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(Background: Nonfibrillar amyloid oligomers are cytotoxic and may act through physical disruption of cell membranes.
Results: Cytotoxic oligomers of the amyloid peptide PrP(106 —126) disrupt membranes through distinct mechanisms, depend-

Conclusion: Cytotoxicity of PrP(106—126) oligomers can occur through at least two different physical processes.
Significance: Mechanisms for the membrane disruption of amyloid oligomers are proposed, providing new insight into their
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The formation of fibrillar aggregates has long been associated
with neurodegenerative disorders such as Alzheimer and Par-
kinson diseases. Although fibrils are still considered important
to the pathology of these disorders, it is now widely understood
that smaller amyloid oligomers are the toxic entities along the
misfolding pathway. One characteristic shared by the majority
of amyloid oligomers is the ability to disrupt membranes, a com-
monality proposed to be responsible for their toxicity, although
the mechanisms linking this to cell death are poorly understood.
Here, we describe the physical basis for the cytotoxicity of oligo-
mers formed by the prion protein (PrP)-derived amyloid pep-
tide PrP(106 —126). We show that oligomers of this peptide kill
several mammalian cells lines, as well as mouse cerebellar orga-
notypic cultures, and we also show that they exhibit antimicro-
bial activity. Physical perturbation of model membranes mim-
icking bacterial or mammalian cells was investigated using atomic
force microscopy, polarized total internal reflection fluorescence
microscopy, and NMR spectroscopy. Disruption of anionic mem-
branes proceeds through a carpet or detergent model as proposed
for other antimicrobial peptides. By contrast, when added to zwit-
terionic membranes containing cholesterol-rich ordered domains,
PrP(106-126) oligomers induce a loss of domain separation and
decreased membrane disorder. Loss of raft-like domains may lead
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to activation of apoptotic pathways, resulting in cell death. This
work sheds new light on the physical mechanisms of amyloid cyto-
toxicity and is the first to clearly show membrane type-specific
modes of action for a cytotoxic peptide.

The study of amyloids and their related toxicity is an impor-
tant aspect of understanding the onset and progression of sev-
eral neurodegenerative diseases, including Alzheimer, Parkin-
son, and prion diseases, among others (1-3). In each case,
misfolding and aggregation of a native protein leads to cell
death through mechanisms that are not yet understood.
Although the characteristic pathology of amyloid disease is the
presence of fibrillar protein deposits, or plaques, in the brain
tissue of affected individuals, most recent data suggest that
nonfibrillar aggregates or oligomers formed by amyloid pro-
teins are in fact the cytotoxic species (4-7). The link between
oligomer formation and cell death is not yet understood; how-
ever, one commonly proposed mechanism for the toxicity of
small, nonfibrillar amyloid assemblies is through direct inter-
action with the plasma membrane, leading to loss of membrane
integrity and ultimately to cell death (5, 8).

There are a number of ways in which amyloid peptides can
interact with the membrane. One possible mechanism of dis-
ruption is through pore formation. The potential presence of
amyloid pores formed by the Alzheimer disease amyloid 3
(AB)” peptide has been reported by several groups (9-12), and

® The abbreviations used are: AB, amyloid B; PrP, prion protein; AFM, atomic
force microscopy; pTIRF, polarized total internal reflection fluorescence;
PrPS, cellular prion protein; POPC, 1-palmitoyl-2-oleoyl-L.-phosphatidyl-
choline; TEM, transmission electron microscopy; LUV, large unilamellar
vesicle; IAPP, islet amyloid polypeptide; Pl, propidium iodide; Lo, liquid
ordered; POPG, 1-palmitoyl-2-oleoyl-L.-phosphatidylglycerol; DSPC, 1,2-
distearoyl-phosphatidylcholine; Dil, 1,1’-dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine iodide; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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similar observations have been made for other amyloid systems
(13, 14). In each case, it is proposed that B-sheet-rich peptides
can either form barrel-stave or toroidal pores in the membrane.
The end effect of pore formation is a loss of membrane poten-
tial, as observed by single channel measurements as well as loss
of solutes resulting in cell death. Interestingly, antibodies raised
against pore-like annular protofibrils formed by AB(1-42) rec-
ognize oligomeric pores of the a-hemolysin, suggesting that
there may be a common structural element (15).

It is also possible for peptides to disrupt membranes by
behaving as a detergent. In this case, peptides remove lipid mol-
ecules directly resulting in bilayer destabilization. Detergent-
like action by a peptide has been seen with human IAPP(20 -
29), where small vesicle formation was observed for a range of
peptide concentrations (16). This is similar to the detergent
action of membrane-destabilizing peptides through the
so-called carpet model, whereby peptides aggregate on the sur-
face of the bilayer and cause general destabilization. Both car-
peting and detergent-like behavior have been reported for a
number of antimicrobial peptides (17, 18) and may be a mode of
action shared with amyloid oligomers.

Finally, it has been proposed that peptide fibrillization on the
surface of the membrane can lead to the formation of peptide-
rich microdomains inside the bilayer, causing destabilization.
This may be linked to an apparent affinity of some amyloid
peptides for membrane components associated with the forma-
tion of lipid rafts, such as cholesterol and glycolipids (19 —21). It
is well known that maintaining lipid rafts, and the membrane
proteins associated with them, is very important for in vivo cell
survival (22, 23).

