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Binding affinity of amyloid
oligomers to cellular membranes
‘is a generic indicator of cellular
e dysfunction in protein misfolding
e diseases
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. The conversion of peptides or proteins from their soluble native states into intractable amyloid deposits
is associated with a wide range of human disorders. Misfolded protein oligomers formed during the
process of aggregation have been identified as the primary pathogenic agents in many such conditions.
Here, we show the existence of a quantitative relationship between the degree of binding to neuronal

. cells of different types of oligomers formed from a model protein, HypF-N, and the GM1 content of

. the plasma membranes. In addition, remarkably similar behavior is observed for oligomers of the AB,,
peptide associated with Alzheimer’s disease. Further analysis has revealed the existence of a linear
correlation between the level of the influx of Ca?* across neuronal membranes that triggers cellular
damage, and the fraction of oligomeric species bound to the membrane. Our findings indicate that the

. susceptibility of neuronal cells to different types of misfolded oligomeric assemblies is directly related

. to the extent of binding of such oligomers to the cellular membrane.

© Aberrant protein oligomers are conformationally heterogeneous assemblies associated with many protein dep-
* osition disorders. They are formed early in the aggregation path of peptides and proteins!, or are released from
. mature fibril ends? or are generated by secondary processes involving mature fibrils®. Many such species have
. been shown to be pathogenic, a characteristic that appears to result from their aberrant interactions with cellular
membranes, impairing the ability of the latter to maintain cellular homeostasis*®. An increasing body of data
. indicates that oligomers of a given peptide or protein that are formed under different conditions, or over different
. periods of time, can possess quite different morphological and structural features that are reflected in different
degrees of toxicity”!4.
Particularly detailed studies of this phenomenon have involved the N-terminal domain of E.coli HypF
(HypF-N), a model protein that aggregates under different conditions into two well-defined and highly stable
. forms of oligomeric species, denoted type A and type B'°. The two types of HypF-N oligomers have been shown
© to have similar sizes and morphologies, but to display very different toxicities when added to the extracellular
medium of cultured SH-SY5Y cells, perfused in rat hippocampal slices or injected in rat brains, a finding attrib-
uted to the different solvent-exposure and flexibility of hydrophobic regions of the protein'*-'”. It has also been
reported that the amyloid 3 peptide 42 (AB,,) peptide, whose aggregation is directly linked to the onset and pro-
gression of Alzheimer’s disease, forms two types of oligomers under slightly different conditions that are of similar
- size but possessing very different physical and biological properties!>!4. These oligomers, denoted A+ and A—,
. have been found to be toxic and benign, respectively, to PC12 rat adrenal medulla cells and rat primary cortical
© neuronal cells, an observation again attributed to the higher solvent-exposure of hydrophobic regions in the toxic
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A+ oligomers'?. Other forms of A8, oligomers, found in human brains and denoted type 1 and type 2, have also
been found to display markedly different toxicities to neurons'.

The ability of aberrant protein oligomers to penetrate and disrupt cellular membranes and induce toxicity
is likely to result from direct interactions with the lipid bilayers®!#1. The ability of cell membranes to bind oli-
gomeric aggregates appears to depend in turn on the physicochemical properties of both the oligomers and
the membranes, which for the latter are determined in large part by their lipid composition. In particular, the
monosialotetrahexosylganglioside GM1 has been found to be an important factor in the context of Alzheimer’s
disease?!. GM1, together with cholesterol and sphingomyelin, is abundant in lipid rafts, domains within the cell
membrane that contain a vast array of membrane proteins including channels and receptors®. Indeed, neuronal
membranes are highly enriched in lipid rafts, and perturbations within these membrane regions have been associ-
ated with neuronal dysfunction and neurodegenerative conditions. In particular, disruption of lipid rafts appears
to protect mature neurons against oligomer cytotoxicity?! and alterations in the membrane distribution of GM1
and GM2 have recently been reported in the brains of patients suffering from Alzheimer’s disease?. Moreover,
the GM1 content has been found to increase both with age?* and in the brains of Alzheimer’s disease patients
compared to healthy controls?’. The importance of GM1 in promoting amyloid aggregation and in modulating
the interaction of aggregates with cell membranes and its associated role in mediating aggregate cytotoxicity, have
been explored in some detail®*?. It is not clear, however, whether a quantitative relationship exists between GM1
abundance on cell surfaces and the ability of the corresponding membranes to recruit protein oligomers and
consequently impair cell viability.

In the present study, we have investigated the origin of these observations by modifying in a reproducible and
quantitatively defined manner the content of GM1 in the plasma membrane of human SH-SY5Y neuroblastoma
cells by more than an order of magnitude, from 26.2 & 5.3% to 352 4= 22% with respect to the basal GM1 level,
taken as 100%. Then, using the type A and type B oligomers formed from the HypF-N protein and the A+ and
A— oligomers of the AB,, peptide, we have examined the effects of the GM1 abundance on the binding of the
oligomers to neuronal membranes, the impairment of cellular homeostasis and the overall viability of the cells.
Experimental protocols commonly used to study amyloid oligomeric species are effective in the nM-pM range
concentration, and here we used 6-12 pM concentration of HypF-N as this was optimised in previous experiments
as the ideal concentration to observe calcium influx and the resulting toxicity”!°. Accordingly, we used 10pM
concentrations of AB3 oligomers, as previous studies of soluble A3 species in an Alzheimer’s disease brain tissue
have shown a wide range of values (0.021 £ 0.089 pug/g to 0.33 £+ 0.49 pg/g of tissue)?. Our results show that the
effects of the different types of oligomers on the cells have different dependences on the membrane GM1 content.
On the basis of these data, we have derived expressions that rationalize these effects in terms of the binding affin-
ities for the membrane of the different species. This analysis shows that their biological effects are directly related
to the quantity of oligomers bound to the membrane regardless of their sequence or structure, with their effects
becoming similar when similar amounts of different oligomers are bound to the membrane.

