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ABSTRACT The yeast prion Ure2p polymerizes into native-like fibrils, retaining the overall structure and binding properties of
the soluble protein. Recently we have shown that, similar to amyloid oligomers, the native-like Ure2p fibrils and their precursor
oligomers are highly toxic to cultured mammalian cells when added to the culture medium, whereas Ure2p amyloid fibrils gener-
ated by heating the native-like fibrils are substantially harmless. We show here that, contrary to the nontoxic amyloid fibrils, the
toxic, native-like Ure2p assemblies induce a significant calcein release from negatively charged phosphatidylserine vesicles. A
minor and less-specific effect was observed with zwitterionic phosphatidylcholine vesicles, suggesting that the toxic aggregates
preferentially bind to negatively charged sites on lipid membranes. We also found that cholesterol-enriched phospholipid
membranes are protected against permeabilization by native-like Ure2p assemblies. Moreover, vesicle permeabilization appears
charge-selective, allowing calcium, but not chloride, influx to be monitored. Finally, we found that the interaction with phospha-
tidylserine membranes speeds up Ure2p polymerization into oligomers and fibrils structurally and morphologically similar to the
native-like Ure2p assemblies arising in free solution, although less cytotoxic. These data suggest that soluble Ure2p oligomers
and native-like fibrils, but not amyloid fibrils, interact intimately with negatively charged lipid membranes, where they allow
selective cation influx.
INTRODUCTION

Transmissible spongiform encephalopathies, including

human Creutzfeldt-Jacob disease, bovine spongiform enceph-

alopathy, and sheep scrapie, are neurodegenerative diseases

arising from the polymerization into fibrillar amyloid assem-

blies of the prion protein (PrPc) structurally altered in an amy-

loidogenic conformation (PrPsc) (1). Prion proteins have also

been described in yeasts and fungi. For example, the yeast

Saccharomyces cerevisiae exhibits three prion traits. The

[URE3] trait, which is heritable in a non-Mendelian manner,

arises from the protein Ure2 and results in a modified regula-

tion of nitrogen catabolism (2–4).

Native Ure2p is a dimeric cytosolic protein that becomes

inactive and insoluble in the cytoplasm of the [URE3] yeast

cells, where it forms large globular or elongated aggregates

(5). Ure2p is a two-domain protein containing a flexible

and poorly structured N-terminal ‘‘prion’’ domain (residues

1–93) required for in vitro fibril formation and prion propa-

gation (6,7) and a folded globular, a-helical C-terminal

domain (residues 95–354) (7–9) whose crystal structure

has been determined (10,11). The C-terminal domain shares

sequence and fold homologies with proteins of the gluta-

thione S-transferase family (12,13). Actually, in its native,
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soluble state, Ure2p binds glutathione (14) and displays

a multisubstrate glutathione peroxidase activity (15).

Under physiological conditions, recombinant Ure2p

assembles in vitro into globular oligomers eventually giving

rise to fibrils displaying several morphological, structural,

and tinctorial features of amyloids, including enhanced resis-

tance to proteolysis, increased Thioflavin T (ThT) fluores-

cence, and the yellow-green birefringence in cross-polarized

light upon Congo red binding (8,16). However, these fibrils

possess several characteristics that set them apart from

conventional amyloid fibrils. In fact, they lack the cross-

b framework typical of amyloids (17), and the Ure2p mono-

mers assembled in these fibrils retain their native structure,

the ability to bind glutathione, and the glutathione peroxi-

dase activity (18,15). Thus, Ure2p aggregation into native-

like fibrils is reminiscent of the assembly of specific proteins

into functional polymers, such as actin filaments and micro-

tubules, or into pathological polymers such as serpin poly-

mers (19). These results have led to propose a model of

Ure2p assembly into native-like fibrils based on the assump-

tion that only minor conformational changes occur during

the process (18,20).

Native-like Ure2p fibrils incubated at 60�C for 1 h

undergo major conformational changes involving the organi-

zation of a cross-b core typical of amyloid fibrils, as revealed

by the x-ray diffraction images, with the appearance of the

characteristic reflection at 4.7 Å that is missing in the diffrac-

tion pattern of native-like fibrils (21). Such a change in
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native-like fibrils is accompanied by the loss of their ability

to bind glutathione, by a significant increase of their b-sheet

content, and by a significant change in their proteolytic

pattern, probably arising from increased packing of Ure2p

molecules within the fibrils. Despite their structural differ-

ences, the heat-treated Ure2p fibrils are undistinguishable

from the native-like fibrils on negatively stained electron

micrographs (21).

In a recent study, we have shown that Ure2p native-like

assemblies (dimers, oligomers, and fibrils) are highly toxic

to cultured mammalian cells when added to the culture

medium, whereas the amyloid fibrils obtained by heat treat-

ment of the toxic native-like fibrils appear harmless (22).

Similar to Ure2p, p13suc1, a small protein that can exist as

a monomer and as a domain-swapped dimer, assembles

into cytotoxic native-like aggregates (23). These results led

to hypothesize that the toxicity of protein aggregates cannot

be considered as a specific property of amyloid assemblies;

rather it can also be displayed by protein assemblies where

the polypeptide units maintain their overall native structure.

Based on our previous observations, we proposed that the

toxicity of Ure2p native-like aggregates depends on their

ability to interact with the cell surface, similarly to amyloids,

resulting in membrane permeabilization, deregulation of free

Ca2þ homeostasis, oxidative stress, and eventually cell death

(22). This view is consistent with the widely accepted idea

that the toxicity of protein aggregates is mainly the conse-

quence of their interaction with the cell membranes; such

an interaction is reminiscent of the behavior of pore-forming

proteins such as bacterial toxins (24,25), with alteration of

membrane permeability and imbalance of ion homeostasis

(26,27).

An increasing body of evidence indicates that surfaces,

notably synthetic and biological membranes, are able to

speed up protein/peptide aggregation behaving as conforma-

tional catalysts in a two-dimensional environment (28). In

particular, surfaces can accelerate aggregate nucleation by

recruiting the monomers with significant increase of their

local concentration and favoring monomer unfolding (29).

The structural features of amyloid fibrils grown on surfaces

can depend on the type of surface and can be different

from those displayed by fibrils arising in solution. These

effects are associated with the physicochemical properties

of the surface, and in particular, in the case of lipid surfaces,

with the lipid composition that, in turn, affects the physical

properties of the membrane including charge, hydropho-

bicity, fluidity, density of packing, curvature, and others (30).

