THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281, NO. 22, pp. 15337-15344, June 2, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

The Yeast Prion Ure2p Native-like Assemblies Are Toxic to
Mammalian Cells Regardless of Their Aggregation State™
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The yeast prion Ure2p assembles in vitro into oligomers and
fibrils retaining the a-helix content and binding properties of the
soluble protein. Here we show that the different forms of Ure2p
native-like assemblies (dimers, oligomers, and fibrils) are similarly
toxic to murine H-END cells when added to the culture medium.
Interestingly, the amyloid fibrils obtained by heat treatment of the
toxic native-like fibrils appear harmless. Moreover, the Ure2p
C-terminal domain, lacking the N-terminal segment necessary for
aggregation but containing the glutathione binding site, is not cyto-
toxic. This finding strongly supports the idea that Ure2p toxicity
depends on the structural properties of the flexible N-terminal
prion domain and can therefore be considered as an inherent fea-
ture of the protein, unrelated to its aggregation state but rather
associated with a basic toxic fold shared by all of the Ure2p native-
like assemblies. Indeed, the latter are able to interact with the cell
surface, leading to alteration of calcium homeostasis, membrane
permeabilization, and oxidative stress, whereas the heat-treated
amyloid fibrils do not. Our results support the idea of a general
mechanism of toxicity of any protein/peptide aggregate endowed
with structural features, making it able to interact with cell mem-
branes and to destabilize them. This evidence extends the widely
accepted view that the toxicity by protein aggregates is restricted
to amyloid prefibrillar aggregates and provides new insights into
the mechanism by which native-like oligomers compromise cell
viability.

Itis widely accepted that transmissible spongiform encephalopathies,
a group of neurodegenerative diseases in mammals, are due to misfold-
ing of the infectious prion protein (PrP)* when altered, the protein is
able to promote the conformational conversion of the normal cellular
form PrP€ into the misfolded form PrP5¢ (1).

Prion proteins are also present in yeast cells. Saccharomyces cerevisiae
contains at least four prion-like proteins, including Ure2p, which is
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found aggregated intracellularly under certain conditions. However,
unlike mammalian prions, which display cytotoxicity in their aggre-
gated form, Ure2p appears substantially noncytotoxic when aggregated
into yeast cells (2), providing the molecular explanation for the change
of phenotype given by the nonchromosomal genetic element [URE3] (3,
4). Such a change of phenotype could provide an evolutionary advan-
tage to yeast cells by regulating nitrogen catabolism (5). When
sources rich in nitrogen, such as ammonia, are available, Ure2p is
believed to down-regulate the expression of gene products involved
in the use of nitrogen-poor sources by binding the transcription
activator GIn3p and preventing its migration into the nucleus (6). In
wild-type cells, Ure2p is dispersed in the cytoplasm, whereas the [URE3]
phenotype is caused by the appearance of an altered, self-propagating
form of Ure2p (Ure2p!”™5)) able to form in the cytoplasm large globular
or elongated aggregates (4). This variant of Ure2p is inactive, resulting in
the apparent loss-of-function phenotype.

Ure2p is a cytoplasmic homodimer, each monomer consisting of two
domains: a highly flexible and poorly structured N-terminal domain
(residues 1-93) rich in Gln and Asn (7, 8) and a compactly folded C-ter-
minal domain (residues 94—354) rich in a-helices (9) whose crystal
structure has been determined (10, 11). The C-terminal domain is the
functional region, consisting of two subdomains and bearing similarity
in sequence, fold, and substrate affinity to the glutathione S-transferase
family proteins (12). Indeed, the C-terminal domain binds GSH with
high affinity in a cleft running along the domain interface similarly to the
active site of glutathione S-transferases (13).

The structural organization of the highly flexible, largely unstruc-
tured Ure2p N-terminal domain displays overall similarity to the corre-
sponding domains found in mammalian prions (14). Since it has been
shown that synthetic peptides encompassing the sequences of different
regions of the N-terminal domain of PrP are able to aggregate into
amyloid fibrils, it has been suggested that this region governs PrP fibril-
lization (15). Similarly, the N-terminal domain of Ure2p is of fundamen-
tal importance for aggregation; actually, overexpression of either Ure2p
or its 65 N-terminal residues in yeast cells is sufficient to increase the
spontaneous rate of [URE3] appearance by 1000-fold (4).

Under physiological conditions, Ure2p assembles in vitro into oli-
gomers, eventually giving rise to fibrils similar to those observed in yeast
cells carrying the [URE3] phenotype (7, 9). These fibrils share several
morphological, structural, and tinctorial features with amyloids,
including enhanced resistance to proteolysis (7, 9, 16), increased
thioflavin-T fluorescence, and the yellow-green birefringence in
cross-polarized light upon Congo red binding (17). However, these
fibrils lack the classical x-ray diffraction pattern characteristic of
amyloids, and their constituent monomers maintain the native
structure rich in a-helices, can bind GSH (16, 18), and show gluta-
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thione peroxidase activity (19). Accordingly, these fibrils have been
indicated as native-like. The presence of native-like monomers in
these fibrils has led us to propose a model in which Ure2p assembly
is driven by subtle conformational changes and nonnative inter-
and/or intramolecular interactions (16, 18).