Results

The binding affinity of HypF-N oligomers to cellular membranes correlates with the GM1 content.
In order to monitor the GM1 content in neuronal membranes we employed double label confocal microscopy
using anti-GM1 antibodies and the cholera toxin subunit B (CTX-B), and also flow cytometric analysis in con-
junction with the CTX-B conjugate. CTX-B, a component of a heat-labile enterotoxin produced by Vibrio chol-
erae, is a probe commonly used to detect GM1 ganglioside. Increases in GM1 levels were achieved by incubating
SH-SY5Y neuroblastoma cells with 10, 15, 20, 50 or 100 pg/ml GM1 from bovine brain; the highest concentration
resulted in an increase in the GM1 level by more than a factor of 3, up to 352 4= 22% with respect to the basal GM1
level (Fig. S1). Decreases in GM1 levels were achieved following incubation of the cells for 48 h in solutions con-
taining 0.5, 1.0, 10 or 25 M D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP), a gluco-
sylceramide synthase inhibitor that blocks the natural synthesis of GM1%’; at the highest concentration of PDMP
the GM1 level was reduced to 26.2 & 5.3% of the basal level (Fig. S1).

We then investigated the degrees of co-localization of the two different types of HypF-N oligomers (green
channel) with cell membranes (red channel) using scanning confocal microscopy in cells with basal GM1 con-
tent (Fig. 1A). The degree of co-localization, as assessed from the Pearson’s correlation coefficient (PCC), was
found to be 0.47 £ 0.05 for type A oligomers (small dots) and 0.29 £ 0.14 for type B oligomers (small dots) when
a 12uM concentration of aggregates (in monomer equivalents) were added to the cell media (Fig. 1A). In cells
treated with 100 pg/ml GM1, and containing the highest concentration of GM1, the PCC values were 0.68 £0.13
and 0.66 & 0.06 for type A and type B oligomers, respectively, indicating that GM1-enriched cells displayed a
higher ability to recruit either type of oligomer (Fig. 1A,B). By contrast, the ability of GM1-depleted cells, treated
with 25uM PDMP, to recruit type A or type B oligomers was greatly reduced (PCC=0.15=0.05) or unchanged
(PCC=0.2540.04), respectively, compared to cells with basal GM1 content (Fig. 1A,B). Confocal microscopy
images with all levels of GM1 are reported in the Fig. S2A.

A plot of the PCC versus the GM1 content in cells treated with type A oligomers fitted closely to a hyper-
bolic function, whereas the data points for the type B oligomers are almost linearly correlated with the GM1
content (Fig. 1B). Nevertheless, the values at high and low GM1 levels are similar, indicating that HypF-N type
A oligomer binding to the cell membrane occurs with high affinity and apparent saturation kinetics, whereas
the GM1-dependence of HypF-N type B oligomer binding follows linear kinetics and displays low affinity. It is
possible that the linear dependence observed between PCC and the GM1 content results from such a low affinity
and is indeed the first part of a hyperbolic dependence whose plateau cannot be observed due to the difficulty of
reaching GM1 concentrations higher than those reached here. These findings show that the ability of the mem-
brane to recruit oligomers to the cell surface depend primarily on the lipid composition of the membrane.
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Figure 1. Binding of HypF-N oligomers to cells with differing GM1 contents and the ensuing Ca?* influx.
(A) Representative confocal scanning microscopy images of GM1-depleted (25 M PDMP), basal and GM1-
enriched (100 pg/ml GM1) cells treated for 1h with type A or type B HypF-N oligomers (12 4M, monomer
equivalents). Red and green fluorescence indicates the cell membranes and the HypF-N oligomers (small dots),
respectively. Large aggregates (big dots) result from oligomer clustering on the cell membrane. (B) Plot showing
the extent of oligomer binding to the membrane against GM1 content, for type A (red) or type B (blue) HypF-N
oligomers (12 uM, monomer equivalents). Red and blue lines represent the best fits to hyperbolic and linear
functions, respectively. Variable numbers of cells (12-22) in three different experiments were analysed for

each condition. Error bars refer to standard deviation (S.D.) (C) Representative confocal scanning microscopy
images of GM1-depleted (25 M PDMP), basal and GM1-enriched (100 pg/ml GM1) cells showing levels of
intracellular free Ca*>* following treatment for 1 h with type A or type B oligomers of HypF-N (12 pM, monomer
equivalents); the green fluorescence arises from Ca** binding to the intracellular Fluo3-AM probe. (D) Intracellular
Ca?* fluorescence against GM1 content for type A (red) or type B (blue) HypF-N oligomers. Other details are as
for panel B.