PrP(106-126), a 21-residue peptide derived from the unstruc-
tured N terminus of the full-length prion protein, forms both amy-
loid fibrils and cytotoxic nonfibrillar oligomers (5, 24 —26). Despite
extensive study, the mechanism through which this peptide
induces cell death has remained elusive. PrP(106-126) has
been shown to be toxic both in the presence and absence of
full-length PrP (27-29). It has been shown to interact with and
disrupt model membranes with varied composition, with some
evidence for preferential binding of raft-like membranes (30).
Specific to membrane disruption by PrP(106 —126) oligomers,
it was shown previously that these structures directly cause
membrane permeabilization (8). This peptide has also been
shown to interact with L-type voltage-sensitive calcium chan-
nels (31), cause changes in membrane viscosity (32), activate
the JNK-c-Jun pathway (33), form channels or pores in planar
bilayers (34, 35), and be toxic to neuroblastoma cells (36).

We have previously reported the structures of both the amy-
loid fibrils and nonfibrillar oligomers formed by PrP(106 —126)
(37-39). Here, we confirm that the oligomers are cytotoxic to
mammalian cells, and also demonstrate that they exhibit anti-
microbial activity. AFM, TEM, and polarized TIRF (pTIRF)
microscopy, in combination with *'P and >H NMR spectros-
copy, were used to provide mechanistic details of membrane
disruption by PrP(106-126). Our data support a model in
which anionic liposomes are solubilized by the peptide, leading
to micellization and loss of membrane integrity. Importantly,
the oligomers exhibit very different behavior when added to
zwitterionic membranes containing ordered cholesterol-rich
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domains (mimicking a eukaryotic cell membrane). In this case,
the amyloid oligomers induce a loss of domain order and phase
separation, suggesting that there is a membrane or cell type
dependence. Loss of domain organization has been shown to
trigger pathways leading to apoptosis, suggesting an alternative
mechanism through which amyloid peptides may induce cell
death.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Preparation of PrP(106—126) Nonfi-
brillar Oligomers—The PrP(106 —126) peptide (*°°KTNM-
KHMAGAAAAGAVVGGLG'?®) was obtained from the
Advanced Protein Technology Centre at the Hospital for Sick
Children and was purified by reverse phase HPLC using a C8
column (Vydac) as described previously (39). A control peptide
containing a scrambled sequence (MVAATLGGKVGKAGM-
NAAHAG) was similarly prepared. PrP(106-126) oligomers
were formed by dissolving peptide in hexafluoroisopropanol at
4 mg/ml and subsequent dilution to 1 mg/ml into 10 mm acetate
buffer, pH 4.6. The hexafluoroisopropanol in solution was
evaporated under a stream of nitrogen gas.

Formation of Large Unilamellar Vesicles (LUVs)—To form
LUVs of POPC or 3:1 POPC/POPG, appropriate amounts of 25
mg/ml lipid stocks in chloroform (Avanti Polar Lipids) were
measured and dried to a film under a stream of nitrogen. This
film was then taken up in water at a concentration of 25 mg/ml
and lyophilized to remove residual solvent. The freeze-dried
lipids were then resuspended in 20 mm HEPES buffer pH 7.4
and freeze-thawed 10 times. Samples were then either used for
AFM studies, extruded through a 0.1-um filter membrane for
TEM, or extruded to 0.4 wm for analysis by solid state NMR. For
the formation of 1:1:1 DOPC/DSPC/cholesterol liposomes,
appropriate amounts of DOPC and DSPC in chloroform were
mixed with cholesterol and dried to a film. This film was resus-
pended in buffer as described above, and complete lipid mixing
was promoted by heating to 70 °C for 20 min prior to analysis by
AFM or extrusion for solid state NMR analysis.

Transmission Electron Microscopy—For TEM analysis, a 25
mg/ml suspension of freshly extruded lipids was treated with
either 120 um PrP(106 —126) oligomers or 10 mm sodium ace-
tate, pH 4.6. These samples were then diluted 500-fold, and 4 ul
of the final concentration was spotted on 400 mesh continuous
carbon grids, which were previously glow-discharged for 15 s at
30 mA negative discharge. Samples were adsorbed for 2 min
before blotting, rinsing twice with water, and a final staining
with 2% uranyl acetate for 15 s. Images were acquired using a
Jeol 1011 microscope operating at a voltage of 80 keV.

Atomic Force Microscopy—Images were acquired in fluid
tapping mode with a Digital Instruments (Veeco, Santa Bar-
bara, CA) Nanoscope IIla Multimode AFM equipped with an
“E” scanner (maximum lateral scan area 14.6 X 14.6 um), using
SNL-10 short, thin tips (Veeco Probes, Camarillo, CA, and
Bruker AFM Probes, Camarillo, CA). A contact/tapping mode
glass fluid cell was sealed with a silicone O-ring against a freshly
cleaved muscovite mica substrate. The fluid cell, having volume
of ~200 ul, was fitted with separate inlet and outlet tubing to
allow for the exchange of fluid during imaging. All images were
collected at a resolution of 512 X 512 pixels at scan rates
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between 1 and 3 Hz using tip oscillation frequencies of ~8 or 25
kHz. Image analysis was performed with Nanoscope software
(version 5.12r3, Digital Instruments). Images were typically
subjected to zero order flattening and second order plane fit (x
axis) filters.