Upon incubation at 60 °C for 1 h, the native-like fibrillar aggregates
undergo structural modifications and evolve into fibrils similar in
appearance to the native-like fibrils when observed by electron micros-
copy; however, they lose the ability of the native-like fibrils and the
soluble protein to bind GSH and to nucleate assembly. Moreover, they
display a significant increase in B-sheet content, and their x-ray diffrac-
tion pattern is characteristic of amyloid fibrils (18).

An alternative model has been proposed for Ure2p assembly under
conditions slightly different from those leading to the appearance of
native-like fibrils. Under these conditions, the first 80 residues of the
prion domain of each monomer stack to form an amyloid core rich in 8
structure. The latter is connected by the remaining portion of the N-ter-
minal domain to the C-terminal domain that maintains substantially its
native fold and surrounds the amyloid core (20, 21). In this case, inacti-
vation of Ure2p upon fibril formation would be the consequence of a
steric block of the native-like C-terminal domain (22).

Despite the wealth of studies on the morphological, physiological,
and structural features of Ure2p and its aggregates, presently there is
a substantial lack of information on the toxic effects of the latter on
cultured cells. The availability of different conformational states
(fibrillar, amyloid, fibrillar, native-like, oligomeric, native-like) of Ure2p
prompted us to use such a protein as a model to investigate some molec-
ular features of the toxicity of protein assemblies to cultured cells. Of
course, our data cannot be directly extended to yeast cells, although they
could be of importance for the cell biology of yeast prions. Therefore,
the aim of this study was to investigate whether different types of Ure2p
aggregates display cytotoxicity to mammalian cultured cells and to elu-
cidate the biochemical features of cell injury (if any). Such an investiga-
tion was carried out using murine endothelioma H-END cells, previ-
ously shown to be highly affected by the exposure to prefibrillar amyloid
aggregates of a disease-unrelated protein (23, 24). The use of H-END
cells allowed us to compare the cytotoxic effects of native-like Ure2p
aggregates with those described on the same cell type exposed to prefi-
brillar and fibrillar amyloid aggregates (23, 24).

EXPERIMENTAL PROCEDURES

Assembly of Ure2p into Oligomers and Fibrils—Full-length Ure2p
(Ure2p 1-354) and its C-terminal region (Ure2p 94-354) were
expressed in Escherichia coli, purified as previously described (7, 9), and
stored at —80 °C in buffer A (20 mm Tris-HCI, pH 7.5, 200 mm KCI, 1.0
mM dithiothreitol, 1.0 mm EGTA). Full-length Ure2p assembly into
fibrils was achieved by incubating the protein (50 —100 um) at 8 °C with-
out shaking in buffer A for 48 —96 h. Ure2p aggregates were examined by
transmission electron microscopy, following negative staining with
1.0% uranyl acetate on carbon-coated grids (200-mesh) in a Philips EM
410 electron microscope. Ure2p oligomers were obtained soon after
thawing the protein stored at —80 °C, whereas the heat-treated amy-
loid-like fibrils arose upon incubation of the native-like fibrils at 65 °C
for 1 h. The covalent Ure2pC221 dimer was obtained by incubating the
Ure2pC221 variant (50100 um) in buffer A without dithiothreitol in
the presence of 3.0 mm H,O,. The excess of H,O, was removed by
dialysis against buffer A.

Cell Culture and Cell Viability Assay—Murine endothelioma H-END
cells were kindly provided by Prof. F. Bussolino (University of Turin, Italy)
and cultured in Dulbecco’s modified Eagle’s medium containing 10%
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fetal bovine serum, 3.0 mm glutamine, 100 units/ml penicillin, and 100
ug/ml streptomycin. All materials used for cell culture were from
Sigma. The toxicity of the different forms of Ure2p aggregates was
assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction inhibition test (25), as previously reported
for aggregates of a different protein (26). In all of the experiments
described in this paper, controls were performed by supplementing the
cell cultures with identical volumes of buffer A for the same lengths of
time.