The dysregulation of cytosolic Ca?* induced by HypF-N oligomers correlates with the GM1 content.
Many studies have revealed that the influx of Ca?* from the extracellular medium into the cytosol is an early
event in the cascade of biochemical changes underlying the cytotoxicity induced by misfolded proteinaceous
aggregates?®2, including HypF-N oligomers'®!>. We therefore compared the effects of the two types of HypF-N
oligomers in GM1-modulated cells by measuring the levels of intracellular Ca?* using Fluo3-AM as a probe in
conjunction with confocal microscopy. In cells with basal levels of GM1, type A and type B oligomers caused
very different degrees of Ca?* influx when the same concentration of aggregates (in monomer equivalents) was
added to the cell medium (Fig. 1C). The Ca?* influx, quantified as the percentage of the maximum value meas-
ured in cells exposed for 1 h to 1.0 uM ionomycin (Fig. S2C), a well known ionophore that permeabilizes the cell
membrane to Ca**, was found to be 25.54 4.4% and 7.1 4 1.9% for a 12 uM concentration of type A and type
B oligomers, respectively (Fig. 1D). In cells with the lowest GM1 levels, exposure to the two types of oligomers
led to small and similar intracellular concentrations of Ca®*, 8.5+ 3.6% and 5.3 + 1.4% of the maximum value
obtained with ionomycin for type A and B oligomers, respectively (Fig. 1C,D). In cells with the highest GM1
levels, the influx of cytosolic Ca®* was high but again very similar, 38.9 £ 4.1% and 37.3 £ 6.9% of the maximum
value measured with ionomycin, for type A and type B oligomers, respectively (Fig. 1C,D). Confocal microscopy
images showing Ca?*" influx for both oligomer types and with all levels of GM1 are reported in the Fig. S2B. The
plot of the fluorescence associated with the influx of intracellular Ca?* against the GM1 content fitted well to a
hyperbolic function for cells treated with type A oligomers (Fig. 1D). By contrast, as found with the colocalization
data in Fig. 1B, the same plot was essentially linear for cells treated with type B oligomers (Fig. 1D). Cytosolic
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Figure 2. Binding of A3,, oligomers to cells with differing GM1 content and the ensuing Ca>" influx.

(A) Representative confocal scanning microscopy images of GM1-depleted (25 M PDMP), basal and GM1-
enriched (100 ng/ml GM1) cells treated for 1 h with A+ or A— AB,, oligomers (10 uM, monomer equivalents).
Red and green fluorescence emission is from cell membranes and AB,, oligomers, respectively. (B) Plot showing
the extent of oligomer binding to the cell membrane against GM1 content, for A+ (violet) or A— (green) A8,
oligomers (10 uM, monomer equivalents). Violet and green lines represent the best fits to hyperbolic and
linear functions, respectively. Variable numbers of cells (12-22) in three different experiments were analysed
for each condition. Error bars refer to S.D. (C) Representative confocal scanning microscopy images of GM1-
depleted (25 .M PDMP), basal and GM1-enriched (100 pg/ml GM1) cells showing the levels of intracellular
free Ca?* following exposure for 1h to A+ or A— oligomers of A3, (10 M, monomer equivalents); the green
fluorescence arises from Ca®* binding to the intracellular Fluo3-AM probe. (D) Intracellular Ca*" fluorescence
against GM1 content for A+ (violet) or A— (green) A3, oligomers. Other details are as for panel B.

Ca?* levels were not observed to change significantly in cells with varying GM1 levels in the absence of oligomers,
suggesting that the variation in GM1 content does not by itself perturb Ca*" homeostasis (Fig. S3A,C).

We next sought to assess whether or not the membrane GM1 content could also modulate the effect of differ-
ent types of HypF-N oligomers on the bilayer permeability and viability of cultured SH-SY5Y cells. The degree
of membrane permeability was measured by means of confocal microscopy by monitoring the release of intra-
cellular calcein from cells that had been loaded with the fluorescent probe calcein-AM??, and cell viability was
measured with the MTT reduction assay. The results obtained with both probes were similar to those obtained
by monitoring the intracellular Ca?*: similar hyperbolic and linear curves were obtained in plots of intracellu-
lar calcein fluorescence or MTT reduction versus GM1 content in cells exposed to type A or type B oligomers,
respectively (Fig. S4). Calcein levels were not observed to change significantly in cells with varying GM1 levels
in the absence of oligomers, suggesting that the variation in GM1 content does not by itself perturb calcein
release (Fig. S3B,D). These findings confirm that the observed cytotoxicity is closely related to the affinity of the
oligomers for the membrane.

Ca?* dysregulation depends on the binding affinity of oligomers to cellular membranes.  We then
investigated in a completely analogous fashion the behavior of the two different types of oligomers (A+ and A—)
formed from the AB,, peptide'?. The results obtained on membrane binding and Ca?" influx with the two types of
ARy, oligomers were found to be very similar to those obtained with the two types of HypF-N oligomers (Figs 2
and S5), suggesting that the phenomenon observed in these experiments is generic rather than specific to a given
type of oligomeric aggregate.

