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large number of pathological con-
A ditions is now known to be associ-

ated with the deposition of normally
soluble peptides and proteins as thread-
like aggregates rich in B-sheet structure and
known as amyloid fibrils (7). It is increas-
ingly clear that the intrinsic ability to form
such highly organized structures is not re-
stricted to disease-associated peptides and
proteins, but rather, is a generic property
common to all polypeptide chains (2). The
propensity to form amyloid fibrils and the
proportion of fibrils relative to other aggre-
gated species, is, however, highly variable
as they are modulated by the composition
and order of the side chains within indi-
vidual sequences. Indeed, increasing evi-
dence suggests that the small, heteroge-
neous, and soluble aggregates that often
precede amyloid fibril formation (3) are re-
sponsible, at least in part, for the pathogen-
esis of the protein deposition diseases with
which they are associated (4-9).

There is strong indication that intrinsic
physicochemical properties, such as hydro-
phobicity and charge, influence the propen-
sities of polypeptides to form both fibrils
and the potentially much more pathogenic
oligomeric species (10, 11). Moreover, re-
cent work has shown remarkable correla-
tions between the aggregation propensities
of proteins, calculated from these intrinsic
physicochemical properties, and their cyto-
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toxicity. This appears to be the case both in
transgenic models of neurodegeneration
and in patients suffering from neurodegen-
erative diseases (12, 13). Importantly, it has
also been found that of polypeptides not re-
lated to any known disease are not only
able to aggregate further into amyloid fibrils
but also to generate cytotoxic oligomeric
species during the aggregation process
(14~16). Moreover, common structural
epitopes have been detected on prefibrillar
aggregates made by a variety of polypep-
tides (17). These findings suggest that at
least some common features exist in the
mechanisms by which aggregates, formed
by a great diversity of protein sequences,
contribute to the pathogenesis of diseases
associated with extracellular amyloid
aggregation.

In light of the mounting evidence that
toxic oligomers share structural similarities,
it is of increasing importance to establish a
link between the degree of toxicity and such
features. To address this issue further, we
have investigated the relationship between
the cytotoxicity of species formed during
amyloid aggregation and their biophysical
properties.

RESULTS AND DISCUSSION

We first examined fibril formation by the
E22G (arctic) variant of the 42-residue
amyloid beta peptide (AB;-42), which is

ABSTRACT Oligomeric assemblies formed
from a variety of disease-associated peptides
and proteins have been strongly associated with
toxicity in many neurodegenerative conditions,
such as Alzheimer’s disease. The precise nature
of the toxic agents, however, remains still to be
established. We show that prefibrillar aggre-
gates of E22G (arctic) variant of the AB;_4, pep-
tide bind strongly to 1-anilinonaphthalene
8-sulfonate and that changes in this property
correlate significantly with changes in its cyto-
toxicity. Moreover, we show that this phenom-
enon is common to other amyloid systems, such
as wild-type ABi-4,, the I59T variant of human ly-
sozyme and an SH3 domain. These findings are
consistent with a model in which the exposure of
hydrophobic surfaces as a result of the aggrega-
tion of misfolded species is a crucial and com-
mon feature of these pathogenic species.

*Corresponding authors,
gf247@cam.ac.uk and
jyerbury@uow.edu.au.

Received for review January 27, 2010
and accepted June 15, 2010.

Published online June 15, 2010
10.1021/cb1001203

© 2010 American Chemical Society

VOL.5 NO.8 + ACS CHEMICAL BIOLOGY 735




736

A=,

Fluorescence emission (A.U.)

Lo & 8

2

N
8

38
3
8

Z

Wavelength (nm)

3
=3

Fluorescence emission (A.U.)
5

®
3

0
400 500

Fluorescence emission (A.U.)
5
&

Wavelength (nm)

400 500
Wavelength (nm)

Figure 1. Biophysical characterization of the aggregation of E22G AB;_,,. The peptide was incubated in solution at
29 °C for 300 min. Aliquots were taken at various times for biophysical analysis. A) The progression of the aggrega-
tion was monitored by ex situ ThT fluorescence spectroscopy. The aggregates in the solutions were further character-
ized: B) prior to incubation, C) after 30 min, and D) 300 min of aggregation. We examined: i) ANS fluorescence spec-
trum (peptide is colored, buffer is black line), ii) Far UV CD spectrum, iii) TEM (scale bar = 100 nm), iv) cytotoxicity as
measured by PI incorporation of SH-SY5Y cells to which control buffer and peptide were added. ThT and ANS fluo-
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These changes take