Reactive Oxygen Species (ROS) Measurement—Intracellular ROS
levels were determined using the fluorescent probe 5-(and-6)-chlo-
romethyl-2’,7’-dichlorodihydrofluorescein ~diacetate, acetyl ester
(CM-H, DCFDA) from Molecular Probes. Subconfluent H-END cells
cultured on glass coverslips were incubated with 10.0 um soluble Ure2p
oligomers or native-like fibrils for either 1 or 5 h (aggregate concentra-
tions are calculated as monomer protein concentration). After treat-
ment, the cells were loaded with 5.0 um CM-H, DCEDA for 20 min at
37 °C and then fixed with 2.0% buffered paraformaldehyde. CM-H,
DCFDA fluorescence was detected at 488 nm using a confocal Bio-Rad
MCR 1024 ES scanning microscope equipped with a krypton/argon
laser source (15 milliwatts). The emitted fluorescence was collected
with a Nikon Plan Apo X60 oil immersion objective through a 510-nm-
long wave pass filter. A series of at least 10 optical sections (512 X 512
pixels) was taken through the depth of the cells at 0.5-um intervals and
then projected as a single composite image by superimposition. Fluo-
rescence quantification was performed by using National Institutes of
Health Image] software (available on the World Wide Web at
rsb.nih.gov/ij/).

Intracellular Free Ca®" Levels—The cytosolic levels of free Ca>* were
measured using the fluorescent probe Fluo-3-acetoxymethyl ester from
Molecular Probes. Briefly, subconfluent H-END cells cultured on glass
coverslips were incubated at 37 °C for 5 min with 5.0 um Fluo-3-ace-
toxymethyl ester prior to Ure2p addition. Then the cells were washed
with serum-free Dulbecco’s modified Eagle’s medium without phenol
red to remove the excess probe and mounted on the stage of the confo-
cal microscope. Soluble Ure2p oligomers or native-like Ure2p fibrils
(10.0 wM final concentration in serum-free Dulbecco’s modified Eagle’s
medium without phenol red) were added to the cells, and Fluo-3 fluo-
rescence was monitored at 488 nm 5 min after Ure2p addition (this time
was supposed to be necessary for Ure2p aggregates to sediment and to
interact with cells) using the software Time Course Kinetic (Bio-Rad).
The same field was imaged every 20 s for 30 min. Fluorescence quanti-
fication was performed by Image] software.

Confocal Immunofluorescence—Cells grown on glass coverslips were
treated for 4 h with the different forms of Ure2p aggregates (2.0 um).
After incubation, the cells were fixed in 2.0% buffered paraformalde-
hyde and counterstained with 50 ug/ml wheat germ agglutinin tetra-
methylrhodamine-conjugated (Molecular Probes) for 45 min at room
temperature. Then the cells were permeabilized by treatment with ace-
tone at —20 °C for 1 min and blocked with phosphate-buffered saline
containing 0.5% bovine serum albumin and 0.2% glycerol. The cells were
incubated overnight with rabbit polyclonal antibodies raised against
full-length Ure2p diluted 1:2000 in the blocking solution. The immuno-
reaction was revealed with Alexa-488-conjugated anti-rabbit secondary
antibodies (Molecular Probes) diluted 1:200 in phosphate-buffered
saline. For inspection, the coverslips were mounted on the stage of the
confocal microscope. The fluorescence was analyzed at 488- and
568-nm excitation for Alexa-488 and wheat germ agglutinin tetrameth-
ylrhodamine-conjugated, respectively. Observations were performed
using a Nikon Plan Apo X60 oil immersion objective. A series of at least
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10 optical sections (512 X 512 pixels) was taken through the cells at
intervals of 0.5 um and projected as single composite image by super-
imposition. To eliminate out-of-focus light contribution, the images of
Fig. 5 were deconvoluted using the three-dimensional deconvolution
plugin (Biomedical Imaging Group, EPFL, Lausanne) of the Image |
software.

DNA Fragmentation—Quantification of apoptosis was performed by
the colorimetric TiterTACS™ 96-well apoptosis detection kit (R&D
Systems Inc.). H-END cells were plated on 96-well plates at a density of
3000 cells/well in 100 ul of Dulbecco’s modified Eagle’s medium. After
48 h, the culture medium was exchanged with fresh medium containing
full-length soluble Ure2p oligomers, native-like fibrils, or soluble Ure2p
94.-354 (10.0 uM final concentrations). After 24 h, the cells were fixed in
phosphate-buffered saline containing 3.7% formaldehyde and 10%
sucrose. Labeling of DNA strand breaks was performed according to the
manufacturer’s instructions and quantified by measuring sample
extinction at 450 nm using an automatic plate reader (Bio-Rad).