Mica surfaces were pretreated by filling the fluid cell with 10
mwm HEPES containing 150 mm NaCl at pH 7.4. Supported pla-
nar bilayers were formed by injecting ~300 ul of a lipid vesicle
suspension (typically composed of 100 ul of 1 mwm lipid stock
and 300 ul of 10 mm HEPES containing 150 mm NaCl at pH 7.4).

PrP(106 —126) oligomers were diluted in acetate buffer at pH
4.6 to 7.8 and 16 uM. Approximately 300 ul was injected into
the fluid cell, enough to completely replace the fluid volume of
the cell. AFM images were collected until no significant
changes in the bilayer were detected (~1 h). The fluid cell was
flushed with at least 300 ul of 10 mm HEPES containing 150 mm
NaCl at pH 7.4 and imaged for at least 30 min. Addition of
peptide and subsequent wash steps were then repeated at
higher peptide concentrations.

Combined Atomic Force Microscopy and Polarized Total
Internal Reflection Fluorescence Microscopy (AFM-pTIRF)—A
thin slice of V1 grade muscovite mica was cleaved from 2.5-cm
round discs. Mica was secured to the bottom of glass Willco-
dish with UV-curable adhesive (Norland Optical Adhesive 63,
Norland Products, Cranbury, NJ). Dil-C,4 (Invitrogen) was
added to lipid mixtures from a stock solution, giving a final
concentration of 1 mol %.

For lipid mixtures containing anionic lipids, dishes were pre-
treated with 2 ml of 20 mm CaCl, for several minutes and sub-
sequently removed. 100 ul of 1 mm stock lipid and 1900 wl of 10
mM HEPES containing 150 mm NaCl at pH 7.4 were added to
dishes. For lipid mixtures containing lipids with transition tem-
peratures above room temperature, dishes were incubated at
~70 °C for 20 min and subsequently allowed to cool back to
room temperature. If an excessive number of vesicles were
observed under TIRF illumination, 1-ml aliquots of buffer were
exchanged from the dish as needed. If a continuous bilayer was
not present, 100-ul aliquots of 1 mm lipid stock were exchanged
for 100 wl of buffer from the dish as needed.

Images were acquired in fluid tapping mode with a Digital
Instruments (Veeco) Nanoscope Illa Bioscope AFM using
SNL-10 short, thin tips (Veeco Probes and Bruker AFM
Probes). The AFM head was positioned in a vertical slot above
an objective-based TIRF system. AFM image analysis was per-
formed with Nanoscope software (Version 5.30r3, Digital
Instruments). AFM images were typically subjected to zero
order flattening and second order plane fit (x axis) filters.

A home-built pTIRF microscope built around an Olympus
IX70 inverted microscope that accommodates multiple excita-
tion laser lines was utilized for pTIRF microscopy (40). The
bottom of the dish was brought into focus under ambient light-
ing under oil immersion using a X60 1.45 NA TIRF objective.
Appropriate filters were then inserted, and a region of the sup-
ported bilayer was brought into focus under pTIRF illumina-
tion. Images were captured with an Evolve 512 EMCCD camera
(Photometrics, Tucson, AZ) controlled by Micro-Manager.
Fluorescent probes were excited by parallel or perpendicular

APRIL 11,2014 +VOLUME 289-NUMBER 15

polarized light, relative to the substrate surface, through the
rotation of a half-wave plate in the excitation path.

Solid State NMR—Solid state NMR experiments were car-
ried out using a Varian VNMRS spectrometer operating ata 'H
frequency of 499.71 MHz. Static >' P and ?H NMR spectra were
acquired using a 3.2-mm T3 MAS probe. *'P and *H /2 pulse
widths were 4.5 and 2.5 us, respectively. 50 kHz 'H decoupling
was used during the acquisition of >' P spectra. >H spectra were
acquired using a quadrupolar echo pulse sequence, with an
echo delay of 40 us. All spectra were processed using NMRPipe
and visualized in nmrDraw.

Antimicrobial Activity Assay—Escherichia coli BL21 cells
(Invitrogen) were grown overnight at 37 °C in 50 ml of Luria
Broth (LB) without antibiotics. Cells were diluted in LB to reach
an absorbance of 0.03 at 600 nm. A 96-well plate was used to set
up the experimental conditions in triplicate with each condi-
tion having a volume of 50 ul before the addition of 200 ul of
cell suspension (250 ul total volume). As a negative control, 1
mg/ml carbenicillin (final concentration) was used. Blanks were
set up in triplicate for each condition to account for the dilution
of the LB by acetate and Tris buffers. After setting up the plate,
an initial absorbance reading at 650 nm was recorded after
which the 96-well plate was placed in a 37 °C incubator and
removed at 30, 120, 180, 240, and 300 min for absorbance
readings.