place at the same time
. as an increase in the
size and abundance of
‘worm-like’ aggregates
which can be visualized
by TEM (Figure 1,
panel C, iii). Even more
strikingly, these are con-
comitant with a sub-
stantial increase in fluo-
rescence intensity from
1-anilinonaphthalene
8-sulfonate (ANS), a dye
whose spectral proper-
ties and quantum yield
are highly sensitive to
polarity and viscosity
and, therefore, re-
sponds with an increase
in intensity upon inter-
action with exposed hy-
drophobic regions in na-
tive or partially unfolded
proteins (compare
Figure 1, panels B and
C, i) (20, 21). Although
we cannot rule out the
possibility that ANS
binds to other structural
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rescence data are single measurements, CD data are the mean of four determinations and the PI fluorescence is the

mean of triplicate determinations, and the error bars represent standard error of the mean. Significant differences
(p < 0.05) from the control sample are indicated by *. All results shown are representative of at least seven indepen-

dent experiments.

associated with an early onset inherited
form of Alzheimer’s disease (18). Although
the method used to generate solutions of
the peptide produces monomeric AB1—4,
(see Supporting Information for details),
transmission electron micrographs (TEMs)
revealed that an overwhelmingly small num-
ber of nonfibrillar aggregates were already
present upon initial TEM imaging (Figure 1,
panel B, iii) demonstrating the consider-
able propensity of this peptide to aggre-
gate. The circular dichroism (CD) spectrum
of the same sample is random-coil like, with
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a minimum at 200 nm (Figure 1, panel B,
ii). Thirty minutes after dissolution, while the
CD spectrum remains principally random
coil-like (Figure 1, panel C, ii), a decrease in
ellipticity at 215 nm indicates that the pep-
tide molecules present are beginning to
adopt an average conformation that is more
B-sheet rich, a finding that is in accord with
a simultaneous small increase in the fluo-
rescence of the dye thioflavin T (ThT),
(Figure 1, panel A), which exhibits a charac-
teristic increase in quantum yield on interac-
tion with ordered B-sheet structures (19).

BOLOGNESI ET AL.

features, our data col-
lectively suggest that
the E22G AB;—_4, prefi-
brillar oligomeric spe-
cies expose ANS-
binding hydrophobic patches, not present
in the preceding monomers, but that these
do not yet possess the long-range structural
order characteristic of amyloid fibrils.

After ca. 300 min, not only has the ThT
fluorescence reached its maximum inten-
sity (Figure 1, panel A) but the CD spectrum
of the sample is now characteristic of a pre-
dominantly B-sheet structure (Figure 1,
panel D, ii). TEM images confirm that many
fibrillar aggregates are now present, al-
though a significant population of prefibril-
lar structures can still be observed. The

www.acschemicalbiology.org
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Figure 2. ANS binding and toxicity of early amyloid aggregates. Fluorescence and toxicity of
the amyloid forming proteins E22G AB;_4,, SH3-PI3, I59T lysozyme, and AB;_,,. a) The pro-
gression of aggregation as monitored by ThT fluorescence. b) Toxicity of the aggregates as
measured by Pl uptake of SH-SY5Y cells to which aggregates taken at different time points
were added. c) ANS fluorescence signal of aggregate solutions taken from different time
points during aggregation. d) ANS/ThT ratio against time where the ratio is calculated using
the absolute increment of both parameters. The columns refer to E22G AB;—4, (left), SH3-PI3
(middle-left), I59T lysozyme (middle-right), and AB;_,, (right). Data points in a) and c) are

single measurements, while data points in b) are triplicate measurements with SE bars. All re-

sults shown for E22G AB;_4,, SH3-PI3, I59T lysozyme, and WT AB;_,, are representative of at

least seven, three, three, and five independent experiments respectively.

sample taken at this time point possesses
a substantial ANS fluorescence (Figure 1,
panel D, i), consistent with the existence of
a significant number of small heteroge-

(Figure 1, panel D, iii; Supplementary

Figure 1).

We next sought to understand the rela-

tionship between the changing structural

neous aggregates with exposed hydropho-
bic surfaces remaining in solution alongside
the more ordered fibrillar species that stimu-
late a lower level of ANS fluorescence
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characteristics of these E22G AR, 4, aggre-
gates and their effects on the viability of

neuronal cells. To achieve this objective, al-
iquots taken at different time points during

