refinement approach as above, and can be fitted using a five-layer model. An
additional protein layer of about 72 + 1 A, with a solvent volume fraction of about 88%, was
introduced in the multilayer framework to fit the data (Figure 5C, Table 1). Therefore, in
contrast to the lipid-induced on-pathway intermediates, the off-pathway oligomers (12-mers)
form an additional layer in the vicinity of the outer leaflet membrane. The 88% solvent
volume fraction of this layer can be interpreted partly as hydration of the protein but mostly as
a partial protein adsorption on the bilayer, such as “patches”. We might therefore evaluate at
least 12% the surface fraction occupied by the adsorbed protein on the bilayer surface. No
significant change in the thickness of the bilayer itself was observed, whereas the SLD
profiles of the overall bilayer leaflets were modified (Figure 5C), suggesting that the PrP 12-
mer may also reside in the internal region of the membrane. However, in a “PrP penetration”

hypothesis, with fixing the water content and taking a protein SLD of 3.3 x 10° A? (D,0
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contrast), the calculation of PrP penetration gave senseless results (negative values of PrP
insertion in the outer lipid heads, meaning that some protein should leave from this layer) and
invalidate this assumption. So, only the solvent penetration hypothesis was relevant, giving a
small amount of supplementary buffer inserted into the bilayer.

Overall, our results showed that the lipid-induced on-pathway species penetrated deeply into
the membrane without significant proteic protrusion, whereas the off-pathway species
produced along the p-aggregation of PrP monomers in solution formed an adsorbed “patched”

layer at the external lipid surface, as illustrated in Scheme 2.
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Figure 5. Specular neutron reflectivity profiles of PrP off-pathway oligomers (12-mers) in
interaction with a supported lipid membrane. (A, B) SNR profiles in 100% D,0 (A) or 100%
H,O (B) contrast of the naked silicon wafer (black squares), of the pure (in the absence of
PrP) supported membrane bilayer made of hydrogenated DOPC/DOPS (7:3) phospholipids in
20 mM MOPS buffer, pD (A) or pH (B) 7.1, (blue circles), and SNR profiles of the same

bilayer in the presence of the PrP off-pathway oligomers (red triangles) in the same buffers.
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Solid lines (gray, cyan, and orange, for the corresponding data) are the best fits obtained with
the four- or five-layer model described in the text. (C) Scattering length density profiles for
the pure bilayer (blue curve) or for the membrane in the presence of the PrP off-pathway
oligomers (red curve) are shown in the D,O contrast only but are extracted from the co-

refinement reflectivity data analysis from both D,O and H,O contrasts.

Scheme 2: (A) membrane-mediated aggregation of the monomeric PrP leading to pB-
intermediates inserted in lipid bilayers and (B) interaction of off-pathway oligomers at lipid

interface.

4. Discussion and Conclusion
We present in this paper a range of biophysical experiments aiming at elucidating the

membrane interaction of purified off-pathway PrP oligomers to lipid-induced PrP
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intermediates. First, we focused our experimental work on the membrane permeabilization by
off-pathway PrP oligomers produced in solution to decipher the mechanism of
amyloidogenecity and toxicity. The off-pathway oligomers are species produced in vitro
along PrP fibrillation but do not give rise to the formation of the fibrillar end products [25].
Previous studies have shown that oligomeric PrP species are toxic towards cells [46]. These
entities are PB-structured in solution and contains 14% of the polypeptide backbone in
intramolecular B-sheets at 1623 cm™, suggesting B-sheeted structures involving, either a
larger number of strands, or a more planar conformation [41]. Besides, flatness of the B-sheet
has been proposed to be critical for high-affinity ThT binding [47]. The measured ThT
affinity for the free off-pathway oligomers in solution (Figure 3B) is also in agreement with
the presence of such structural 3-arrangement.