Cell Culture—PC12 cells were cultured in F12K nutrient
media with 10% horse serum, 5% FBS, penicillin, streptomycin,
glucose, and sodium pyruvate; N2a and SHSY-5Y cells were
cultured in DMEM high glucose supplemented with 5% FBS,
penicillin, streptomycin, glucose, and sodium pyruvate. Two
N2a subclones were tested, with different PrP® expression lev-
els (subclone 2 has ~2X more PrP€ than subclone 1, by West-
ern blot analysis). Cells were plated in collagen-coated 96-well
plates. At 75% confluence, media were replaced with 90 ul of
low serum media, containing 1% total serum (FBS). 10 ul of
10X treatment (fibrils, oligomers, or scrambled peptide) was
added to each well for final concentrations of 5, 10, 50, or 100
M. 10 pl of fibril and oligomer buffer were used as negative
controls, whereas 5 uM staurosporine was used as a positive
control. At 8 and 24 h after treatment, 20-ul aliquots
were removed from each well and assayed for adenylate cyclase
release using the Toxilight assay (Lonza) according to the man-
ufacturer’s instructions. At 48 h, wells were assayed for viability
using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction
assay (Promega) according to the manufacturer’s instructions.
Statistical analysis was carried out using a standard Z-test.

Mouse Cerebellar Slice Organotypic Cultures—Cerebellar
slice cultures were prepared from 10- to 12-day-old C57B16
mice as described by Falsig and Aguzzi (41). Slices were cul-
tured for 14 days prior to treatment to allow cultures to stabi-
lize. After treatment with oligomers or controls, slices were
treated with 200 ul of warm slice medium containing 10 ug/ml
propidium iodide (PI) (Invitrogen) for 15 min and then washed
three times with 500 ul of PBS, pH 7.4, to remove residual PI.
Incubations and washes were done in the dark. Next, the slices
were fixed with fresh 4% paraformaldehyde (Invitrogen) in PBS
for 15 min and then washed three times with 500 ul of PBS.
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FIGURE 1. Cytotoxicity of PrP(106 -126) oligomers in mammalian cell culture. Normalized cell death, as monitored using the Toxilight assay, is shown for
N2a (subclone 1) (A), PC12 (B), SHSY-5Y (C), and N2a (subclone 2, 2X more PrP) (D) cells treated with 5-100 um PrP(106 -126) oligomers, fibrils, or a scrambled
control peptide for 24 h. 5 um staurosporine was used as a positive control, whereas 10 ul of fibril and oligomer buffers (acetate, acetate with hexafluoroiso-
propanol, and Tris) were added as negative controls. In all cell types, 100 and 50 um PrP(106-126) was able to produce statistically significant cell death versus
buffer alone (***, corresponding to p < 0.01; **, p < 0.03, and *, p < 0.05). The fraction of dead cells was normalized in each case against the positive control
staurosporine. Error bars represent the standard deviation of measurements made in triplicate.

Slices were permeabilized with 0.25% Triton X-100 in PBS for
15 min and then washed three times with 500 ul of PBS. Slices
were blocked using 1% goat serum, 1% BSA in PBS for 1 h,
labeled with 1:4000 dilution of anti-mouse calbindin (Abcam)
in blocking buffer for 1 h, washed three times with 500 ul of
PBS, labeled with 1:4000 anti-goat Alexa Fluor 488 secondary
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(Invitrogen) for 30 min, then washed three times with 500 ul of
PBS. The membrane supporting the slices was then removed
from the insert support and placed on a slide, tissue side up.
Three drops of Prolong Gold with 4',6-diamidino-2-phenylin-
dole (DAPI) (Invitrogen) were placed on the membrane insert,
and a coverslip was affixed to the slide. Slides were cured for a
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minimum of 24 h. Determination of slice viability (PI staining)
was done from images taken at Nyquist resolution sampling on
a Zeiss LSM 700. Images were first deconvolved using
ImageQuant X, and analysis was completed using Imaris 7.1.1
software. Percent cell death was calculated as the number of
PI-positive cells divided by the number of DAPI-positive cells.

RESULTS

PrP(106-126) Oligomers Are Cytotoxic to Eukaryotic Cells
and Inhibit Bacterial Growth—To confirm the reported toxic-
ity of PrP(106 —126) oligomers, and to assess the activity of our
samples, we treated four different mammalian cell lines with
PrP(106 —126) oligomers, fibrils, and a scrambled peptide. As
shown in Fig. 1, PrP(106-126) oligomers caused a significant
increase in the death of N2a subclones 1 and 2, PC-12, and
SH-SY5Y cells, as monitored using the Toxilight assay after 24 h
of incubation. This colorimetric assay uses the release of adenyl-
ate kinase from cells as an indicator of cell damage or death (42).
In all cases, 100 um PrP(106 —126) oligomers exhibited a level of
cytotoxicity similar to 5 um staurosporine, which is known to
initiate apoptosis in a wide range of cell types (43). Amyloid
fibrils and nonoligomerizing scrambled PrP(106 —126) peptide
did not exhibit significant toxicity to the tested cell types. A
similar effect was observed as early as 8 h (supplemental Fig.
S1), and these results were confirmed using MTS reduction as a
second assay for cell death (supplemental Fig. S2).

In addition to exhibiting cytotoxicity in mammalian cell cul-
ture, PrP(106 —126) oligomers also caused significant cell death
in cultured mouse cerebellar slices (supplemental Fig. S3). At 24
and 48 h post-treatment with 100 um oligomeric PrP(106 —
126), a large increase in PI fluorescence was observed, indicat-
ing loss of membrane integrity allowing PI to enter the nucleus
and bind DNA (44). By 24 h, 55% of the cell nuclei had incor-
porated PI, while at 48 h post-treatment 61% of mouse cerebel-
lar cells had died.