Under physiological conditions protein/peptide aggrega-

tion occurs in an intracellular or extracellular crowded envi-

ronment. Thus, describing the mechanism of protein/peptide

aggregation in tissues and the influence of cell membranes is

of the utmost importance as it may allow understanding the

molecular events leading to this aggregation and the associ-

ated cytotoxicity (31,32). Here we documented the interac-

tion between different native-like Ure2p assemblies and
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synthetic phospholipid unilamellar vesicles to provide addi-

tional information on the molecular features that induce

plasma membrane permeabilization, a key event underlying

amyloid and nonamyloid aggregate cytotoxicity. We also

investigated the ability of lipid membranes to act as catalysts

of Ure2p aggregation into fibrillar assemblies, possibly by

inducing conformational changes that could influence the

aggregation pathway and eventually the nature and/or the

toxicity of the resulting Ure2p assemblies.

The interaction of native-like and amyloid Ure2p aggre-

gates with synthetic phosphatidylcholine (PC); phosphati-

dylserine (PS); PC/PS mixed vesicles; and, in some cases,

PS vesicles enriched in cholesterol was documented. The

leakage through the vesicle membrane of differently sized

chemicals (calcein) or charged ions (Ca2þ, Cl�) was also

investigated. We found that the toxic, native-like Ure2p

assemblies interact preferentially with negatively charged

membranes, inducing significant calcein release from PS or

PS-enriched vesicles, whereas no significant permeabiliza-

tion was induced by the nontoxic heat-treated amyloid

fibrils. Furthermore, cholesterol enrichment protects

membranes against permeabilization by the Ure2p assem-

blies. We also found that vesicle permeabilization by the

Ure2p native-like oligomers and fibrils is at least charge

selective, allowing movements of positively charged ions

such as Ca2þ, but not of anions such as Cl�.

MATERIALS AND METHODS

Ure2p assembly into oligomers and fibrils

Ure2p was expressed in Escherichia coli, purified as previously described

(7,8), and stored at �80�C in buffer A (20 mM Tris-HCl, pH 7.5,

200 mM KCl, 1 mM dithiothreitol, 1 mM EGTA). Ure2p assembly into

native-like fibrils was achieved by incubating the protein (50–100 mM) at

8�C without shaking in buffer A for 48–96 h. Soluble Ure2p oligomers

were obtained soon after thawing the protein stored at �80�C. Ure2p

amyloid fibrils were obtained by heating the native-like fibrils at 60�C
for 1 h .

Preparation of phospholipid unilamellar vesicles

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL). 1,2-

Dioleoyl-sn-glycero-3-[phospho-L-serine], 1,2-dioleoyl-sn-glycero-3-phos-

phocholine, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], and

cholesterol in chloroform solutions were dried in glass tubes (8 mm in diam-

eter) under a gentle nitrogen stream in a fume hood. For mixed lipid

membrane and lipid/cholesterol preparations, chloroform solutions were

mixed in the appropriate ratio before evaporation. For calcein release assay,

the dry lipid film resulting from evaporation was resuspended in 60 mM cal-

cein (Sigma, St. Louis, MO), 1 M Tris-HCl buffer, pH 7.5, at a 1 mg/ml final

lipid concentration. For Ca2þ influx measurements, the lipid film was resus-

pended in 0.1 mM Fura-2 (Molecular Probes, Eugene, OR), 20 mM Tris-

HCl buffer, pH 7.5, 200 mM KCl, at a final lipid concentration of 20 mg/ml.

For Cl� influx measurements, the lipid film was resuspended in 1 mM

lucigenin (Molecular Probes), in 200 mM KNO3 solution at a final lipid

concentration of 10 mg/ml. For circular dichroism (CD) analysis, ThT assay,

cytotoxicity assay, and EM analysis, the lipid film was resuspended in buffer

A. The resuspended samples were incubated for 1 h at room temperature to

allow lipid hydration and vesicle formation, vortexing occasionally. After
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1 h, the lipid suspensions were vigorously vortexed to allow complete

detachment of hydrated lipids. The resulting suspension was subjected to

five freeze-thaw cycles of 2 min each: freezing in liquid nitrogen followed

by 2 min thawing at 37�C. Then the sample was sonicated for 20 min at

20 kHz in ice to obtain a clear suspension of small unilamellar vesicles.

The large lipid aggregates and titanium impurities coming from the sonicator

probe were removed by centrifuging the preparation for 10 min at 10,000� g.

For permeabilization experiments using vesicles loaded with fluorescent

compounds, the nonencapsulated fluorescent markers were removed by

gel-filtration using a Sephadex G-50 column (1.5� 7.5 cm); the eluted vesi-

cles were used within 48 h. Before each experiment, the size distribution of the

vesicle population was checked using a Zetasizer Nano S dynamic light scat-

tering device from Malvern Instruments (Malvern, Worcestershire, UK).

Nonhomogeneous lipid populations, i.e., preparations where the mean size

was not comprised in the range 50–100 nm, were discarded.

Calcein release assay

Calcein-loaded lipid PS or PC vesicles were incubated in buffer A in the

presence of the different types of Ure2p aggregates at 25�C and 15�C,

respectively. These temperatures take into account the different phase

transition temperature (Tm) of PS and PC (�11�C and �20�C,

respectively).

The calcein is self-quenched in the vesicle acqueous core; therefore,

calcein leakage to the external medium upon Ure2p aggregate-vesicle inter-

action can be monitored as increase of calcein fluorescence due to calcein

dilution and consequent reduction of self-quenching. The measurements

were performed in real-time using a 2 � 10-mm path length cuvette and

a PerkinElmer (Waltham, MA) LS55 spectrofluorimeter equipped with a

thermostated cell holder. The excitation and emission wavelengths were

490 nm and 520 nm, respectively; the excitation and emission slits were

set at 15 nm and 2,5 nm, respectively. The percentage of calcein release

was calculated according to the ratio

% max ¼ ðF� F0Þ � 100=ðFmax � F0Þ;
where F is the fluorescence measured at the different time intervals during

the experiment, F0 is the fluorescence measured at the beginning of the

experiment, and Fmax is the maximum fluorescence, as determined by dis-

rupting the vesicles at the end of each experiment by adding 0,1% Triton

X-100.