Caspase 3 Activity Assay—Cells treated for 24 h with full-length sol-
uble Ure2p oligomers, native-like fibrils, or soluble Ure2p 94 —354 (10.0
M final concentrations) were lysed in 20 mMm Tris-HCl buffer, pH 7.4,
containing 250 mm NaCl, 2.0 mm EDTA, 0.1% Triton X-100, 5.0 pug/ml
aprotinin, 5.0 ug/ml leupeptin, 0.5 mm phenylmethylsulfonyl fluoride,
4.0 mMm sodium vanadate, and 1.0 mm dithiothreitol. The total protein
content was determined in the clarified lysates with the Bradford rea-
gent. Caspase 3 activity was determined by incubating 50 ug of total
proteins for 2 h at 37 °C in the presence of 50 um N-acetyl-DEVD-7-
amino-4-trifluoromethyl coumarin fluorogenic substrate (Biomol
Research Laboratories Inc.) in 50 mm HEPES-KOH buffer, pH 7.0, 10%
glycerol, 0.1% 3-[(3-cholamidopropyl)-dimethylammonium]-1-pro-
pane sulfonate, 2.0 mm EDTA, 10 mm dithiothreitol. The fluorescent
aminofluorocoumarin formation was determined at 400-nm excitation
and 505-nm emission. In order to determine nonspecific substrate deg-
radation in the assay, total protein samples were preincubated for 15
min at 37 °C in the presence or in the absence of the specific caspase
inhibitor (100 nm N-acetyl-DEVD-aldehyde) prior to substrate addi-
tion. As a positive control, cells were treated with 2.0 um staurosporine
for 5 h prior to lysis.

Lactate Dehydrogenase Release Assay—Lactate dehydrogenase re-
lease was measured in the culture medium of cells exposed for 24 or 48 h
to Ure2p aggregates by the Promega CytoTox-ONE™ homogeneous
membrane integrity assay according to the manufacturer’s instructions.

RESULTS

Viability of Cells Exposed to Differing Ure2p Aggregates—Different
forms of Ure2p aggregates were prepared as described under “Experi-
mental Procedures.” Soluble Ure2p oligomers and native-like fibrils
were characterized by transmission electron microscopy following neg-
ative staining at differing times of fibrillization and prior to the addition
to the cell medium. Fig. 1A shows a transmission electron microscopy
image of the soluble Ure2p oligomers formed at early aggregation times
(0-1 h); these oligomers are represented by structured spherical parti-
cles with an outer diameter of 18 nm on average. Fig. 1B reports a
magnification of one of these particles showing a ring-shaped appear-
ance. Indeed, the particles appear to be made of globular units organized
around a central hole with a diameter of about 3.0 nm. The insoluble
form of Ure2p obtained by incubating the protein for 48 —-96 h at 8 °C in
buffer A (see under “Experimental Procedures”) consists of 20-nm-wide
fibrils displaying variable lengths (0.5-10 wm) (Fig. 1C).

We investigated the toxicity to H-END cells of these different aggre-
gates, together with that of the heat-treated amyloid fibrils (18) and of
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FIGURE 1. Viability of H-END cells exposed to different molecular species of Ure2p
measured by MTT assay. A-C, negatively stained electron micrographs of the soluble
Ure2p oligomers (A) and native-like fibrils (C) used throughout this study. Barsin Aand C,
0.2 um. Three ring-shaped soluble Ure2p oligomers are magnified in B. The associated
bar represents 50 nm. D, viability of H-END cells exposed for 24 h to different molecular
species of Ure2p at final concentrations of 10.0, 1.0, or 0.1 um. Aggregate concentrations
are calculated as monomer protein concentration. O/, soluble Ure2p oligomers; Fib,
native-like Ure2p fibrils; Cter, Ure2p 94-354; H, heat-treated Ure2p amyloid fibrils; D,
Ure2pC221 covalent dimer. In this graph, cell viability is expressed as a percentage with
respect to control cells treated with identical volumes of buffer A (for details, see “Exper-
imental Procedures”). The values are mean =+ S.D. obtained from five independent
experiments carried out in triplicate.