aggregation were added to cultures of SH-
SY5Y human neuroblastoma cells, and the
resulting changes in cell viability were mea-
sured by means of a propidium iodide (Pl)
incorporation assay and a Calcein AM assay.
Addition of 1 wM of an E22G AR, aggre-
gate solution resulted in increased Pl stain-
ing of cell nuclei after 48 h of incubation. Us-
ing confocal microscopy, we found that the
oligomeric aggregates bind almost immedi-
ately (within 5 min) to the cell surface and
thus do not remain free in solution to con-
tinue the process of aggregation (Supple-
mentary Figure 2). We further observed that
increased PI fluorescence occurs concur-
rently with the increased ANS fluorescence
intensity of the sample (compare Figure 1,
panels B-D, iv) but not its ThT fluorescence.
Fluorescence microscopy images revealed
a high proportion of Pl-stained cells in cul-
tures treated with aliquots of E22G AB—4,
taken after 15 min of aggregation (Supple-
mentary Figure 3). Pl-stained cells were
physically smaller and had partially lost
their adherence properties and exhibited re-
tracted processes typical of dead or dying
SH-SY5Y cells (Supplementary Figure 3). Fur-
thermore, cells treated with aliquots taken
at 300 min, which showed a high ANS sig-
nal and was observed by TEM to contain
abundant prefibrillar species, showed simi-
lar changes. Indeed, a more thorough analy-
sis of E22G AB;-4, aggregation shows that
there is a peak in the ANS fluorescence prior
to a substantial increase in that of ThT. This
peak in ANS fluorescence corresponds
closely to a peak in toxicity of the aggre-
gates (Figure 2, panel b), and the correla-
tion between ANS fluorescence intensity
and toxicity (measured by both dead cells
and cell viability assays) is statistically sig-
nificant (Figure 3, panel a and Supplemen-
tary Figure 4, R> = 0.85 p < 0.01 and R? =
0.71 p < 0.01). This result suggests that the
most cytotoxic types of aggregates formed
by E22G AB;_4, are the prefibrillar species
present during the lag phase that interact
more strongly with ANS. Moreover, the toxic-
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tion link a characteris-
tic, namely ANS bind-
ing, to the toxicity of
these aggregates re-
gardless of the protein
or peptide from which
they are formed. As
ANS is widely used to
measure exposed hy-
drophic patches on
proteins, (20, 21) the
data suggest that the
presence of exposed
hydrophobic patches
is a common feature
of highly toxic soluble
aggregates. We can-
not, however, exclude
the possibility that
ANS is binding to an
alternative common
structural feature of
prefibrillar aggregates

Figure 3. Correlation of ANS binding of aggregates with toxicity. Correlation graphs of the increment in ANS fluores-
cence signal and the corresponding increment in toxicity, as measured by Pl incorporation, of the aggregates at differ-
ent time points for a) E22G AB;_,,, b) PI3-SH3, c) I59T lysozyme, and d) WT AB;_,,. ANS data points are single mea-
surements, while PI fluorescence data points are the mean of tree measurements. Error bars represent standard error of
the mean. The results shown for E22G AB;_4,, SH3-PI3, I59T lysozyme, and AB;_,, are representative of at least seven,

three, three, and five independent experiments respectively.

ity persists even after mature fibrils are
formed, either because of the persistence
or regeneration of oligomeric species (as in-
dicated in Supplementary Figure 1) or from a
degree of intrinsic toxicity of the fibrillar ma-
terial (12, 22).

In light of the correlation between the tox-
icity and the ANS fluorescence intensity in
samples of E22G AR, aggregates, we car-
ried out analogous experiments with three
further amyloidogenic peptides and pro-
teins, namely wild-type AB1—_.,, the 59T vari-
ant of lysozyme (23), and the SH3 domain
of PI3 kinase (24). We found equally strik-
ing correlations in these systems between
the increase in ANS fluorescence in samples
taken at various time points during aggrega-
tion and their toxicity (Figure 2 and Figure 3:
R =0.62, p < 0.05; R2 = 0.82, p < 0.01;
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and R? = 0.89, p < 0.01, respectively). In
all cases the ratio of the ANS to ThT fluores-
cence of the different systems shows a dra-
matic increase during the lag phase before
ThT-binding amyloid fibrils are formed
(Figure 2, panel d). Moreover, this increase
in the fluorescence ratio appears as the tox-
icity of the samples is at its greatest
(Figure 2, panel b). Except for the case of
AB1-42, for which the time course of the de-
velopment of ANS and ThT fluorescence is
rather similar, it can be seen clearly that the
ThT fluorescence intensity does not corre-
late with ANS binding or with toxicity for the
different peptides and proteins studied in
this work (Supplementary Figure 5).

Our data support earlier evidence (4-7)
that prefibrillar aggregates are the most
toxic amyloid-related species but in addi-

BOLOGNESI ET AL.

or that another struc-
tural feature, such as
physical size, appear-
ing concomitant to
ANS binding plays an
important role in ag-
gregate toxicity (25). It has been shown,
however, that oligomers of the same pro-
tein and of approximately the same physi-
cal size can possess very different degrees
of toxicity and levels of exposed hydropho-
bicity (26, 27). Our data supports these ob-
servations and in addition suggests that
there is a general correlation between these
two characteristics.