Measurement of Ca2þ influx

Fura-2-loaded PS or PC vesicles were incubated in 20 mM Tris-HCl buffer,

pH 7.5, 200 mM KCl, 1 mM DTT in the presence of the different types of

Ure2p aggregates, as described above. To establish a Ca2þ gradient across

the lipid membrane, 1 mM CaCl2 was added to the solution at the beginning

of each measurement. Such a Ca2þ concentration was chosen to ensure

conditions under which the Ca2þ is in excess respect to the Fura-2 probe

without inducing vesicle aggregation or fusion.

The Ure2p aggregate-induced Ca2þ influx into the vesicles was monitored

by following the changes over time of the fluorescence ratio of the Ca2þ-

sensitive fluorophore Fura-2 at excitation wavelengths of 340 nm and

380 nm (F340/F380) due to the Ca2þ binding by Fura-2 (33) with an

emission wavelength of 515 nm. Fura-2 exhibits a shift in the excitation

wavelength from 380 nm to 340 nm upon Ca2þ binding. The excitation

and emission slits were both set at 5 nm. The Ca2þ influx was reported as

percentage of the maximum fluorescence ratio F340/F380 corresponding

to full complexation of Fura-2 by Ca2þ obtained after addition of 100 nM

ionomycin (Molecular Probes), a ionophore that allows Ca2þ passive diffu-

sion through the lipid bilayer, according to the ratio:

% max ¼ ðR� R0Þ � 100=ðRmax � R0Þ;
where R is the fluorescence ratio F340/F380 measured at the different time

intervals during the experiment, R0 is the fluorescence ratio measured at the

beginning of the experiment, and Rmax is the maximum fluorescence ratio,

corresponding to the maximum Ca2þ influx, determined by adding 100 nM

ionomycin at the end of each experiment.

The effect of tromethamine (10 mM), a potent inhibitor of ion mobility

through channels made of amyloid forming peptides, on Ca2þ influx was

documented as described (34).

Measurement of Cl� influx

To monitor Cl� influx into vesicles incubated in the presence of native-like

Ure2p aggregates, we used the fluorescent Cl�-sensitive probe lucigenin

(bis-N-methylacridinium nitrate). This probe is known to be collisionally

quenched by halide ions resulting in a decrease of the ion concentration-

dependent fluorescence without any shift in wavelength; this method has

been used to detect Cl� transport by biological carriers (35). Briefly, lucige-

nin-loaded PS and PC vesicles were incubated in 20 mM Tris-HCl buffer,

pH 7.5, containing 200 mM KNO3, 1 mM EGTA, and 1 mM DTT in the

presence of the different types of Ure2p aggregates, as described above.

To establish a Cl� gradient across the lipid membrane, 20 mM KCl was

added to the solution at the beginning of each measurement. To maintain

the osmolarity of buffer A, KCl was replaced by 200 mM KNO3 because

nitrate is lipophilic with respect to other anions and therefore can cross easily

the lipid bilayer. It therefore appears able to counteract the electrostatic

potential created by the possible influx of Cl� ions into the vesicles, thus

enhancing such an influx (35).

The Cl� influx over time was monitored by measuring the changes in the

fluorescence of lucigenin, collisionally quenched by Cl�; therefore, the

influx of Cl� into the vesicles was measured as a decrease of the initial fluo-

rescence. The minimum fluorescence value, corresponding to complete

quenching of lucigenin fluorescence by Cl�, was obtained by adding, at

the end of each measurement, 10 mM of the Cl� ionophore tributyltin

(Sigma), an organometallic compound that acts as a Cl�/OH� antiporter

(36). This value was used to normalize the data. The normalization was

obtained according to the following calculation:

% ¼ 100� ½ðF� FminÞ � 100=ðF0 � FminÞ�;
where F is the lucigenin fluorescence measured at different time intervals

during the experiment; Fmin is the minimum fluorescence, corresponding

to the maximum Cl� influx, determined by adding 10 mM tributyltin at

the end of each experiment; and F0 is the maximum fluorescence measured

at the beginning of the experiment. The measurements were performed in

real-time using a 2 � 10-mm path length cuvette and a PerkinElmer LS55

spectrofluorimeter equipped with a thermostated cell holder. The excitation

and emission wavelengths were set at 455 nm and 505 nm, respectively, and

the excitation and emission slits were both set at 5 nm.

Electron microscopy

Electron micrographs were acquired using a JEM 1010 transmission electron

microscope at 80 kV excitation voltage. To investigate the interaction

between lipid vesicles and preformed Ure2p aggregates, PS or PC small

unilamellar vesicles were diluted in buffer A at a final concentration of

~600 mM in the presence or absence of 10 mM of the different types of

Ure2p assemblies and incubated at 25�C for 15 min. Based on the permea-

bilization data, these conditions are suitable to observe a significant interac-

tion between Ure2p and membranes. To investigate the mutual interaction

between lipid vesicles and Ure2p during protein assembly, Ure2p was incu-

bated for 1 h or 48 h at a concentration of 50 mM in the absence or in the

presence of 1.2 mM PS or PC vesicles at 4�C without shaking. After the

incubation, the lipid suspensions were adsorbed onto formvar/carbon-coated

400 mesh nickel grids (Agar Scientific, Stansted, UK) by floating the grids

onto 10 ml drops of the lipid-protein sample. Then the grids were blotted and,

after drying, negatively stained with 2% (w/v) uranyl acetate (Sigma). After
Biophysical Journal 96(8) 3319–3330
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wicking off the excess stain, the grids were allowed to air-dry and observed

under the electron microscope.

ThT binding assay

The effect of PS and PC vesicles on Ure2p assembly was investigated by

ThT binding assay (37). For these experiments, Ure2p was incubated at

a concentration of 50 mM in the absence or presence of 1.2 mM PS or PC

vesicles at 4�C without shaking. Sample aliquots of 10 ml were mixed at

regular time intervals with 400 ml of 10 mM ThT. The resulting fluorescence

was measured at excitation and emission wavelengths of 440 nm and

480 nm, respectively, as previously described (38).

CD measurements

For CD measurements, Ure2p was diluted in buffer A at a final concentration

of 25 mM in the presence or in the absence of 600 mM PS. Far-UV CD

spectra of Ure2p with or without PS vesicles were acquired at 25�C using

a 1-mm path length quartz cuvette and a Jasco J-810 spectropolarimeter

(Great Dunmow, Essex, UK) equipped with a thermostated cell holder.

Each spectrum was obtained by calculating the average of four scans and

subtracting the appropriate blank. For each sample, the first set of spectra

was acquired immediately after Ure2p addition to the PS solution. Other

spectra were acquired over time during Ure2p incubation in the presence

of vesicles for 48 h.