Results from calcein-dye leakage show that PrP oligomers could permeabilize negatively
charged lipid vesicles in a rapid all-or-none fashion regarding the unchanged vesicles
distribution by DLS (Figure S3). In the literature, many hypotheses could explain the
permeabilization of lipid bilayers by oligomeric species. It has been suggested for other
amyloidogenic proteins that membrane permeabilization by oligomeric species occurs through
the formation of pore-like complexes inserted in the lipid membrane [23, 48, 49]. The
conformational change observed for the off-pathway oligomers is entailed by the presence of
lipids to a rearranged B-structure by decreasing the parallel B-sheets content at 1630 cm™ to a
higher content in more planar p-sheets (1623 cm™) (Figure 3B). This increase in 1623 cm™ is
also correlated to the ThT increased affinity observed for the lipid-bound oligomers in Figure
2B. This lipid-induced conformational change of the PrP oligomers would be in favor of the
pore hypothesis [18, 44, 50]. Although the pore formation accounts for membrane disruption,
some facets remain unexplained if we consider the size of the spherical soluble oligomers

reaching 17 nm diameter for the 12-mers up to 23 nm diameter for the 36-mers with reference
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to the measured hydrodynamic diameter. It has been reported that vesicles containing high
amounts of negatively charged moieties are ruptured more easily by mechanical forces [51].

However, we show that not solely 12-mers are membrane active but also soluble on-pathway
oligomers of higher molecular weight in a concentration range where the freshly dissolved
PrP monomer is inefficient (Figure 1). If the binding mode to the lipid bilayers is indeed of
prime importance, it is obvious that soluble oligomers contain structural features, enabling the
destabilization of the lipid membrane.

It should be also noticed that the binding of the off-pathway PrP oligomers on SLBs do not
cause lipid release as observed by our ATR experiments. A detergent-like mechanism causing
membrane disruption by the accumulation of large oligomeric species can then be excluded
for the PrP oligomers, in contrast with that have been reported for the action of oligomeric
species from A or IAPP peptides [48, 52].

From our SNR experiments, the off-pathway oligomers, presenting lytic activities, do not
insert into the lipid bilayer. This experimental observation in addition to those of an enriched
B-structure of the lipid-bound oligomers enable to conclude that the binding of the large PrP
assemblies destabilize the outer leaflet of the membrane, allowing water molecules to
penetrate inside the lipid bilayer and causing dye leakage. Our observations from dye-leakage
assays made up at lipid-to-protein ratio of 300/1 are consistent with the existence of an
initially membrane-disruptive state upon binding of the off-pathway oligomers to the bilayer,
that could reorganizes into a state much less disruptive rather than a model of pore-forming
species.

In the literature, another hypothesis could explain the permeabilization of lipid bilayers by
oligomeric species, linked to their ability to form amyloid fibers onto the surface of lipid
vesicles [53]. For example, the damage of DOPC:DOPS vesicles by IAPP oligomers were

caused by the mechanical disruption of the lipid membrane as a result of the associated
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growth of amyloid-like fibrils [54]. From our ThT-SLS and FTIR-ATR experiments, we
could observe that the ThT positive lipid-bound state of the off-pathway oligomers is related
to the presence of planar -sheets rather than to intermolecular B-sheets found in amyloid
aggregates. Besides, the SNR results show the formation of a protein adlayer on the external
lipid membrane, less compatible with further fibril elongation known to lead more
hydrophobic entities.

Unlike the off-pathway oligomers, the lipid-induced PrP intermediates from the monomer
conversion in lipid environment is inserted in the lipid bilayer. Moreover the lipid-induced
species present a completely different secondary structure that of the off-pathway oligomers,
with a higher content in intermolecular B-sheets, showing its multimeric state. The
intermolecular B-sheets, known to be also present in amyloid aggregates, have a high affinity
to the ThT fluorescent probe [28]. And we show that these early PrP intermediates are also
ThT positive aggregates by our SLS-ThT experiments (Figure 2). The study at the early stage
of formation of these lipid-induced intermediates ensures to characterize the oligomeric states
rather than fibrillar end-products [55]. The high interfacial concentration in PrP species
obtained during monomer adsorption on SLBs is in favor of the formation of B-sheeted
oligomeric intermediates resulting from the a-helix unfolding in the hydrophobic
environment. The mode of interaction of these oligomeric species with lipid membrane is
different from that of the off-pathway oligomers. The insertion of the lipid-induced PrP
intermediates as shown by SNR is corroborated by the increase in vesicles size upon
monomer conversion, as shown by DLS at similar lipid to protein ratio used for SLS-ThT
experiments (Figure S3).