the Ure2p covalent dimer that oligomerizes but is unable to form fibrils
(16). In addition, the Ure2p 94 —354 fragment (functional domain) able
to bind GSH was used throughout this study to distinguish its contri-
bution to the putative toxicity from that of the flexible N-domain. The
cytotoxicity of Ure2p aggregates was evaluated by the MTT assay. A
toxic effect was made evident by exposing the cells for 24 h to increasing
concentrations (0.1, 1.0, and 10.0 um) of soluble Ure2p oligomers or
native-like fibrils or of the Ure2pC221 covalent dimer (Fig. 1D). Instead,
heat-treated amyloid-like fibrils did not exhibit evident cytotoxicity
even at the highest concentration tested (10.0 um) (Fig. 1D), in agree-
ment with the large body of data indicating that mature amyloid fibrils
are substantially noncytotoxic (reviewed in Ref. 27). The toxic effect of
10.0 uM Ure2p oligomers and native-like fibrils was detectable as early
as 3 h following the addition of the aggregates to the culture medium
(Fig. 2A4). We did not investigate earlier times. Native-like Ure2p fibrils
displayed the highest toxicity, since the latter was detected at the lowest
concentration used (0.1 um), where oligomeric Ure2p or Ure2pC221
covalent dimer apparently were not toxic. We also measured cell viabil-
ity upon the addition of soluble Ure2p oligomers or native-like fibrils in
the 0.01-0.1 uM concentration range, and we found that 0.03 um
native-like fibrils were still significantly toxic (20% inhibition of MTT
reduction), whereas under these conditions, the soluble oligomers did
not display a measurable toxicity (Fig. 2B).
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Native-like Ure2p oligomers and fibrils are toxic but still able to bind
GSH, whereas the heat-treated fibrils are unable to bind GSH and are
nontoxic. This prompted us to hypothesize that the oxidative stress (see
below) resulting in cell injury by the toxic aggregates was merely a con-
sequence of GSH depletion in exposed cells due to GSH binding by the
aggregates rather than a direct effect of the aggregates themselves. To
rule out this possibility, we investigated the toxicity of the functional
C-terminal (residues 94 —354) domain of Ure2p. The latter binds GSH
and its analogues with an affinity identical to that of full-length Ure2p
but is unable to form fibrils, since it lacks the prion domain needed for
fibril assembly as well as for the propagation of the [URE3] phenotype in
yeast cells. The data presented in Fig. 1D show that cells exposed to
Ure2p 94 —354 were only slightly impaired with respect to controls (25%
inhibition of MTT reduction) at the highest concentration used (10.0
uM), and no significant toxicity was detected at lower concentrations.
To confirm that Ure2p toxicity is not due to GSH binding and depletion,
the GSH binding sites in the full-length Ure2p and in the Ure2p 94 —354
were saturated with GSH upon incubation with equimolar amounts of
the latter prior to the addition to the cell cultures. Under these condi-
tions, no significant changes in the toxicity levels were observed (data
not shown); we conclude from these observations that the strong tox-
icity associated with full-length Ure2p aggregates is not due to their
GSH-binding properties.

Overall, from these observations we conclude that Ure2p toxicity is
intimately associated with a toxic fold present in the native fibrils as well
as in the oligomers but not in the amyloid-like fibrils generated heating
the native-like fibrils. We further conclude that the observed toxicity is
not due to changes in the intracellular redox environment of the
exposed cells induced by direct binding and sequestering of GSH by
native-like Ure2p molecules.

Redox Status and Intracellular Ca®* Levels in Cells Exposed to Ure2p
Aggregates—We have investigated the mechanism of cell damage in
cells exposed to the toxic Ure2p aggregates by measuring the ROS and
the intracellular free Ca®>" levels using the fluorescent probes CM-H,
DCFDA and Fluo-3-acetoxymethyl ester, respectively. Intracellular
ROS levels arose as early as 1 h after supplementing the cell culture
medium with the soluble oligomers and native-like fibrils of Ure2p,
reaching a 2-fold increase within 5 h (Fig. 3); such an increase was
concomitant with the reduced cell viability observed by the MTT assay
(Fig. 2A). The extents of ROS increase in cells exposed for 5 h to Ure2p
oligomers or native-like fibrils were comparable. However, ROS
increase was significantly faster when cells were exposed to soluble
Ure2p oligomers (Fig. 3C). This could arise from a more rapid inter-
action of the Ure2p oligomers with the cell membrane, possibly due
to their higher diffusion rate in the culture medium or to their ability
to penetrate into the cells (see below).

A kinetic and quantitative analysis of the free Ca®" levels in cells
exposed to the Ure2p oligomers or native-like fibrils is shown in Fig. 4.
The maximum fluorescence intensity (6-fold increase) was reached 9
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FIGURE 3. Ure2p toxic aggregates induce oxidative stress in H-END cells. A and B,
confocal microscopy images of the redox status of H-END cells exposed for 1 or 5 h to
10.0 um soluble Ure2p oligomers (A) or to 10.0 um native-like Ure2p fibrils (B) prior to
incubation with the fluorescent probe CM-H, DCFDA. Aggregate concentrations are
calculated as monomer protein concentration. Control cells were treated for 5 h with the
same volume of buffer A (see “Experimental Procedures”). The bar in A and B represents
30 um. G, ROS levels in exposed cells. Empty bars, soluble Ure2p oligomers; solid bars,
native-like Ure2p fibrils. The values are mean = S.D. of the fluorescence measured in 30
different cellular areas (10 um? each), selected from three distinct fields of the confocal
microscope (10 areas/field).