The spectra were recorded in the 260–190 nm range at a speed of

50 nm/min. The mean residue molar ellipticity [Q] in millidegrees was

calculated using the formula

½Q� ¼ Q=10 n Cl;

where n is the number of residues, C is the molar concentration of the

protein, and l is the path length in centimeters.

Cell culture and cell viability assay

Murine endothelioma H-END cells were used as a cell model to investigate

Ure2p assembly cytotoxicity. The cells were provided by Prof. F. Bussolino

(University of Turin, Italy) and cultured in Dulbecco’s modified Eagle’s

medium containing 10% fetal bovine serum, 3 mM glutamine, 100 units/ml

penicillin, and 100 mg/ml streptomycin. All materials used for cell culture

were from Sigma. The toxicity of Ure2p aggregates formed in the presence

or in the absence of PS vesicles was assessed by the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction inhibition test (39).

H-END cells were plated at a density of 1500 cells per well on 96-well

plates in 100 ml of culture medium. After 48 h, the medium was exchanged

with 100 ml of fresh medium containing 10 mM of the different Ure2p aggre-

gates. Then the cells were incubated for 24 h in the presence of the aggre-

gates. Controls were performed by supplementing the cell cultures with

identical volumes of buffer A with or without PS vesicles for the same length

of time. After incubation, the cells were treated for another 2 h with 100 ml of

serum-free Dulbecco’s modified Eagle’s medium without phenol red, con-

taining 0.5 mg/ml MTT. Then 100 ml of cell lysis solution (20% SDS,

50% N,N-dimethylformamide) was added to each well, and the samples

were incubated at 37�C to allow complete lysis. The absorbance values of

blue formazan were determined at 570 nm with an automatic plate reader

(Bio-Rad, Hercules, CA).

RESULTS

Calcein release from lipid vesicles induced
by Ure2p aggregates

Membrane disassembly and permeabilization are well-known

effects of prefibrillar amyloid assemblies. Less information is
Biophysical Journal 96(8) 3319–3330
available on the possible effects on biological or synthetic

lipid membranes of oligomers and fibrils where the constit-

uent protein monomers retain a substantially native fold. To

provide data on this topic, we investigated lipid membrane

perturbation by native-like Ure2p aggregates and the amyloid

fibrils arising from heat-treatment of the Ure2p native-like

fibrils. To this purpose, we measured the extent of calcein

release from unilamellar vesicles of different lipid composi-

tion after incubation with the different forms of Ure2p assem-

blies. Neutral, zwitterionic (PC), or negatively charged (PS

and PG) phospholipid vesicles were used together with mixed

PC/PS or cholesterol-enriched PS vesicles. The use of vesi-

cles with different lipid composition allowed us to assess

the role played by electrostatic and hydrophobic interactions

in the contact between Ure2p toxic assemblies and lipid

membranes, as well as the importance of membrane fluidity

modulation by cholesterol.

In a first set of experiments, we monitored for a 3 h time

period, the vesicle permeabilizing effect of the different

types of Ure2p aggregates incubated at a final concentration

of 10 mM (protein monomer concentration). The results ob-

tained are shown in Fig. 1. We observed a significant extent

of calcein release from PS vesicles treated with native-like

soluble Ure2p oligomers or fibrils (reaching 30–35% of the

maximum release after 180 min), whereas no significant

permeabilization was induced by the heat-treated, amyloid

fibrils previously shown to be nontoxic (22) (Fig. 1 A).

This result is consistent with the idea that, at variance with

the harmless heat-treated amyloid fibrils, the toxic native-

like Ure2p assemblies interact electrostatically with the

negatively charged phospholipids.

The same experiments carried out with zwitterionic PC

vesicles showed an initially similar extent of calcein release

upon exposure to either toxic, native-like oligomers and

fibrils or to nontoxic amyloid fibrils of Ure2p (Fig. 1 B);

however, the final extent of calcein leakage resulting from

the interaction of the native-like oligomers and fibrils with

PC vesicles was significantly lower than that observed for

PS vesicles (<25% of the maximum after 180 min), although

the phenomenon was comparable during the first 30 min of

incubation. In addition, vesicles treated with a 10-fold lower

concentration of Ure2p (1 mM) showed similar responses

(not shown), indicating that a much lower protein/lipid molar

is sufficient to induce vesicle permeabilization. The

moderate PC vesicle permeabilization could result from

membrane damage by a nonspecific interaction of toxic

and nontoxic protein assemblies as well as from a reduced

stability of the vesicles. The higher permeabilizing effect

of native-like Ure2p oligomers and fibrils on PS vesicles

agrees with the large body of data relative to amyloid assem-

blies indicating that aggregate-membrane interaction is

favored, at least in most cases, by the presence of negatively

charged lipids (40,41).

We also investigated early vesicle permeabilization by

limiting the time window to the first 30 min of vesicle
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incubation with Ure2p aggregates. Fig. 2, A–C, shows the

kinetics of calcein release from unilamellar PS, PC, and

PG vesicles, respectively, incubated with the different types

of Ure2p assemblies. The permeabilization kinetics confirm

that the negatively charged PS vesicles display higher

affinity for the native-like Ure2p assemblies than the neutral

PC vesicles. To better assess the role played by the nega-

tively charged PS in membrane disruption by soluble

Ure2p oligomers and native-like fibrils, we also tested the

permeabilization of PC vesicles containing 10% (w/w) PS.

Interestingly, the moderate nonspecific PC vesicle permeabi-

lization by the nontoxic, heat-treated Ure2p fibrils was lost in

these PC/PS mixed vesicles, whereas the specificity for the

toxic soluble oligomers and native-like fibrils was

completely retained (Fig. 2 D). This suggests that moderate

amounts of PS in zwitterionic membranes can be sufficient

to create clusters of negative charges that could anchor

Ure2p native-like assemblies to the membrane surface

favoring subsequent membrane permeabilization. Moreover,

FIGURE 1 Calcein release induced in PS and PC vesicles by Ure2p aggre-

gates. (A) Vesicles made of negatively charged PS; (B) vesicles made of zwit-

terionic PC. Protein aggregates were prepared as described under Materials

and Methods and added to the calcein-loaded vesicle suspension at 10 mM

final protein concentration; (,) native-like Ure2p fibrils, (-) soluble

Ure2p oligomers, (:) Ure2p amyloid fibrils. Control experiments were per-

formed by diluting similarly the vesicles in buffer A without Ure2p, to take

into account spontaneous membrane leakage. The points are reported as net

values obtained by subtracting the percentage of spontaneous calcein release

measured at each time in control vesicles from the release measured in vesi-

cles treated with the different Ure2p aggregates. The values shown in each

graph were obtained from one experiment out of at least three independent

measurements yielding qualitatively identical results.
the presence of PS increases PC vesicle stability thus avoid-

ing the nonspecific leakage shown by PC vesicles exposed to

heat-treated fibrils.