The amino acid composition of PrP(106 —126) is reminiscent of
cationic antimicrobial peptides, particularly dermaseptin (45).
Importantly, many cationic antimicrobial peptides have hemolytic
activity, such that they kill both prokaryotic and eukaryotic cells,
presumably through direct membrane disruption (17, 18). To test
the possibility that PrP(106 —126) may act through a mechanism
similar to cationic antimicrobial peptides, we performed a bacte-
rial inhibition assay. As shown in Fig. 2, oligomeric PrP(106 —126)
inhibited the growth of BL21 E. coli cultures in a concentration-
dependent manner, although fibrillar peptide did not.

PrP(106 -126) Oligomers Disrupt Anionic Lipid Bilayers—To
determine whether membrane disruption forms the physical basis
for PrP(106-126) cytotoxicity, in vitro studies were carried out
using highly simplified models of bacterial and mammalian mem-
branes. A POPC/POPG lipid mixture has been used by several
groups as a mimic of anionic bacterial membranes (46, 47). We
have previously reported disruption of liposomes with this com-
position by PrP(106-126), using leakage of the fluorescent dye
calcein asareadout (48), and here we use 3:1 POPC/POPG bilayers
to probe the mechanism of antimicrobial activity.

Supported POPC/POPG bilayers were imaged using tapping
mode AFM in solution at room temperature. As expected for
this binary mixture, which has a fluid to gel phase transition
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FIGURE 2. Antimicrobial activity of PrP(106 -126) oligomers. The A4, val-
ues recorded for E. coli (BL21) cultures at several time intervals are shown.
Bacterial cultures were diluted to a starting Ags, of 0.1 and then grown in the
presence of 5-100 um PrP(106-126) oligomers (triangles), 50 um PrP(106-
126) fibrils (diamonds), or media alone (squares). Oligomers show a dose-de-
pendent reduction in cell growth, approaching that of the antibiotic carben-
icillin (circles), whereas fibrils and blank media do not inhibit growth. Error
bars represent the standard deviation of measurements made in triplicate.

temperature of approximately —2 °C, a molecularly smooth
surface populated with some small unfused vesicles was
observed (Fig. 3). Upon addition of PrP(106-126) oligomers,
raised structures extending ~4.5 nm above the bilayer surface
were observed. These structures are consistent with the pep-
tide-induced formation of vesicles, which is a phenomenon
previously observed after the interaction of IAPP with lipo-
somes (16) and AB(1-40) with supported bilayers (49). After
washing with excess buffer, the bilayer was depleted at locations
previously exhibiting increased height profiles, giving rise to
~5—6-nm deep defects. This is approximately the thickness
reported for La POPC bilayers (inclusive of hydration shell)
(50, 51) and is also suggestive of vesicles being removed from
the bilayer after treatment with PrP(106-126). Further evi-
dence for the formation of small vesicles or micelles was pro-
vided by TEM images of 3:1 POPC/POPG LUVs (Fig. 4).
Although initially appearing spherical and smooth, upon addi-
tion of PrP(106-126) oligomers the surface of the LUVs
became irregular and populated by small protrusions.

To examine the changes in the bilayer at the molecular level,
static *'P NMR spectra were obtained for 400 nm LUVs. In the
absence of peptide, a powder pattern is observed for 3:1 POPC/
POPG LUVs (Fig. 5A). This spectrum exhibits the characteris-
tic line shape and line width (53 ppm) of La phase bilayer mem-
branes (52). Upon addition of 120 um PrP(106 —126) oligomers,
there is a marked reduction in line width, with the resulting
spectrum having a significantly narrower peak (~5 ppm) cen-
tered around the 3'P isotropic chemical shift. This reduction in
line width results from an averaging or reduction in the *'P
chemical shift anisotropy and can be attributed to either a dra-
matic reduction in the order parameter of the bilayer or to the
large scale release of small, fast tumbling vesicles from the
larger 400 nm LUVs. The latter phenomenon has been reported
for some amyloids, most notably IAPP (16), and other mem-
brane disrupting peptides such as MSI-78 (53).

JOURNAL OF BIOLOGICAL CHEMISTRY 10423



Mechanisms of Membrane Disruption by PrP(106 -126)

20.0 mm
. .
0.0 nm
nm nm
“ “

nm

o
s V- =
- o o
4.569 nm
YY z24250m
© SN P AP vl A AL o o
4.619 nm
°_ w w
o ! ! ol | | a1 1 1
o 2.50 5.00 [ 2.50 5.00 "o 2.50 5.00
Km Hm Hm

FIGURE 3. AFM images of 3:1 POPC/POPG supported bilayers in the presence and absence of PrP(106-126) oligomers. Height images from tapping
mode AFM of supported 3:1 POPC/POPG bilayers are shown. 4, initial lipid bilayer is relatively flat, but after addition of 0.015 mg/ml peptide solution (B), raised
features ~4.5 nm in height are apparent above the bilayer surface. C, after subsequent washing with HEPES pH 7.4 buffer, holes or defects with a depth of 5-6
nm appear in the bilayer, corresponding to the approximate thickness reported for a single hydrated La phase POPC bilayer. Each AFM image represents the
same 5 X 5 um area of the supported bilayer. The traces below each image show the height profile taken along the horizontal black lines.