In addition, to study the contribution of endocytotic, sorting and degradation processes that could interfere
with the analysis of the oligomer binding to the cellular membrane, we treated basal and GM1-enriched cells with
A+ AB; oligomers for 15min at 37 °C, for 60 min at 37 °C or for 60 min at 16 °C. The amount of oligomers bound
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Figure 3. Dependence of intracellular Ca?* levels on the binding affinities of HypF-N and A(3,, oligomers
to cells with different GM1 and cholesterol content. (A,B) Changes of the intracellular Ca** levels plotted
against the fraction of oligomer binding to the plasma membrane in GM1-modulated SH-SY5Y neuroblastoma
cells treated for 1 h with (A) 12pM type A (red) or type B (blue) oligomers of HypF-N; (B) 10uM A+ (violet) or
A— (green) oligomers of AB,,; (C) plot showing results with both pairs of HypF-N and AQ,, oligomers.

(D) Same plot as (C), also containing previously published data obtained with 12 pM type A (cyan) or type B
(gray) HypF-N oligomers in cholesterol-modulated cells®.

to the cellular membrane appears to be similar in all experimental conditions (Fig. S6A,B), thus suggesting a very
few contribution, if any, of cellular processes such as endocytosis in our experimental conditions. Moreover, no
intracellular oligomers appear in the median planes of cells with increased GM1 content treated for 1 h with A+
or A— AQ,, (Fig. S6C), validating the quantitative analysis of the oligomers bound to the cellular membrane in
our experimental conditions.

We therefore hypothesized that the biological effects of different types of oligomers from different peptides
and proteins could depend primarily on their ability to bind to the cell membrane rather than on their sequence
or structure; indeed, the effects of the different oligomers become similar under conditions where similar quanti-
ties of the oligomers are bound to the membrane. In order to examine this effect further, the change of the intra-
cellular Ca** levels was plotted against the fraction of the oligomer population bound to the plasma membrane
using the data obtained from the two pairs of oligomers (Fig. 3A,B). We found a highly significant correlation
for the oligomers generated from both HypF-N (r=0.93, P < 0.0001) and AB3,, (r=0.95, P < 0.0001). The data
points in both cases fit closely to a linear function, indicating that the oligomer-induced increase in free intra-
cellular Ca?* is directly proportional to the fraction of the oligomer population that is bound to the cell surface,
regardless of the type of oligomer involved (compare Fig. 3A with 3B). Moreover, the close similarity of the two
plots obtained with the two protein systems suggests the existence of essentially identical effects on Ca?* home-
ostasis following binding of each type of oligomer. In fact, all the data points from the four types of oligomers fit
extremely well to a linear function (Fig. 3C, r=0.91, P < 0.0001), suggesting a common or generic phenomenon
independent of the sequence of the polypeptide or the structure of the oligomers involved.

In order to test whether or not the biological effects of the various types of oligomers depend significantly on
their ability to bind to cellular membranes, regardless of the specific lipid content, we have also examined previ-
ous experimental data relating to the effects of the different types of HypF-N oligomers on SH-SY5Y cells con-
taining different levels of cholesterol in the plasma membrane®. When the intracellular Ca*" levels were plotted
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against the fraction of oligomers bound to the membrane, all the values determined from the previous and the
present data again are highly correlated (Fig. 3D, r =0.86, P < 0.0001).

Different concentrations of HypF-N oligomers result in different levels of Ca?+ dysregulation.
In order to gain mechanistic insight on the binding of type A and type B HypF-N oligomers to the cell membrane,
we designed and carried out a number of experiments. We first assessed if varying the GM1 content could mod-
ulate the Ca**-influx in cells exposed to lower concentrations of HypF-N oligomers. The plot of the fluorescence
associated with the influx of intracellular Ca®* against the GM1 content was observed to fit well to a hyperbolic
function for cells treated with 3.0 M and 6.0 uM type A oligomers, and the effects were found to be increased
by a factor of two at the higher concentration (Fig. 4A,C). In addition, the plot of the intracellular Ca**-derived
fluorescence of cells treated with 3.0 uM or 6.0 uM concentration of type B oligomers against the GM1 content
was found to be linear; a similar linear relationship was found in both cases, albeit with a decreased slope at the
lower concentration (Fig. 4B,D). The comparison between the two types of oligomers shows that the dependence
of the increase in Ca?* influx on GM1 concentration is much higher at a given protein concentration for type A
than for type B oligomers (compare Fig. 4C with D). However, this difference appears to result from the different
ability of type A oligomers to bind to the membrane with respect to type B oligomers rather than to any difference
in the subsequent effects (Fig. 1B).

Glutamatergic receptors partially mediate the Ca?* influx induced by HypF-N type A oligomers.
The influx of Ca®* caused by protein misfolded oligomers bound to the membrane could be non-specific, involv-
ing only the lipid component or it could involve specific membrane receptors. It has been reported that misfolded
protein oligomers trigger Ca®" influx by both channel-independent and channel-dependent disruption of the
selective permeability of lipid bilayers?-33, To investigate whether or not glutamatergic receptors are involved
in the GM1 modulation of the cellular response to the different types of oligomers, the cells were pre-incubated
for 10 min with 5.0 pM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a competitive antagonist of a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA-R), or with 10 pM memantine (mem), a
low-affinity antagonist of N-methyl-D-aspartate receptors (NMDA-R). Both CNQX and mem modified slightly,
but not significantly, the intracellular Ca*" influx in GM1-modulated cells treated for 1h with 12 uM type A oli-
gomers, suggesting that there is at least some involvement of both AMPA-R and NMDA-R in the disruption of
Ca?" homeostasis by these oligomers (compare Fig. 5A with controls shown in the upper images of Fig. 4A). In
addition to the moderate reduction of Ca?* influx into GM1-enriched cells, treatment with mem reduced slightly
the Ca?" influx into GM1-depleted cells with respect to the flux recorded in the absence of mem (Fig. 5A,C), again
suggesting that NMDA channels are specifically involved in the disruption of Ca?" homeostasis.