Cholesterol content plays a largely recognized role in

modulating the ability of toxic amyloid aggregates to interact

with, and to permeabilize, cell membranes. To evaluate the

role, if any, of cholesterol in the interaction between Ure2p

native-like assemblies and our synthetic lipid vesicles, we

investigated the permeabilizing effect of Ure2p assemblies

on unilamellar PS vesicles enriched in cholesterol (choles-

terol/PS molar ¼ 1:3). Interestingly, the incorporation of

cholesterol resulted in a significant decrease of membrane

permeabilization by Ure2p native-like assemblies. Actually,

these vesicles displayed a remarkably decreased calcein

release (<5%) (Fig. 2 E) when compared to PS vesicles

(Fig. 2 A) treated with the same concentration of the same

Ure2p aggregates. A similar loss of permeabilization was

found in unilamellar vesicles prepared from brain lipid

extracts treated with Ure2p assemblies (Fig. 2 F). Overall,

these data suggest that a complex lipid composition can

modulate the stability of the lipid bilayer, and thus its resis-

tance to disruption by toxic protein aggregates. The data are

also consistent with several experimental findings indicating

that biological and synthetic lipid membranes enriched in

cholesterol display increased resistance to permeabilization

and disassembly by amyloid aggregates (42–44). Finally,

our findings extend such behavior to aberrant protein assem-

blies where the monomers are maintained in native-like

conformation.

Ure2p aggregates induce Ca2þ (but not Cl�) influx
into lipid vesicles

Many efforts have been made to characterize the molecular

mechanisms of membrane permeabilization by toxic protein

aggregates. An important step toward a better understanding

of the features of membrane damage is assessing the size

and/or charge selectivity of the discontinuites produced by

aggregate interaction with the lipid bilayer. To test whether

Ure2p toxic assemblies permeabilize lipid vesicles through

the formation of charge-selective passages, we measured

their selectivity with regard to the influx of positive and

negative ions, namely Ca2þ and Cl�. PS and PC unilamellar

vesicles loaded with the fluorescent probes Fura-2 or lucige-

nin, respectively, were used for these measurements; the

time-courses of Ca2þ or Cl� influxes were monitored by

measuring the fluorescence of Fura-2 or lucigenin entrapped

inside the vesicles. Fig. 3, A and B, show the kinetics of Ca2þ

influx into PS or PC unilamellar vesicles exposed for 25 min

to the different Ure2p aggregates. A significant Ca2þ influx

was observed for both types of vesicles. The extent of

Ca2þ influx reached ~40–60% or ~20–25% of the maximum,

upon vesicle incubation with native-like Ure2p fibrils or

soluble oligomers, respectively. A minor membrane perme-

abilization (~10%) was induced by the heat-treated fibrils,
Biophysical Journal 96(8) 3319–3330
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FIGURE 2 Calcein release induced

in different types of unilamellar vesicles

by Ure2p aggregates. (A) Vesicles made

of negatively charged PS; (B) vesicles

made of zwitterionic PC; (C) PG vesi-

cles; (D) PC vesicles containing 10%

negatively charged PS; (E) PS vesicles

containing cholesterol (1:3 cholesterol/

vesicle molar); (F) vesicles made of

lipids extracted from brains. Protein

aggregates were prepared as described

under Materials and Methods and added

to the calcein-loaded vesicle suspension

at 1 mM (in A, B, D, E, and F) or 5 mM

(in C) final protein concentration; (,)

native-like Ure2p fibrils, (-) soluble

Ure2p oligomers, (:) Ure2p amyloid

fibrils. Then the lipid-protein mixture

was incubated directly in the cuvette,

and the increase of fluorescence due to

calcein release was monitored over

time for 30 min. Control experiments

were carried out by diluting the vesicles

in the same way in buffer A without

Ure2p, to take into account spontaneous

membrane leakage. The points are re-

ported as net values obtained after sub-

tracting the percentage of spontaneous

calcein release measured at each time

in control vesicles from the release

measured in vesicles treated with the

different Ure2p aggregates. The values

shown in each graph were obtained

from one experiment out of at least three

independent measurements yielding

qualitatively identical results.
in agreement with the calcein leakage data reported above.

We thus conclude that upon interacting with either PS or

PC membranes, native-like Ure2p assemblies induce Ca2þ

entry within the vesicles and that Ure2p native-like assem-

blies possess a significantly higher permeabilizing potential

as compared to the amyloid form of the protein, in agreement

with their higher toxicity level previously observed on

cultured mammalian cells (22). Ca2þ permeabilization was

concentration dependent (see the Supporting Material,

Fig. S1) and linear in the 0–20 mM range. In addition,

Ca2þ influx was abolished in the presence of 10 mM tro-

methamine, an inhibitor of ion mobility through channels

made of amyloid forming polypeptides (see Fig. S2).

Interestingly, no significant Cl� ions influxes could be de-

tected in PS or PC vesicles treated with Ure2p aggregates

(Fig. 3, C and D) even in the presence of nitrate ions, whose

high lipophilicity enhances Cl� influx by counteracting the

electrostatic potential created by Cl� translocation inside

the vesicles (35). Vesicle permeabilization to Ca2þ ions,

but not to Cl� ions, suggests that ion entry into the vesicles

cannot result from simple diffusion through lipid membrane

discontinuities after destruction of membrane order by the

native-like aggregates, but is directly mediated by the latter
Biophysical Journal 96(8) 3319–3330
in a charge-selective fashion. Thus, Ure2p native-like assem-

blies appear to create within the membranes charge-selective

passages that allow the entry of positively charged ions while

hindering the influx of negatively charged ones.

Imaging of PS vesicle interaction with Ure2p
native-like assemblies by electron microscopy

The physical relation between synthetic lipid vesicles and

Ure2p aggregates was investigated by imaging the interaction

of Ure2p toxic aggregates with lipid membranes by electron

microscopy. Electron micrographs of negatively stained PS

vesicle suspensions incubated for 15 min with native-like

soluble Ure2p oligomers or fibrils are shown in Fig. 4, A
and B. In these preparations, the Ure2p toxic assemblies

were mainly localized in the vicinity of the vesicles, with

small oligomers intimately associated with the vesicle surface

(Fig. 4 A, arrows). Seemingly, the native-like fibrils interact

with the vesicle surface through their ends or sides (Fig. 4 B).