FIGURE 4. Negative stain TEM images of LUVs in the presence and absence of PrP(106 -126) oligomers. TEM images are shown for uranyl acetate-stained
liposomes formed from 3:1 POPC/POPG (A-C) and 1:1:1 DOPC/DSPC/cholesterol (D-F). A, untreated POPC/POPG LUVs appear as nearly spherical shapes with
round edges. B, after addition of 120 um PrP(106-126) oligomers, surface blebbing can be seen (arrows). C, additional view shows multiple LUVs with surface
disruptions, suggesting the release of small vesicles from the surface of the LUV (arrows). The presence of larger liposomes is also apparent. By contrast, no
change in liposome morphology is observed for DOPC/DSPC/cholesterol liposomes in the absence (D) or presence (E and F) of PrP(106-126) oligomers. The
scale bar in each image represents 100 nm.

PrP(106 —126) Oligomers Cause Altered Domain Organiza- lesterol were used. This ternary mixture has been shown to
tion and a Reduction in Order of Cholesterol-containing form biphasic bilayers with DOPC-rich La domains coexisting
Bilayers—As a simplified model of mammalian cell membrane  with more rigid liquid ordered (Lo) domains enriched in DSPC
organization, liposomes composed of 1:1:1 DOPC/DSPC/cho-  and cholesterol (54, 55). As such, it is a useful model system for
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FIGURE 5. Static >'P NMR spectra of LUVs in the presence and absence of PrP(106 -126) oligomers. >'P NMR spectra are shown for 3:1 POPC/POPG (A) or
1:1:1 DOPC/DSPC/cholesterol (B) LUVs before addition of peptide (black) and after treatment with 120 um PrP(106-126) oligomers (blue). Spectra were

recorded at 21 °C.

investigating lipid microdomains. This is of potential impor-
tance when examining the effects of amyloid oligomers on
membranes, because there is a wealth of data linking cholester-
ol-rich domains with amyloid binding and with cell death asso-
ciated with amyloidosis (19, 56 —58).

Combined AFM-pTIRF microscopy images of supported
DOPC/DSPC/cholesterol bilayers containing 1 mol % Dil-C,4
are shown in Fig. 6A. These data were acquired at room tem-
perature in solution, facilitating study of the membrane under
near native conditions. The AFM image clearly shows the pres-
ence of both La and raised Lo domains. Confirmation of this
domain separation and a means to monitor the order of the
membrane were obtained using pTIRF microscopy of the same
section of bilayer. As we have shown, the observed intensity of
the fluorescent emission of Dil-C,3 when excited with polar-
ized light will depend on both the orientation of the polariza-
tion (perpendicular or parallel) and the local order (40, 54,
59-61). Dil-C, is also known to exhibit preferential partition-
ing into ordered lipid phases, making it an excellent probe of
domain formation and changes in bilayer order (54, 62, 63).

As can be seen in the middle panels of Fig. 6A, regions of high
intensity fluorescence are observed under excitation with par-
allel light (F,). These correspond to the ordered cholesterol-
rich domains identified using AFM. Similar but weaker fluores-
cence was observed after excitation with perpendicularly
polarized light (F,).

The order parameter (P,) was calculated for each pixel, using
the difference in F, and F,, fluorescence emission intensity (see
under “Experimental Procedures”), and an image color-coded
by order parameter is shown in the right-hand panel of Fig. 6A.
This orientational order parameter ranges from —0.5 to 1, with
the extremes representing single orientations of the fluoro-
phore, and all other values indicating the presence of a distri-
bution of molecular orientations.

The effect of PrP(106-126) oligomers on 1:1:1 DOPC/
DSPC/cholesterol bilayers as monitored by AFM is shown in
Fig. 7. As in Fig. 6A, clear separation of the La and Lo domains
is evident prior to addition of peptide. After addition of peptide
oligomers, domain separation is lost, and amyloid fibrils can be
observed on the surface of the membrane. No visible holes or
defects are apparent in these images, in contrast to the effect of
PrP(106-126) on anionic bilayers (Fig. 3). TEM images of
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DOPC/DSPC/cholesterol LUVs (Fig. 4) support this observa-
tion, as no alterations in liposome morphology are observed for
this bilayer composition in the presence of PrP(106-126)
oligomers.

The loss of domain organization was supported by pTIRF
microscopy images of a similar bilayer (Fig. 6B). Prior to the
addition of peptide (Fig. 6B, 0 min), the presence of higher order
lipid domains is evident. At longer incubation times, there is a
clear loss of domain separation, with Dil-C,g fluorescence
spreading through the membrane. Time-lapse video of this
process (supplemental Fig. S4) indicates that the changes begin
from within the ordered domains and spread outward, suggest-
ing that these may represent the initial sites of peptide binding.

Asisevident in the color-coded (P,) images shown in Fig. 6B,
there is a change in the orientational order of the Dil-C, ; after
incubation of the membrane with PrP(106 —126) oligomers, as
well as a gradual reduction in domain separation. As the histo-
grams summarizing the information from each image show,
there is both a broadening of the distribution of (P,) values after
incubation with the peptide oligomers within the images and an
overall decrease in the mean value of (P,) by 16-17%. These
pTIRF data support the loss of ordered domain separation, as
well as a decrease in the global order parameter of the bilayer.