min after supplementing the cell culture medium with soluble Ure2p
oligomers. Fluorescence intensity decreased later but remained signifi-
cantly higher than in control cells (Fig. 4, A and B). A similar, although
less pronounced, increase in intracellular free Ca>* concentration was
observed in cells exposed to Ure2p native-like fibrils. However, in this
case, the time course and the extent of the increase in fluorescence were
significantly different from those observed upon the addition of com-
parable amounts of soluble Ure2p oligomers (Fig. 48). The maximum
fluorescence intensity was lower (3.5-fold increase) and was reached
later (at 17 min). Interestingly, however, in cells exposed for 1 and 5 h to
the soluble oligomeric or native-like fibrillar Ure2p, the intracellular
Ca®" levels dropped to the control values (data not shown), thus con-
firming the trend shown at earlier times by confocal microscopy. The
increase of the intracellular free Ca>* concentration could result from a
destabilization of the membrane structure upon interaction with the
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FIGURE 4. Ure2p toxic aggregates induce changes in the intracellular free Ca?* lev-
els in H-END cells. A, confocal microscopy imaging of intracellular free Ca®* levels in
H-END cells exposed to 10.0 um soluble Ure2p oligomers. Aggregate concentrations are
calculated as monomer protein concentration. These images show three different stages
of the time course of intracellular Ca®* changes measured continuously during the first
30 min of cell exposure to Ure2p oligomers. From left to right, t..,. corresponds to
start-up of the observations 5 min following Ure2p addition (see “Experimental Proce-
dures”); t,ax (9 min) is the time of the maximum fluorescence observed; t,,.4 (30 min) is
the fluorescence at the end of the observations. The bar represents 30 wm. B, quantita-
tive analysis of the intracellular Ca®* levels in H-END cells exposed to 10.0 um soluble
Ure2p oligomers (empty bars) or native-like fibrils (filled bars). The values are mean =+ S.D.
of the fluorescence measured in 10 different cell areas (10 um? each) selected from the
field of the confocal microscope.

aggregates, and, in the case of the soluble oligomers, it could be a direct
consequence of their pore-like shape. These observations suggest that,
similarly to the toxic effects of protein aggregates of amyloid type, Ure2p
toxicity is also associated with alterations of the intracellular free Ca**
concentration, probably due to changes in membrane permeability and
subsequent oxidative stress. This view is further supported by the data
on Ure2p aggregate interaction with the plasma membrane and oli-
gomer penetration inside cells (see below). Overall, these data indicate
that soluble Ure2p oligomers possess higher efficiency than the native-
like fibrils in promoting these changes in exposed cells.

Immunolocalization of Ure2p Oligomers and Native-like Fibrils—To
assess whether oligomeric or native-like fibrillar Ure2p added to the
culture medium was able to interact with and to cross the plasma mem-
brane of H-END cells, we investigated the presence on the plasma mem-
brane or inside the cells of the different forms of Ure2p used in this
study. The experiments were carried out by confocal microscopy anal-
ysis using a polyclonal antibody raised against recombinant Ure2p. The
soluble Ure2p oligomers (Fig. 5A4) and, to a lesser extent, the native-like
fibrils (Fig. 5B8) were able to adsorb to the plasma membranes of cells
exposed for 4 h. These data are consistent with the higher efficiency of
the soluble oligomers in increasing the free Ca®" level inside cells and
hence in permeabilizing the cell membrane.

A careful analysis of the optical sections through the depth of the cells
revealed the presence of immunopositive particles inside the cells
exposed to the soluble oligomers (Fig. 6, A-C), whereas immunoposi-
tivity was not found inside cells exposed to native-like fibrils but only at
the cell surface (Fig. 6, D and E), as could be expected with such large
assemblies. Interestingly, heat-treated amyloid-like fibrils were never
observed in cells nor associated with the cell membrane (Fig. 5C), sug-
gesting that the surface of the amyloid-like Ure2p fibrils is not as “sticky”
as that of the soluble oligomers or the native-like fibrils and does not

JUNE 2, 2006+ VOLUME 281+-NUMBER 22 1 SBVIB]

Cytotoxicity of Ure2p Nonamyloid Aggregates

A

FIGURE 5. Only the soluble Ure2p oligomers and the native-like fibrils bind to the
plasma membrane. H-END cells were exposed for 4 h to 2.0 um soluble Ure2p oligomers
(A), native-like fibrils (B), or heat-treated fibrils (C); aggregate concentrations are calcu-
lated as monomer protein concentration. Untreated cells (D) were incubated for 4 h with
identical volumes of buffer A. Left panels, the cells were stained using wheat germ agglu-
tinin tetramethylrhodamine-conjugated (red); middle panels, the different forms of
Ure2p aggregates were revealed with Alexa-488-conjugated anti-rabbit secondary anti-
bodies (green); right panels, merged images. Ure2p co-localization with membranes
appears as yellow fluorescence. The bar represents 30 um.

interact with the cell surface. This finding supports the view that the
tertiary and quaternary structure of Ure2p molecules within native-like
fibrils are very different from those of the molecules found within amy-
loid-like fibrils. It is believed that, contrary to the prefibrillar aggregates,
amyloid fibrils are stable end products of the aggregation process that do
not interact easily with cell components, such as membranes, nor pen-
etrate inside cells. Indeed, mature amyloid fibrils are often found to be
remarkably inert, for example in their resistance to proteolysis and deg-
radation (28), although recent findings support a dynamic equilibrium
between fibrils and their constituent monomers (29).