It is worth noting that the presence of Ure2p assemblies

induces a fission process of the PS vesicles resembling a deter-

gent-like effect (see below). Interestingly, the nontoxic heat-

treated Ure2p amyloid fibrils were never observed to associate
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FIGURE 3 Ure2p aggregates allow

Ca2þ, but not Cl�, ion influxes into uni-

lamellar vesicles. (A and B) Ca2þ influx

(% max) into PS or PC vesicles, respec-

tively. (C and D) Cl� influx (% max)

into PS or PC vesicles, respectively.

For Ca2þ influx measurements, (,)

native-like Ure2p fibrils, (-) soluble

Ure2p oligomers, (:) Ure2p amyloid

fibrils were added to the suspension of

vesicles loaded with 0.1 mM Fura-2 at

10 mM final protein concentration, in

the presence of 1 mM CaCl2. Then the

lipid-protein mixture was incubated

directly in the cuvette and the increase

of Fura-2 fluorescence ratio F340/F380

due to Ca2þ influx into the vesicles

was monitored over time for 25 min.

For Cl� influx measurements, (,)

native-like Ure2p fibrils, (-) soluble

Ure2p oligomers, (:) Ure2p amyloid

fibrils were added to the suspension of

vesicles loaded with 1 mM lucigenin at a 5 mM final protein concentration, in the presence of 20 mM KCl. The decrease of lucigenin fluorescence due to

Cl� influx into the vesicles was monitored over time for 25 min. Control experiments were performed by diluting the vesicles in the same way in buffer

A without Ure2p, to take into account spontaneous ion leakage. Each point in the diagrams is the difference between the normalized percentages of ion influx

obtained in treated and untreated vesicles, respectively. The values shown in each graph were obtained from one experiment out of at least three independent

measurements yielding qualitatively identical results.
with PS vesicles (data not shown), in agreement with previous

data indicating that these fibrils are not able to interact with the

plasma membrane of cultured cells (22).

Ure2p assembly in the presence of phospholipid
unilamellar vesicles

A large body of data indicates that lipid membranes can act not

only as either surfaces recruiting protein monomers/oligomers

and targets of aggregate toxicity, but also as active catalysts of

protein aggregation (reviewed in (45)). Having assessed the

features of synthetic lipid vesicle permeabilization by Ure2p

aggregates and imaged the oligomer/fibril-vesicle interaction,

we sought to elucidate whether vesicles with different lipid

composition could favor or modify Ure2p aggregation into

native-like fibrils. To this purpose, we studied the effect of

PC and PS membranes on Ure2p assembly kinetics as moni-

tored by the ThT binding assay (Fig. 5 A).

As it has been shown for several proteins, negatively

charged PS vesicles enhanced the rate of Ure2p aggregation,

whereas no effect was found for neutral PC vesicles. In the

presence of PS vesicles, macroscopic aggregates appeared

almost immediately after starting the incubation. Still at the

earliest measured times, such aggregates increased signifi-

cantly ThT fluorescence whose maximum value was

significantly higher than that measured in the case of Ure2p

assemblies formed either in free solution or in the presence

of PC vesicles (Fig. 5 A). These data suggest that the Ure2p

oligomers formed in the early stages of fibril assembly interact

preferentially with negatively charged (PS), rather than with

neutral (PC), vesicles, possibly through electrostatic interac-
tions between local positively charged amino acid residues

or clusters and negatively charged PS headgroups. These

data are also consistent with the higher and more-specific per-

meabilizing effect of Ure2p toxic assemblies on PS vesicles

(see above).

The accelerating effect of PS vesicles on Ure2p aggregation

led us to consider the possibility that the presence of these

vesicles could favor the growth of Ure2p aggregates structur-

ally different from those arising in the absence of phospho-

lipids. We therefore determined whether the interaction

between Ure2p and negatively charged PS membranes

affected the secondary structure or the oligomeric state of

the protein. To investigate whether Ure2p underwent confor-

mational changes upon interaction with PS membranes, we

compared the CD spectra of Ure2p in the absence or presence

of PC or PS vesicles. No significant spectral changes could be

observed immediately after dilution of Ure2p in the lipid

suspension (Fig. 5 B) and after its incubation with vesicles

for up to 48 h (data not shown). Actually, the CD spectra

acquired at differing coincubation times (up to 48 h) were

superimposable (data not shown) suggesting that the interac-

tion with, and assembly on, PS membranes does not result

in significant changes in the secondary structure content of

Ure2p by comparision to the spectra recorded for Ure2p alone

or in the presence of PC vesicles. This does not exclude differ-

ences in the quaternary structure of Ure2p assemblies in the

presence or in the absence of PS vesicles.

The morphological features of Ure2p assemblies obtained

in the absence or presence of PS vesicles were also studied

by electron microscopy (EM) (Fig. 4, C–F). Soluble ring-

shaped oligomers and native-like fibrils were observed upon
Biophysical Journal 96(8) 3319–3330
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FIGURE 4 EM imaging of the

Ure2p-PS vesicle interaction. (A and B)

Negatively stained electron micro-

graphs of PS vesicles treated for

15 min with 10 mM soluble Ure2p olig-

omers (A) or native-like fibrils (B).

(C–F) Negatively stained electron

micrographs of Ure2p assembled in

the absence (C and E) or in the presence

(D and F) of PS unilamellar vesicles.

(C and D) Protein oligomers obtained

by incubating 50 mM Ure2p for 1 h in

the absence (C) or in the presence (D)

of PS. (E and F) Protein fibrils obtained

by incubating 50 mM Ure2p for 48 h in

the absence (E) or in the presence (F)

of PS. The inset in panel D shows an

electron micrograph of control PS

vesicles incubated in buffer A for 48 h

in the absence of Ure2p. The bars

represent 0.2 mm.
incubation of 50 mM Ure2p at 4�C in buffer A for 1 h and 48 h,

respectively (Fig. 4, C and E). These assemblies seemingly

correspond to the toxic, native-like species that interact with

and permeabilize lipid membranes impairing cell viability

(22). EM analysis revealed that Ure2p oligomerizes (Fig. 4 D)

and assembles into fibrils (Fig. 4 F) also in the presence of PS

vesicles. Some short fibrils arose as early as 1 h after Ure2p

addition to the PS vesicle suspension (Fig. 4 D) in agreement

with the accelerating effect of PS vesicles on Ure2p polymer-

ization shown by ThT fluorescence (Fig. 5 A).