Our data showing that the toxicity of ag-
gregates formed from a range of polypep-
tides correlates with their increased fluores-
cence in the presence of ANS are also in
accord with a “coalescence and reorganiza-
tion” model of amyloid formation (28, 29).
This model proposes that, after an initial hy-
drophobic collapse, the generation of a
more stable hydrogen-bonded core drives
the exposure of the hydrophobic residues

www.acschemicalbiology.org



that were buried in the initial collapse. This
process results, initially, in many soluble,
hydrophobic aggregates with a high surface-
to-volume ratio and is consistent with our
observations. Such aggregates are likely to
have an ability to bind rapidly and nonspe-
cifically to cell surfaces, a potential first step
in generating a toxic response. Previous re-
sults (28, 30) indicate that as aggregates in-
crease in size over time, their surface-to-
volume ratio decreases. Consequently the
overall exposed hydrophobicity of the sys-
tem will be reduced, as is shown most dra-
matically in the cases of SH3 and 159T
lysozyme.

Although the present results indicate the
existence of a common feature that is asso-
ciated with the toxicity of aggregates formed
by a number of peptides and proteins, as
with other common features of the generic
amyloid phenomenon (1), the amino acid
sequence plays an important role in defin-
ing the specific properties of these aggre-
gates. In all of the systems studied here, the
increment in ANS fluorescence intensity cor-
relates linearly with the increase in toxicity;
the slope of this linear relationship is, how-
ever, sequence dependent (Figure 3). Apart
from the obvious differences in the content
of hydrophobic amino acid residues of the
different systems, variations in the polypep-
tide sequences influence other properties,
such as the stability of the native state, the
intrinsic propensity to aggregate, the distinct
nature of the residues exposed during ag-
gregation, and both the size and relative
population of aggregates. The specific de-
gree of toxicity of each protein is, therefore,
likely to be influenced not only by the num-
ber of hydrophobic side chains that these
oligomers expose but also by their relative
ability to form such oligomers and the rela-
tive rates at which they convert into mature
fibrillar species.

Any increase in hydrophobicity, however,
is likely to promote the rapid and nonspe-
cific binding of aggregates to cell mem-
branes (Supplementary Figure 2) where they
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have been shown to interact with cell sur-
face receptors leading to changes in the
transduction of intracellular signaling cas-
cades potentially leading to the degenera-
tion of the cell (6). Alternatively, it is possible
that hydrophobic aggregates can insert
into, and then interfere directly with, mem-
brane structure resulting in changes in
membrane permeability and subsequent
toxicity (31-33). The precise interactions
which trigger this chain of events, may de-
pend on the location of the aggregating
protein in vivo as well as the repertoire of ac-
cessible membrane-bound proteins, provid-
ing a rationale for disease specificity. In con-
clusion, our results not only provide direct
evidence for a common step in the mecha-
nism by which toxicity of polypeptide oli-
gomers emerges but also strongly support
the proposition that the exposure of hydro-
phobic patches is a key feature of the toxic-
ity of extracellular oligomeric species.

METHODS

Peptides and Proteins. AB;_,, and E22G AB1—42,
synthesized through solid-phase synthesis, were
purchased from Bachem. Solutions of the peptides
were prepared by a TFA/HFIP dissolution method
which disrupts preformed aggregates initially
present (34). 159T human lysozyme was recombi-
nantly expressed in P. pastoris and purified as pre-
viously described (35). SH3-PI3 was expressed in
E. coli and purified as described (36). Further de-
tails are provided in the Supporting Information.

ANS Fluorescence. Aliquots of the peptide or
protein solutions under aggregating conditions
were taken at the time points indicated and di-
luted to give a 10 wM concentration in 200 mM
ANS and 50 mM NaH,PO,. A Cary Eclipse Fluori-
meter (Varian Ltd.) was used to record fluores-
cence spectra between 400 and 600 nm upon ex-
citation of the sample at 350 nm.

Cell Culture. SH-SY5Y cells were cultured in Dul-
becco’s Modified Eagle Medium (Invitrogen) with
the addition of 10% fetal bovine serum at 37 °C in
a humidified 5% CO, incubator. The cells were
plated in Costar (3595) 96-well plates (Corning)
using serum-free Neurobasal medium (GIBCO) and
were then incubated with 1 M aggregates for
48 h. The percentage of dead cells present after
48 h was assessed by adding PI to the cell culture
medium and measuring the fluorescence emitted
by the Pl-stained nuclei of dead cells using a
FLUOstar OPTIMA plate reader (BMG LabTech). Al-
ternatively, after 48 h, the percentage of live cells
was assessed by adding Calcein AM and measur-

ing fluorescence of calcein, the product of its hy-
drolization by intracellular esterases.

Details on: Peptide and protein preparation,
protein aggregation and ThT fluorescence, sample
preparation for transmission electron microscopy
and cell imaging are all given in the Supporting In-
formation.
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