Overall, our findings suggest that the impairment of cell viability
following exposure to the soluble Ure2p oligomers or to the native-like
fibrils is triggered by the interaction of these assemblies with the cell
membrane and does not require their translocation inside the cells.

Apoptotic and Necrotic Markers—We quantified apoptotic cells in
the population of cells exposed for 24 h to 10.0 um Ure2p native-like
aggregates by colorimetric detection of DNA fragmentation. Fig. 74
shows a 30% increase of DNA fragmentation in cells exposed to the
soluble Ure2p oligomers or to the native-like fibrils as compared with
untreated cells, whereas no significant increase in DNA fragmentation
occurred in cells treated with the C-terminal domain (Ure2p 94 —354).
Moreover, a similar significant activation of the effector caspase 3 with
respect to untreated cells could be observed in cells exposed for 24 h to
Ure2p oligomers or native-like fibrils (Fig. 7B). No significant differ-
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FIGURE 6. Only the soluble Ure2p oligomers are able to penetrate into H-END cells.
Higher magnification view of cells shown in Fig. 5. A-C, H-END cells exposed for 4 h to
soluble Ure2p oligomers. D and E, H-END cells exposed for 4 h to Ure2p native-like fibrils.
A-C, three different optical sections through the depth of a single cell; the yellow staining
after merging indicates that some of the aggregates are present within the cell. Bars in
A-C,5 um.Dand E, two different optical sections through the depth of the cells; note that
Ure2p native-like fibrils are present only at the cell membrane. Bars in D and £, 10 um.

ences in lactate dehydrogenase release were detected in treated and
untreated cells even after 48-h exposure to the toxic Ure2p aggregates
(Fig. 7C), suggesting that membrane integrity of the exposed H-END
cells is not heavily affected under the experimental conditions used.
These data indicate that the biochemical modifications occurring in
cells exposed to the Ure2p toxic forms trigger the apoptotic pathway,
eventually leading to cell death by apoptosis rather than by necrosis.

DISCUSSION

The data described in this paper show for the first time that native-
like Ure2p aggregates are toxic to mammalian cultured cells. Inter-
estingly, toxicity is associated with soluble oligomers, native-like
nonamyloid fibrils, and the Ure2pC221 covalent dimer; in contrast,
the heat-treated amyloid-like fibrils appear substantially nontoxic, as
it has previously been reported for mature amyloid fibrils of most
peptides and proteins (30, 31, 26). Finally, the Ure2p C-terminal
domain, lacking the N-terminal segment necessary for aggregation but
still able to bind GSH, is not cytotoxic. This finding strongly supports
the idea that, besides aggregation, even Ure2p toxicity depends on the
structural properties of the flexible N-terminal prion domain rather
than on the GSH binding properties of the C-terminal functional
domain. Our findings also indicate that native-like Ure2p fibrils retain a
higher toxic potential upon dilution as compared with the soluble oli-
gomers or with the Ure2pC221 covalent dimer. This finding could
appear surprising, considering that the soluble forms of Ure2p can more
easily reach cell membranes because of their higher diffusion rate in the
cell culture medium. However, if we assume that Ure2p toxicity is the
consequence of the interaction of Ure2p assemblies with the plasma
membrane, it is conceivable that the injury caused to the cell membrane
by native-like fibrils is more serious because of their size and therefore
has a higher impact on cell survival than that caused by soluble Ure2p
oligomers that, upon dilution, could not reach a density of binding to the
cell membranes sufficient to cause remarkable membrane damage.

Several reports suggest that the impairment of cell viability, eventu-
ally leading to apoptosis or secondary necrosis, can be produced not
only by amyloid aggregates formed by different peptides or proteins
(32-34), but also by misfolded or unfolded systems devoid of amyloid
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FIGURE 7. Native-like Ure2p oligomers and fibrils induce apoptosis in H-END cells.
DNA fragmentation (A), caspase-3 activity increase (B), and lactate dehydrogenase
release (C) were measured in H-END cells exposed to different molecular species of
Ure2p.Theincrease in the proportion of these three parameters is expressed as a fraction
of that observed in cells treated with identical volumes of buffer A. Ol, soluble Ure2p
oligomers; Fib, native-like Ure2p fibrils; Cter, Ure2p 94-354. These values were obtained
from one experiment of five independent measurements carried out in triplicate and
yielding qualitatively identical results.

features. For example, it is known that an a-lactalbumin folding variant
with molten globule features is able to kill specifically tumoral cells (35);
similarly, apoptin multimers, exposing extensive hydrophobic surfaces
(36), kill specifically tumoral cells (37). Endostatin also displays antitu-
moral specificity upon aggregation triggered by its interaction with
membrane phosphatidylserine (38), whereas the 32-kDa ectodomain
fragment of CD44 displays selective toxicity to differing cell lines (39).
Most pore-forming toxins of bacterial or eukaryotic origin kill target
cells by oligomerizing into their plasma membranes, where they pro-
duce nonspecific pores (40—42). Finally, several peptides and proteins
have been shown to form doughnut-shaped prefibrillar assemblies
before further organizing into mature amyloid fibrils (43—47).