The *'P NMR spectra of DOPC/DSPC/cholesterol lipo-
somes (Fig. 5B) show that the bilayer nature of is not signifi-
cantly altered by the addition of PrP(106-126) oligomers.
Instead, there is a slight reduction in the breadth of the static
powder pattern (15-20%), consistent with the change in the
global order parameter as measured by pTIRF. The absence of
narrow or isotropic components indicates that no micellization
or large scale disruption of the bilayer has occurred.

Further support for reduced membrane order was obtained
using >H NMR spectroscopy to directly probe mobility and
order of cholesterol within the membrane. Static >H NMR
spectra of DOPC/DSPC/cholesterol LUVs containing 3-d,-
cholesterol (single *H label at the 3-position) are shown in Fig.
8. The quadupolar coupling constant for this *H-C group in PC
membranes has been previously measured as 44 kHz at 20 °C
(64). In the absence of peptide, we observe a ’H quadrupolar
splitting of 47.9 kHz at 21 °C, consistent with partitioning into
Lo phase DSPC-cholesterol enriched domains. As the sample
temperature approaches (65 °C) and exceeds (75 °C) the phase
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FIGURE 6. AFM and polarized TIRF microscopy of supported bilayers formed by 1:1:1 DOPC/DSPC/cholesterol. A, combined AFM and pTIRF images are
shown for a 30 X 30 um region of a DOPC/DSPC/cholesterol bilayer in the absence of peptide. The left panel shows a height image obtained using tapping
mode AFM of a supported lipid bilayer. Polarized TIRF images obtained using parallel excitation (F) or perpendicular excitation (F,,) of the fluorescent probe
Dil-C,4, incorporated at 1 mol % relative to lipid, are shown for the same region of the bilayer (center panels). The right-hand panel shows the same image
colored by the order parameter (P,), calculated as described in the text. Each image shows the same area, and a reference spot is indicated in each panel (*). B,
Fs- and F-polarized TIRF images are shown for several time points following the addition of PrP(106-126) oligomers to a supported bilayer at a final
concentration of 4.1 um. The intensely bright dots in each panel are due to the presence of a vesicle within the pTIRF illumination field. The (P,) panels
correspond to each pair of fluorescence micrographs, and the range of observed order parameters within each image is summarized as a histogram in the
bottom panel for each time point, with the mean value indicated in each case. Each image represents the same 15 X 15 um area of the bilayer.

transition temperature of DSPC, domain separation is lost, and
the *H spectrum collapses to 2.7 kHz due to increased mobility
of the cholesterol and the concurrent reduction in the order of
the bilayer.

In the presence of peptide, there is a small reduction in the
width of the 2H powder spectrum and an increased isotropic
component, similar to the effect of increasing temperature in
the absence of peptide. Although the bilayer does not appear to
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undergo a whole scale perturbation, it is clear that the choles-
terol is now experiencing a less ordered environment, as sug-
gested by the pTIRF and *'P NMR data.

DISCUSSION

The formation of nonfibrillar oligomers has been clearly
identified as a key event during the misfolding of amyloid pro-
teins, and these entities have been implicated as the cytotoxic
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FIGURE 7. AFM images of 1:1:1 DOPC/DSPC/cholesterol-supported bilayers in the presence and absence of PrP(106-126) oligomers. Height images
from tapping mode AFM of supported DOPC/DSPC/cholesterol bilayers are shown. A, prior to the addition of peptide, two domains with a 1.5-nm height
difference are observed. B, after addition of 0.015 mg/ml peptide oligomers, no phase separation is visible, and amyloid fibrils appear on the surface. C, after
addition of 0.04 mg/ml peptide oligomers, a higher density of longer fibrils is observed. All images show a 5 X 5 um area. The traces below each image show
the height trace along the indicated slice, with selected height differences indicted by red and green arrows.
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FIGURE 8.2H NMR spectra of 1:1:1 DOPC/DSPC/(3-d,-cholesterol). Static °H NMR spectra are shown for 400-um liposomes formed from 1:1:1 DOPC/DSPC/
cholesterol, with the cholesterol labeled by a single deuteron at position 3. Spectra were acquired at 21,65, and 75 °Cin the absence of peptide (bottom) as well
asat 21 and 65 °C after the addition of 120 um peptide (upper). The dashed vertical lines indicate the quadrupolar splitting observed at 21 °C without peptide.

forms of amyloid proteins. Regarding the pathway through
which amyloid oligomers cause cell death, several possibilities
have been proposed, including oligomer binding to specific
cell-surface proteins or receptors leading to altered cell signal-
ing or channel activity or through direct perturbation of the cell
membrane (7, 13, 65). Substantial evidence for the latter has
been reported for several amyloid proteins and peptides,
although the physical basis for the disruption remains in ques-
tion. It has also been proposed that there might be a common
mechanism for the cytotoxicity of different amyloid proteins,
largely based on morphological and structural similarities
between nonfibrillar oligomers formed by different proteins (5,
7,8).