Thanks to the SNR and ATR experiments performed at identical conditions, we can propose
two distinct mechanisms of interaction with PrP intermediates generated along the fibrillation

in solution or on the accelerated fibrillation at lipid interface. The former operates as a
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surface-acting agent more than a pore-forming species, whereas the latter inserts in the lipid
bilayer, both of them having a putative role in neurotoxicity. Our conclusions coincide with
emerging ideas concerning the production of different oligomeric species potentially
neurotoxic, whether the B-aggregation or the fibrillation starts from the amyloidogenic
proteins free in solution or is embedded in lipids [56]. However, the formation of these PrP
intermediates occur at high molar concentration ratio of lipid to protein reaching, in our case,
around 6:1 for ATR and 50:1 for SLS-ThT experiments. The high lipid-to-protein molar ratio
needed for the formation of the lipid-induced PrP intermediates raises the question of in vivo
relevance of lipid membrane as non-specific catalyst of the protein fibrillation. At the present
time, the question of the localization in the cell of PrP misfolding is still under debate [57]. If
a high interfacial concentration in PrP monomers localized at a specific composition of the
cell membrane is reached, it is then possible, due to the high conformational flexibility of the
prion protein, to generate B-enriched intermediates behaving in a strongly different manner

than lytic soluble oligomer
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Figure S1. Size-exclusion chromatogram obtained after 8 min incubation of monomeric PrP
at 80 UM in citrate buffer at 50°C to produce on-pathway (peak 1) and off-pathway (peak 2)

oligomers.
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Figure S2. ATR- corrected spectra after 30 minutes of contact with lipid bilayer (red curves)
and transmission spectra (blue curves) in deuterated buffer at pD 6.8 (A) of monomeric PrP
after 30 min incubation with lipid bilayer (B) of monomeric PrP at 180 uM in solution, (C) of
off-pathway oligomeric PrP after 30 min incubation with lipid bilayer, (D) of off-pathway
oligomeric PrP at 40 uM in solution. The dashed line corresponds to the v(CO) of the Asp

and Glu residues.
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Figure S3. DLS measurements of PCPS vesicles free (bold line) or in addition of off-pathway
oligomers at a equivalent monomer concentration of 500 nM and for a lipid-to-protein molar
ratio of 300/1 (A) or of PrP monomer at 500 nM and for a lipid-to-protein molar ratio of 62/1

(B) at different times of interaction.
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Supplemental Table 1: Assignment of Amide I' component bands and spectral
decomposition analysis of the monomeric PrP and oligomeric PrP in deuterated MOPS buffer
at pD 7 (T=0min) and after exposure of 30 min or 240 min to the lipid bilayer. % Amide I' is

expressed by the ratio of area of each component band to the total area of the Amide I'.

PrP %Amide I Assignment
monomer T=0min | T=30 min T= .240
min

1614 3 9 115 Intermolecular 3-sheet
1630 16 21 23 B-sheet
1640 20 17 18 Hydrated random
1650 36 34 28 Random or a-helices
1661 ié 4 5 Random or a-helices
12;; . 123 122'5 Random or B-turn

Random or B-turn
PrP %Amide I Assignment

oligomer T=0min | T=30 min = .240
min

1614 12 9 8 Intermolecular B-sheet
1623 13 18 21 B-sheet
1630 14 11 5 B-sheet
1640 18 21 27 Hydrated random
1651 14 14.5 11 Random or a-helices
1661 ig 14.5 15 Random or B-turn
ig;g . g 130 Random or B-turn

Random or B-turn
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Supplemental Table 2: Molecular scattering length densities (SLD) used in SNR

calculations.

Compound SLD (x 10° A%
Si 2.07

SiO, 3.47

DOPC:DOPS (7:3) | 2.3 (in D;0) or 2.01 (in H,0)

heads

DOPC:DOPS (7:3) | -0.21

tails

prion 3.30 (in D,0) or 1.88 (in H,0)

solvent 6.34 (D20) or -0.56 (H,0)
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