Interestingly, Ure2p fibrillization in the presence of PS

vesicles induced vesicle fission into numerous spherical

microvesicles that, in turn, coalesced and attached to the

surface of the Ure2p assemblies (Fig. 4, D and F). Such

microvesicles were much smaller in size than the PS vesicles

incubated for 48 h in the absence of Ure2p (Fig. 4 F, inset).
Vesicle fission, which could be observed also in vesicles

treated for 15 min with preformed native-like Ure2p fibrils

(Fig. 4 B), supports a surface-active behavior of the Ure2p

aggregates possibly indicating their amphipathic nature.
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The cytotoxic effect of Ure2p oligomers and fibrils ob-

tained in the presence of PS vesicles (imaged in Fig. 4, D
and F, respectively) was tested on H-END cells and

compared to the effect of Ure2p native-like assemblies

grown in the absence of the vesicles (imaged in Fig. 4, C
and E), previously shown to be highly toxic to this cell

type (22). Interestingly, the cytotoxicity to H-END cells of

Ure2p oligomers and fibrils formed after 1 h or 48 h of incu-

bation in the presence of PS vesicles was significantly lower

relative to that resulting from similar amounts of Ure2p

assemblies obtained after identical incubation times in the

absence of PS vesicles (Fig. 5 C), suggesting that some

difference could exist between assemblies formed in the

absence or the presence of PS vesicles.

DISCUSSION

A large body of data suggests that surfaces can favor mis-

folding/unfolding and amyloid aggregation of proteins and

peptides. The interaction of protein aggregates with the cell
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membrane is favored by the presence, in the former, of suit-

able (i.e., most often hydrophobic) surfaces and, in the latter,

of a proper lipid composition (40,41,46). Protein misfolding/

FIGURE 5 PS vesicles affect Ure2p assembly and cytotoxicity. (A) Effect

of lipid vesicles on the assembly kinetics of Ure2p, monitored by ThT

binding assay. Ure2p (50 mM) was assembled at 4�C in buffer A in the

absence of lipid vesicles (:) or presence of PS (-) or PC (,) unilamellar

vesicles (1.2 mM). (B) Far-UV CD spectra of Ure2p (50 mM) in buffer A in

the absence of lipid vesicles (:) or presence of PS (-) or PC (,) unila-

mellar vesicles (1.2 mM). The spectra were acquired immediately after

thawing Ure2p. (C) Viability of H-END cells exposed for 24 h to Ure2p

assemblies obtained after 1 h or 48 h of incubation at 50 mM in the absence

(open bars) or in the presence (solid bars) of 0.6 mM PS vesicles. Ure2p

oligomers and fibrils were diluted in the culture medium (10 mM final

concentration of monomer Ure2p). Cell viability was measured by the

MTT assay and expressed as percentage relative to control cells treated

with identical volumes of buffer A with or without PS vesicles.
unfolding; aggregate nucleation; and recruitment at surfaces,

notably lipid membranes, can also be favored by electrostatic

interactions (47–50). Actually, it has been repeatedly re-

ported that anionic phospholipids, such as PS, vesicles are

putative docking sites for amyloid aggregates or sites where

amyloid aggregates can be nucleated thus initiating local

membrane disassembly (50–52). Membrane cholesterol,

a well-known modifier of membrane fluidity, can also affect

the incorporation of toxic aggregates into exposed cells

(42,44,53) as well as membrane-associated Abeta peptide

fibrillogenesis and Abeta aggregate toxicity in neuronal cells

(54). Much less information is available on the interaction

between membranes and native-like polymers such as those

formed by serpins or by the prion protein Ure2. A first

glimpse on this topic has come recently when we have

shown that Ure2p native-like oligomers and fibrils can

interact with cultured cells modifying membrane perme-

ability and impairing cell viability in a way that is similar

to that repeatedly reported for amyloid assemblies in their

prefibrillar (or in some cases fibrillar) states (22).

In this study, we have investigated the aggregation

features of Ure2p in the presence of synthetic lipid vesicles

with different lipid composition, as well as vesicle permeabi-

lization by Ure2p native-like aggregates. We found that the

native-like Ure2p assemblies (soluble oligomers and fibrils),

previously shown to be cytotoxic by impairing free Ca2þ

balance in cultured cells (22), are also able to permeabilize

synthetic unilamellar, negatively charged, PS and PG vesi-

cles, inducing a significant Ca2þ influx and calcein release.

No significant permeabilization was induced by the heat-

treated amyloid fibrils previously shown to be noncytotoxic

(22). This result supports the idea, coming from our previous

observations, of a relation between toxicity of native-like

Ure2p aggregates and their interaction with the cell

membrane. A minor and less-specific effect was observed

on zwitterionic PC vesicles treated with the different

Ure2p assemblies: PC vesicles were slightly and nonspecif-

ically permeabilized by toxic and nontoxic aggregates. The

nonspecific PC vesicle permeabilization by Ure2p heat-

treated, amyloid fibrils was abolished when the same vesicles

contained moderate amounts of PS. Our data confirm the

importance of PS as preferential docking site for toxic

Ure2p native-like aggregates and extend similar findings

on anionic phospholipid vesicle permeabilization by toxic

aggregates of most amyloids (40,41,44).

The ability of Ure2p assemblies to interact with negatively

charged phospholipids could appear surprising considering

that, under our experimental conditions (pH 7.5), Ure2p

has a net negative charge. However, it should be considered

that a crucial interaction of the negative lipid surface with

clusters of positively charged amino acid residues could

occur even in the presence of a net negative charge of the

protein. In addition, the strong electrostatic potential on the

vesicle membranes could, by itself, favor minute general,

or extensive local, conformational rearrangements enhancing
Biophysical Journal 96(8) 3319–3330
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the ability of the Ure2p assemblies to insert within the

membrane itself.

Interestingly, PS membrane permeabilization by native-

like Ure2p assemblies was abolished by the presence, in

the membranes, of cholesterol, whose protective role against

aggregate toxicity has been repeatedly described (42,44,53).

We did not elucidate the molecular mechanism underlying

cholesterol protection against membrane permeabilization;

it can be proposed that cholesterol could either hinder the

binding of Ure2p toxic aggregates to the membrane or,

more generally, increase membrane rigidity and stability,

thus reducing aggregate insertion into the bilayer and its

subsequent disassembly.