We also explored if CNQX and mem displayed addictive effects by incubating cells having different lev-
els of membrane GM1 with a combination of these two antagonists before treatment with the oligomers. The
results showed that co-incubation with both antagonists resulted in the summation of their individual effects
(Fig. 5A,C), suggesting that the oligomers interfere with both Ca** channels independently without potentiation.
However, even in the presence of both CNQX and mem, the hyperbolic dependence of Ca*" influx on GM1
content was largely maintained, suggesting that a channel-independent mechanism is the primary contribution
for the increased cell permeability to Ca*" caused by type A oligomers. By contrast, intracellular Ca?* influx into
cells exposed to 12 uM type B oligomers for 1 h was not affected by cell pre-treatment with CNQX or mem or with
the two compounds together (Fig. 5B,D), suggesting that there are significant differences in the effects of the two
types of oligomers on these receptors.

A mathematical model of the relationship between Ca?* influx and membrane GM1 levels.
Taking into account the data on Ca®* influx and its dependence on GM1 levels, we developed a mathematical
model that incorporates all the experimentally observed effects of type A and type B oligomers on these phenom-
ena (Figs 1, 3-5 and S2-4). In this model, we assume that type A oligomers bind to the membrane of SH-SY5Y
cells, and that such binding is mediated by GM1 through the reaction:

membrane GM1 + free oligomers = GMI1-bound oligomers (1)
whose dissociation constant (Kp) is:

[0][GM1]
[Og] 2)

where [O], [GM1] and [Og] are the concentrations of free oligomers, of membrane GM1 and of GM1-bound
oligomers, respectively. GM1-bound oligomers can be considered to be membrane-bound oligomers through
their interaction with GM1. Our data support the view that GM1-bound oligomers are the main species respon-
sible for Ca?" influx and the ensuing disruption of cellular function. Ca?* influx is assumed to occur both via
destabilization of the lipid bilayers by bound oligomers, and by effects of this destabilization on the activity of
NMDA, AMPA and perhaps other receptors acting as Ca*>* channels. In the presence of an excess of GM1, the
number of active oligomers becomes the factor limiting the number of oligomer-GM1 interactions as all oli-
gomers are bound to GM1. Under these conditions, any further addition of GM1 does not increase the number of
membrane-bound oligomers and consequently does not alter the extent of Ca** influx.

In more quantitative terms, since the concentration of free oligomers, [O], equals the total concentration of
oligomers, [O], minus the concentration of GM1-bound oligomers, [Og], equation (2) becomes:

[KD] =
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Figure 4. Ca’" influx in cells with different GM1 content exposed to different concentrations of HypF-N
oligomers. (A,B) Representative confocal scanning microscopy images of basal, GM1-enriched (GM1) and
GM1-depleted (PDMP) cells showing levels of intracellular free Ca** following treatment for 1 h with type

A (A) or type B (B) oligomers at 12 pM (upper images), 6.0 pM (middle images) and 3.0 uM (lower images)
monomer equivalent. In all images, the green fluorescence arises from Ca*" binding to the intracellular
Fluo3-AM probe. (C,D) Plots showing the fluorescence associated with intracellular Ca?* versus GM1 content
after treatment of the cells with HypF-N type A (C) or type B (D) oligomers at 12 M (red or blue lines), 6.0 |1
M (gray line and filled circles) or 3.0 puM (black line, empty circles) monomer equivalents. The corresponding
lines represent the best fits to hyperbolic functions. Intracellular Ca*" -derived fluorescences were expressed as
fractional changes of ionomycin-treated cells (taken as 100%). A variable number of cells ranging from 10 to 22
were analysed for every experimental conditions in three different experiments. Error bars refer to S.D.

[0y] = [GM1]([Or] — [Og])
[KD] (3)
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Figure 5. Effects of antagonists on the Ca>" influx induced by HypF-N oligomers. (A,B) Representative
confocal scanning microscopy images showing levels of intracellular free Ca?" in basal, GM1-enriched (GM1)
and GM1-depleted (PDMP) cells treated for 1 h with 12 pM (monomer concentration) type A or type B
oligomers in the presence of CNQX (first rows) or mem (second rows). The cells were also treated with type A
or type B oligomers in the presence of both CNQX and mem (third rows). (C,D) Plots showing the fluorescence
associated with intracellular Ca?" versus GM1 content after exposure of the cells to type A (B, red) or type B
oligomers (C, blue) in the presence of CNQX (dark gray) or mem (black) or both (pale grey). The corresponding
lines represent the best fits to hyperbolic (B) and linear (C) functions.

and then:

0,] = [01][GM1]
Kp + [GM1] 4

which is an expression similar to the Michaelis-Menten equation for enzyme kinetics. In fact, the rate of
Ca?" influx (vc,) is assumed to be linearly related to [Og], and since the level of cytosolic Ca*" detected in our
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experiments is far below the equilibrium concentration that can be reached in the case of a highly permeabilized
membrane treated with ionomycin, the Ca*"-derived fluorescence (F,) will also be linearly related to vc,. As a
consequence, F, is linearly related to [Og]:

Fe, = alOg] )
where a is the proportionality constant. By combining equations (4) and (5) we obtain:

e alogiGM1]
“ 7 Kp + [GMI] (6)

In the case of type B oligomers, the affinity between GM1 and the oligomers appears to be lower, i.e., it displays a
much higher K, value and it does not involve receptors. The value of Kj, + [GM1] in the denominator of equation
(6) is, therefore, dominated by the high value of Kp,, and the concentration of GM1 becomes negligible. Thus,
equation (6) becomes:

_ a[0;][GM1]
Kp (7)

showing that F, is linearly related to [GM1] with a slope of a [O1]/Kp,

Thus, equations (6) and (7) were used to fit all the experimental plots of the fluorescence attributable to
intracellular Ca*" (F¢,) versus GM1 content ([GM1]) reported in this paper for type A and type B oligomers,
respectively (Figs 1, 3-5). The levels of the fits are very high and are able to rationalize all the experimental
observations. For type A oligomers the calculated K, value under our experimental conditions was 127 (£12)%
[GM1], whereas for type B oligomers the value was more than 200% [GM1]. Since [GM1] is ca. 100 nM in the
brain®, and 1.25nM in our experimental conditions after considering the volume fractions occupied by the cells
and the extracellular medium, the K, values in tissue can be estimated as 1.59 +0.15nM and >2.5nM for type A
and type B oligomers, respectively.

This model embodied in equations (6) and (7) can explain very closely all our experimental observations
involving the effects of type A and type B HypF-N oligomers on the influx of extracellular Ca** into cells and its
dependence on GM1 content (Figs 1, 3 and 5). These observations include the reason why: (i) the dependence of
the intracellular Ca*"-derived fluorescence (F¢,) on GM1 levels for HypF-N type A oligomers is hyperbolic, as
equation (6) is describing a hyperbolic function; (ii) F¢, does not increase at high [GM1], as equation (6) becomes
Fc,=a [Oq]; (iii) Fc, approaches zero when [GM1] =0, as in this case equation (6) becomes F, = 0; (iv) changing
the HypF-N concentration from 6.0 .M to 3.0 uM leads to the F, value being reduced by a fraction of two at all
GML1 concentrations, whereas the hyperbolic behavior does not change, as [Oy] in equation (6) is reduced two
fold; (v) the dependence of F, on [GM1] for HypF-N type B oligomers is linear, as equation (7) is the equation of
a straight line; and (vi) reducing [HypF-N] by a fraction of two (from 6.0 to 3.0 uM) results in a two fold reduction
of the slope in the plot, as [O] in equation (7) is also reduced two fold.

Fe

a

Experimental measurement of the K value for the GM1-bound HypF-N oligomers. In order
to validate experimentally the model described in the previous section, we determined the Ky, values for the
interaction of membrane GM1 with each of the two types of HypF-N oligomers. To this purpose, we used Surface
Plasmon Resonance (SPR) to monitor directly the interaction between the detergent resistant fraction of cell
membranes (DRMs), containing physiological levels of GM1, with both types of HypF-N oligomers. DRMs were
purified from SH-SY5Y cells by ultracentrifugation and the fractions containing DRMs were identified with an
immunoblot analysis using anti-flotillin-1 antibodies (Fig. 6A), which recognise flotillin-1, a lipid raft component
and caveolae-associated protein. The fraction 3 rich in flotillin-1 was selected as DRMs. The association and dis-
sociation rate constants (k, and ky, respectively), as well as the equilibrium association and dissociation constants
(K, and Kp, respectively), were estimated by fitting the SPR titration curves using the Langmuir interaction
model (Fig. 6B). Type A and type B oligomers showed similar k, values (1.4(£0.3)10° and 3.4(£0.5)10°M~1s71),
indicating a modest association rate to the immobilized DRMs. A difference of two orders of magnitude in kg
values was, however, found (2.0(£0.2)10~*s! and 1.2(£0.1)10~2s~}, respectively), confirming the higher affinity
of type A oligomers with respect to type B oligomers for the immobilized DRMs (K, values of 1.5(£0.2)10°M
and 4.4(10.5)1078M, respectively). Such experimentally determined values of K, are in good agreement with
those obtained from the model (1.59(£0.15) 10~°M and >2.5 10~°M for type A and B oligomers, respectively)
thus validating the model itself.

Discussion

Our results show that the two pairs of toxic and nontoxic oligomers obtained from different protein systems,
namely HypF-N and A83,,, behave with close similarity under the same conditions. In particular, we found sim-
ilar quantitative relationships between the GM1 content of the cell membrane and the ability of the membrane
to bind oligomers from different peptides/proteins but with the same level of toxicity. However, the relationship
appears different for type A and type B HypF-N oligomers, as well as for A+ and A— A3, oligomers, that is for
oligomers of the same peptide/protein but exhibiting different levels of toxicity. In fact, it appears that HypF-N
type A (or AB,, A+) oligomer binding to the cell membrane occurs with high affinity and saturation at high GM1
levels, whereas the GM1-dependence of HypF-N type B (or A3, A—) oligomer binding shows lower affinity and
is apparently linear. Very similar trends have been observed for all measures of the cell toxicity that result from
oligomer binding, including Ca*" influx, calcein release and MTT reduction, indicating that the observed cyto-
toxicity is closely related to the affinity to the membrane of a given type of oligomer.
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Figure 6. SPR measurements of the affinity of HypF-N type A and type B oligomers for immobilized
DRMs. (A) Representative immunoblot analysis of flotillin-1 distributions in 14 sucrose gradient fractions
collected from the top (low density) to the bottom (high density) of the gradient tube of SH-SY5Y cells with
basal GM1 content. A minor flotillin-1 reactivity appears in the two bottom fractions containing the major
insoluble components of membranes. (B) Sensorgrams for type A (upper traces) or type B (lower traces)
oligomers obtained by injecting the two oligomer types at the concentrations indicated into DRMs adsorbed
onto SRP chips.