Induction of apoptosis by PrP(106 —126) has previously been
reported by several groups (31, 66, 67), and the proposed mech-
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anisms range from formation of pores or channels (8, 68) to
increased membrane microviscosity (31, 32, 66, 67). Consistent
with previous reports (5), we observe specific cytotoxicity of
only the oligomeric state of PrP(106-126). These oligomers
induce cell death in mouse, human, and rat neuronal cell cul-
tures as well as in mouse cerebellar tissue. In the latter system,
we did not discern any cell type specificity, suggesting that the
oligomers act through a nonspecific mechanism to induce cell
death. Likewise, the ability to kill eukaryotic cells and to inhibit
the growth of bacterial culture suggests that PrP(106 —126) tox-
icity does not necessarily require a specific cell-surface receptor
but can act through direct physical association and perturba-
tion of cell membranes. Although some evidence suggests that
PrP(106 —126) toxicity may require the presence of PrP< on the
cell surface (69-71), our data support a PrP“-independent
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FIGURE 9. Models of membrane perturbation by PrP(106-126) oligo-
mers. A, addition of peptide oligomers (green) to POPC/POPG membranes
results in physical removal of peptide-lipid micelles, causing membrane leak-
age and cell death. B, addition of PrP(106-126) oligomers to membranes
containing ordered cholesterol-rich domains (indicated by red DSPC head-
groups) results in fibril assembly on the membrane surface concurrent with a
loss of domain organization. Based on our pTIRF data, we propose that pep-
tide binding initially occurs preferentially within the ordered lipid domains
and that domain reorganization subsequently spreads from the initial sites of
peptide association.

pathway (29). Use of a cell line with 2X the cell surface PrP“
(N2a subclone 2) did not significantly increase PrP(106 —126)-
induced cell death.

Our data provide evidence that a single type of oligomer
formed by one peptide may act to disrupt membrane integrity
through multiple distinct mechanisms, dependent on the com-
position of the bilayer. A schematic outlining our proposed
models for membrane disruption by PrP(106 —126) is shown in
Fig. 9. Fig. 9A depicts disruption of anionic membranes by
PrP(106 -126) oligomers through a modified carpet model,
similar to the mode of action proposed for some cationic anti-
microbial peptides (17, 18). Based on our TEM, AFM, and *'P
NMR data, binding of the oligomeric peptide to the membrane
is followed by extraction of small vesicles or micelles, leaving
defects in the bilayer and resulting in bacterial cell death.

This solubilization of anionic membranes to produce mixed
peptide-lipid micelles or small vesicles is similar to previously
reported fragmentation of 1,2-dimyristoyl-phosphatidylcho-
line (DMPC) nanotubes by IAPP (72). In that work, the appear-
ance of an isotropic peak in the lipid *'P spectrum was linked to
peptide-lipid small vesicle formation. More recently, it has been
shown that perturbation of anionic membranes by IAPP pro-
ceeds through a similar mechanism (16). These data support
recent reports of antimicrobial activity from other amyloid
peptides, suggesting this may be a more general phenomenon
(73).

By contrast, our biophysical data do not suggest the creation
of defects or holes in zwitterionic membranes by PrP(106 —126)
oligomers. Instead, we propose the model shown in Fig. 9B.
Oligomer binding to cholesterol-rich domains leads to altered
lipid organization within the bilayer in vitro, reducing the order
parameter of the membrane, a phenomenon that could cause a
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loss of ordered domain structure in vivo. This is consistent with
fibril formation on the membrane surface, as observed by AFM
(Fig. 7).

Despite some controversy surrounding their existence (74),
the presence of ordered (Lo) cholesterol-rich lipid domains in
cell membranes has been strongly supported by several recent
studies (75, 76). Such microdomains may play essential roles in
the spatial organization and localization of plasma membrane
components. A loss of domain separation would significantly
impact signaling and other cell surface-linked pathways, poten-
tially leading to initiation of apoptosis. Disruption of lipid
domains has recently been exploited in cancer therapy, as a
means of initiating tumor cell death, lending support to this
hypothesis (77).

Our proposal that the disruption of cholesterol domains may
underlie PrP(106 —126)-induced cytotoxicity fits well with ear-
lier data showing interaction of PrP(106 —126) with the gangli-
oside GM1, another component of lipid microdomains or rafts
(18, 47). Although we have not yet examined the interaction of
PrP(106 —126) oligomers with GM1-containing bilayers, this
peptide is clearly able to bind and disrupt ordered lipid domains
in a nonganglioside-dependent manner.

Interestingly, it has been previously suggested that choles-
terol may be protective against membrane disruption by amy-
loid oligomers of AB(1-42) by preventing oligomers of this
peptide from sequestering GM1 at the cell surface (78). Similar
results were reported for the yeast prion protein Sup35, in
which fibrils binding to GM1 on the surface of live cells were
able to induce caspase activity due to the rearrangement of
cell-surface Fas (79). These results further demonstrate the
importance of ordered lipid domains in amyloid cytotoxicity,
although amyloid-induced domain reorganization has not pre-
viously been demonstrated to our knowledge.

As a final note, the observation that a single entity can induce
membrane disruption through very different mechanisms
dependent on bilayer composition has important implications
for in vitro studies of amyloid toxicity. For example, model
membranes formed by POPC (80), 1,2-dioleyl-phosphatidyl-
glycerol (DOPG) (81), and 1,2-dimyristoyl-phosphatidylglycerol/
1,2-dimyristoyl-phosphatidylcholine (DMPG/DMPC) (82),
among many other lipid mixtures, have frequently been used to
study membrane interactions of amyloid proteins and peptides.
It is evident that caution must be used in selecting model mem-
branes for such studies because the choice of lipid composition
may have an unanticipated impact on experimental results.
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