These and other data suggest that the toxicity associated to the
monomeric, oligomeric, or polymeric forms of a wide variety of poly-
peptides either endowed with classical amyloid features or not may
come from biochemical modifications of membrane permeability and
subsequent oxidative stress (48, 49). They also suggest that such an
interaction is favored by the presence, in these species, of suitable (i.e.
most often hydrophobic) surfaces as well as of a suitable membrane lipid
composition in exposed cells. Indeed, it has been repeatedly reported
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that anionic phospholipids, such as phosphatidylserine, which becomes
exposed in the outer membrane leaflet in apoptotic and tumoral cells,
are putative docking sites for amyloid aggregates or can favor aggregate
formation, thus initiating membrane impairment (38, 50, 51). Mem-
brane cholesterol modulates membrane fluidity and may affect the
incorporation of toxic aggregates into exposed cells (24, 52) as well as
membrane-associated Abeta fibrillogenesis and toxicity in neuronal
cells (53, 54).

Calcium dysregulation and membrane disruption have been pro-
posed as ubiquitous neurotoxic mechanisms of toxicity of soluble amy-
loid oligomers (55). Indeed, in most cases, amyloid cytotoxicity requires
the binding of the aggregate to the plasma membrane with subsequent
membrane destabilization, loss of ion-specific permeability, and oxida-
tive stress (56 —62).

The findings we report here on the toxicity of soluble Ure2p oli-
gomers and native-like fibrils are consistent with the above mentioned
scenario. Indeed, we observed a burst in the intracellular free Ca®"
concentration at 9/17 min after cell exposure to the Ure2p toxic species,
followed by a progressive reduction at later times, whereas ROS increase
was sustained for longer time periods. These observations suggest that,
in our model, oxidative stress is a secondary event, given that the
increase of intracellular ROS levels occurs only at later stages of treat-
ment, whereas no alterations in redox status can be observed during the
first 30 min of exposure (data not shown). Further evidence supporting
the idea that the mechanism of cell damage is triggered at the plasma
membrane level comes from the observation that Ure2p oligomers and
native-like fibrils stick to the plasma membrane of H-END cells more
efficiently than the heat-treated amyloid fibrils, as shown in Fig. 5. After
binding to the membranes, Ure2p oligomers are internalized. We have
not investigated whether oligomer internalization requires an endocy-
tosis-like mechanism; however, this finding supports strongly the ability
of Ure2p oligomers to cross the plasma membrane and to penetrate into
cells similarly to prefibrillar aggregates of a number of proteins (62— 64).
The soluble oligomers of Ure2p possess a pore-like shape and could act
in a manner similar to other peptides that compromise the integrity of
cell membranes, generating nonspecific pores and disrupting their
selective permeability. It is reasonable to envisage that the interaction of
soluble and fibrillar Ure2p oligomers also impact membrane plasticity.
However, our observations do not support such a scenario, since cells
facing these oligomers maintain substantially the same shape, which is
not what is expected if membrane plasticity were compromised. More-
over, the analysis of apoptotic and necrotic markers indicates that, as it
has been shown for most cultured cells exposed to toxic amyloid aggre-
gates, apoptosis, rather than necrosis, is the final outcome of the insult
given by the toxic Ure2p forms to H-END cells.

In conclusion, toxicity appears as an intrinsic feature of Ure2p native-
like aggregates, intimately associated with a shared toxic fold, driven by
the N-terminal domain of Ure2p, and required for an efficient interac-
tion with cell membranes, that is maintained upon dimerization and
following protein assembly into soluble ring-shaped oligomers and
native-like fibrils. This behavior differs somehow from what has been
proposed for amyloids, where toxicity follows extensive molecular rear-
rangements and appears restricted mainly to amyloid prefibrillar aggre-
gates (26, 65). Therefore, it is possible to generalize the toxicity of
protein monomers, oligomers, or polymers, not necessarily of amy-
loid type, endowed with structural features (usually the exposure of
hydrophobic patches), leading them to physically interact with
and/or organize into cell membranes (typically the plasma mem-
brane). The resulting physical destabilization of the membranes and
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modifications of their biochemical features would be at the origin of
the chain of events leading to cell death.
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