We have derived a method for the quantitative analysis of these findings, as described in the Results section
and embodied in equations (6) and (7), that is able to describe in detail all the experimental observations reported
in this paper. These include the effects of the HypF-N type A and type B oligomers on the influx of the extracel-
lular Ca" inside the exposed cells and its dependence on GM1 content, protein concentration and the pertur-
bations resulting from the treatment with specific inhibitors of AMPA-R and NMDA-R. This analysis allows the
K, value of the binding of the oligomers to GM1 within the membrane to be determined with a high degree of
accuracy. In the case of the HypF-N type A oligomers, we have shown that the Ky, value determined in this way is
very close to that measured experimentally using SPR and immobilized DRMs taken from cells.

Overall, this analysis has provided a robust basis for the interpretation of the evidence obtained in this study
of the important role performed by membrane GM1 as a key site for binding the oligomeric species that results
in cellular impairment through perturbations of Ca?* homeostasis and membrane-bound receptors. However,
no common consensus so far has been reached on the molecular details of membrane disruption’. The influx
of Ca>" caused by protein misfolded oligomers bound to the membrane could be non-specific, involving just
lipid component or specific membrane receptors?®*-3***. A number of experimental findings indicate that amyloid
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aggregates, particularly oligomers, can also interact selectively with voltage-dependent Ca?* channels or glutama-
tergic receptors®”*, These receptors are required for synaptic targeting of toxic A3 oligomers'®, which results in a
rise in intracellular Ca?* followed by other chemical changes, eventually leading to dendritic dystrophy and neuro-
degeneration®. It has therefore been suggested that A3 oligomers bind to synapses in close proximity to NMDA and
AMPA receptors, whose deregulation disrupts Ca*" homeostasis, providing a molecular basis for plasticity failure,
synapse loss and memory dysfunction in AD*. However, other cell surface proteins have been considered as possi-
ble candidate receptors of A3 oligomers, including APP*, TNFRI (tumor-necrosis factor receptor-1)*, the receptor
for advanced glycation end products (RAGE)*, the non-infectious form of the prion protein (PrPc)*.

Our findings are of interest to re-evaluate the conclusions from studies of the effects of oligomers with PrP**.
There is strong evidence of a key role for PrP<, a protein that is associated with lipid rafts, as a receptor for oli-
gomers of the AS peptide, resulting in the activation of a Fyn-mediated complex signaling cascade leading to tau
phosphorylation and loss of Ca?* homeostasis**. More recently, it has been reported that the extent of the interac-
tion of Af3 oligomers with PrP¢ is at least as accurate as any other predictor of memory impairment in AD mouse
models and human AD patients. This study also reported that the fraction of total AB oligomers interacting with
PrP¢ varied considerably in different AD models and could determine the extent of the contribution to AD-like
symptoms of PrP*-dependent molecular mechanisms*. The data we reported here, along with conclusions from
several other studies?®?¥, support the idea that the oligomers we have used can interact with membranes in
other ways, notably through direct binding to GM1. This then results in the disruption of lipid bilayers, altera-
tion of their permeability and the misfunction of raft-associated Ca*" channels, leading to Ca?* influx into cells.
Although several studies have shown the lack of any role of PrPc-Af oligomer interaction as a determinant of
the AD phenotype*®*, our findings do not necessarily contradict the view that PrP° behaves as a receptor of a
class of AP oligomers. In fact, it could well be that due to the close vicinity between PrP¢ and GM1, oligomer
interaction with the latter could be needed to induce structural perturbations in PrP° resulting in the described
effects of the Fyn-mediated signaling cascade. Alternatively, as recently reported*®, considering the ambiguous
and generic significance of the term “oligomers’, including many structurally distinct aggregated entities, different
protein oligomers, including our A@ aggregates, could interact with PrP¢ and GM1 with different and inversely
related affinities; in our case, the oligomers we used could be able to interact with GM1 but not with PrP<. This
consideration is supported by the same authors when they conclude that other forms of A8 oligomers with lower
affinity to PrP° may also contribute to AD progression. Overall, the question of the physiological interactor(s) of
AR oligomers in brain tissue needs further investigation.

The findings of the present study also provide important information relating to the vulnerabilities of different
cell types to the same oligomers**® and of the same cell types in different functional states®’. It is increasingly
evident that toxicity is not a feature that is inherent to a given type of misfolded protein oligomer, but is instead
a property that emerges from the complex interplay between the structural and physicochemical features of oli-
gomers and of the specific characteristics of the membranes with which they interact®. Further studies are needed
to assess in greater detail the importance of our data in a more physiological context.