Our findings indicate that vesicle permeabilization to

small ions induced by Ure2p oligomers and native-like fibrils

is charge dependent, allowing influxes of positively charged

ions such as Ca2þ, but not of anions such as Cl�. This

finding suggests that the passages formed by the Ure2p

native-like aggregates into the lipid membranes are electro-

negative; it also makes unlikely the presence of a significant

nonspecific permeabilization arising merely from the pres-

ence of discontinuities after membrane disassembly by the

aggregates. Soluble Ure2p oligomers and native-like fibrils

are built from monomeric units with a net negative charge.

We could therefore hypothesize that stretches of the

amino-acid sequences of Ure2p oligomers and fibrils insert

into the plasma membrane in a way that excludes their nega-

tive charges from approaching those of the membrane phos-

pholipids. Such distribution would lead the aggregates to

reorganize creating passages in the phospholipid bilayer

where the positively charged regions are distributed on the

surface of the monomeric units, and the negative regions

are located inside the membrane or in the lumen of ring-

shaped oligomers. Such organization could favor a preferen-

tial influx of positive ions allowing the oligomer to behave as

a sort of cation-specific ionophore.

The stronger membrane permeabilization to Ca2þ induced

by native-like Ure2p fibrils as compared to the soluble olig-

omers (Fig. 3) agrees with the higher toxicity of fibrils previ-

ously observed on H-END cells (22) and could be explained

similarly: any damage to the vesicle membrane by native-

like fibrils can be more serious because of their larger size

and extended surface with increased vesicle interaction and

permeabilization. Alternatively, there could also be subtle

structural differences in oligomeric and fibrillar Ure2p allow-

ing the latter to better interact with, and permeabilize,

synthetic vesicles and cell membranes.

A different mechanism could explain the leakage of cal-

cein, a polyanionic molecule. Calcein (Mr 622.5) is larger

than Ca2þ (Mr 40.08) or Cl� (Mr 35.45) ions. It could there-

fore be hypothesized that two possible mechanisms may

account for membrane permeabilization by Ure2p native-

like, and, in part amyloid, aggregates: besides organizing

in passages that are crossed by small ions of opposite

charges, the latter could also affect more severely membrane
Biophysical Journal 96(8) 3319–3330
architecture and stability, creating defects in the lipid bilayer

and allowing calcein leakage. The appearance of the defects,

not seen with small anions such as Cl�, could be favored by

the hydrophobic interactions between the four aromatic rings

of calcein and the hydrophobic phospholipid tails of the

bilayer and could be hindered when the vesicles are rigidified

by cholesterol (Fig. 2 E).

We showed in this study that PS, but not PC, membranes

significantly enhanced Ure2p aggregation into native-like

assemblies, in agreement with a number of previously re-

ported data on amyloid aggregation of different peptides

and proteins (reviewed in (45)). Our findings extend the

view that membranes enriched in anionic phospholipids are

enhancers of protein aggregation into amyloid aggregates.

We found that Ure2p assembled in the presence of PS vesi-

cles forms oligomers and fibrils morphologically similar to

those arising in free solution. This result, together with the

close similarity of the CD spectra of Ure2p recorded in the

absence or in the presence of PS vesicles, suggests that

only minor changes in secondary structure, if any, occur

within Ure2p upon its interaction with PS membranes

(Fig. 5 B). This is further confirmed by the finding that

Ure2p aggregates grown in either condition interact similarly

with negatively charged membranes, as shown by the EM

imaging (Fig. 4).

Interestingly, PS vesicles incubated in the presence of

assembling Ure2p underwent massive budding/fission into

much smaller spherical microvesicles. Lipid vesicle fission

has been widely described as a phenomenon induced either

by temperature (55) or by amphiphilic molecules (56,57),

although the mechanism of such a process is not clear and

its significance controversial. We show here for the first

time that synthetic lipid vesicles undergo fission upon inter-

action with Ure2p native-like aggregates. This finding

confirms that the Ure2p oligomeric species formed de

novo in the presence of membranes and the preformed

native-like Ure2p assemblies (oligomers and fibrils) can inti-

mately and dynamically associate with synthetic lipid vesi-

cles, particularly with the negatively charged ones. Such

an association modifies Ure2p assembly, as shown by the

increased ThT fluorescence of the assemblies grown in

the presence of PS membranes (Fig. 5). More importantly,

the interaction with Ure2p also affects the physical stability

of the membrane, leading to modifications of the vesicle

shape and to vesicle fission. The latter might occur without

intensive mixing between the inner and outer compartments

of the vesicles, as shown by the selectivity of the vesicle per-

meabilization, similar to what occurs in cellular processes

involving membrane vesiculation.

Finally, Ure2p oligomers and fibrils assembled in the pres-

ence of PS vesicles exhibited a significantly reduced cytotox-

icity when compared to the native-like oligomers and fibrils

formed in the absence of vesicles (Fig. 5 C). The reduced cyto-

toxicity may be due to oligomer and fibril ‘‘coating’’ by the

lipid microvesicles observed in Fig. 4. Alternatively, the
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reduced toxicity may be the consequence of the partitioning of

Ure2p assemblies between artificial and cellular membranes,

i.e., a lower concentration of Ure2p assemblies available to

interact with cell membranes. Ure2p assembly binding to

PS microvesicles may result in a partially reduced exposure

of the hydrophobic patches responsible of aggregates interac-

tion with, and permeabilization of, cell membranes. However,

it cannot be excluded that the lower toxicity stems from

a growth path different from that generating toxic native-

like oligomers in the absence of phospholipids, with both

types of oligomers subsequently evolving into stable, harm-

less fibrils displaying minute structural differences.

In conclusion, our findings on synthetic lipid vesicles

suggest that the previously reported cytotoxicity of native-

like Ure2p assemblies could result from their intimate

association with the cell membrane leading to lipid bilayer

destabilization and formation of ion-selective membrane

passages. Differences were seen in Ure2p aggregates grown

in the absence or presence of PS lipid bilayers. Both exhibited

similar overall structural and morphological features, but the

latter grew more rapidly and were less cytotoxic, possibly

suggesting minute structural differences. Overall, these data

extend to nonamyloid, native-like yeast prion polymers,

and possibly to other native-lı̀ke oligomeric and polymeric

protein assemblies, the widely recognized effects of amyloid

oligomers on lipid membranes and, conversely, of lipid

membranes on amyloid oligomer assembly .

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(09)00498-6.
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