Finally, and perhaps even more importantly, the findings reported in this study indicate that the susceptibility
of cells to the effects of misfolded oligomeric assemblies is directly related to the oligomer binding affinity to the
cell membrane. Previous studies have shown that this affinity is dependent on the size of the oligomers and the
extent of solvent-exposed hydrophobicity!®!>17:52, The present results demonstrate, however, that once they are
bound, different types of oligomers generate similar toxic effects, indicating that the cytotoxicity of misfolded
proteins is not simply a characteristic of a given polypeptide sequence but a result of a complex interplay between
the physicochemical features of both oligomers and membranes.

Materials and Methods

Modulation and evaluation of the GM1 content of neuronal cells. Human neuroblastoma SH-SY5Y
cells (A.T.C.C. Manassas, VA) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), F-12 Ham with
25mM HEPES and NaHCO; (1:1) supplemented with 10% fetal bovine serum (FBS), 1.0 mM glutamine and 1.0%
penicillin and streptomycin solution. Cells were maintained in a 5.0% CO, humidified atmosphere at 37°C and
grown until 80% confluence for a maximum of 20 passages. The SH-SY5Y cell culture media were supplemented
with 0.5, 1.0, 10 or 25uM PDMBP, or with 10, 15, 20, 50 or 100 pg/ml GM1 from bovine brain (Sigma Aldrich, Saint
Louis, MO, USA). After incubation for 48h at 37 °C the cells were loaded with 2.25 pug/ml CTX-B and analysed
using a FACSCanto flow cytometer (BD Biosciences, San Jose, CA). The measured fluorescence intensities were
expressed as fractional changes above the resting baseline, AF/F?. The GM1 content of the membrane was also
measured in SH-SY5Y cells seeded on glass coverslips treated with 4.5 jug/ml Alexa Fluor 647-conjugated CTX-B
or, alternatively, with 1:100 diluted rabbit polyclonal anti-GM1 antibodies (Calbiochem, EMD Chemicals Inc.,
Darmstadt, Germany) and then 1:1000 diluted Alexa Fluor 488-conjugated anti-rabbit secondary antibodies (Life
Technologies, CA, USA). The emitted fluorescence was detected after excitation at 647 and 488 nm, respectively,
by a TCS SP5 scanning confocal microscopy system (Leica, Mannheim, Germany) equipped with an argon laser
source. A series of 1.0 pm thick optical sections (1024 x 1024 pixels) was taken through the cell depth for each
sample using a Leica Plan Apo 63 x oil immersion objective and projected as a single composite image by super-
imposition (Leica, Mannheim, Germany).

Preparation of HypF-N and A3,, oligomers. HypF-N and AB,;, oligomers were prepared as described
previously'®!2, In brief, the HypF-N protein stock solution was diluted to a concentration of 48 uM in 50 mM
acetate buffer, 12% (v/v) trifluoroethanol (TFE), 2.0 mM dithiothreitol (DTT), pH 5.5 (condition A), or in 20 mM
trifluoroacetic acid (TFA), 330 mM NaCl, pH 1.7 (condition B). The resulting samples were incubated for 4h at
25°C and then centrifuged at 16,100 r.c.f; the pellet was dried under N, to remove residual TFE or TFA, dissolved
in DMEM at a monomer equivalent concentration of 12 pM and then added to SH-SY5Y cells to give a series of
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different final protein concentrations. No significant destabilisation of the oligomers or change in their structures
or morphologies could be detected after this procedure, as previously reported. The lyophilised AB,, peptide
(Sigma Aldrich, Saint Louis, MO, USA) was dissolved in 100% hexafluoro-2-isopropanol (HFIP) to 1.0 mM and
then the solvent was evaporated. A83,, oligomers were prepared by suspending the peptide at the same concen-
tration in 50 mM NaOH and diluting this solution in PBS to give a final A3,, concentration of 25 uM. Then, the
sample was centrifuged at 22,000 r.c.f. for 30 min, the pellet discarded and the supernatant incubated at 25°C
without agitation for 1 day to obtain A+ oligomers or for 4 days to obtain A— oligomers'2.

Analysis of oligomer binding to cell membranes. SH-SY5Y cells, with a given GM1 membrane con-
tent, were seeded on glass coverslips and treated for 1 h with 12uM (monomer equivalent) type A or type B
HypF-N oligomers!® or with 10 .M (monomer equivalent) A+ or A— Af,, oligomers'2. After incubation, the
cells were counterstained with 5.0 ng/ml Alexa Fluor 633-conjugated wheat germ agglutinin. The presence of
oligomers was detected with 1:1000 diluted rabbit polyclonal anti-HypF-N antibodies (Primm, Milan, Italy) or
with 1:800 diluted mouse monoclonal anti-Af,, antibodies (Signet, Dedham, MA, USA), as appropriate, and sub-
sequently with 1:1000 diluted Alexa Fluor 488-conjugated anti-mouse secondary antibodies (Life Technologies,
CA, USA). To detect only the oligomers bound to the cell surface, the cellular membrane was not permeabilised at
this stage, thus preventing antibody internalisation. Fluorescence emission was detected after double excitation at
488 nm and 633 nm by a TCS SP5 scanning confocal microscopy system. A series of 1.0 pm thick optical sections
(1024 x 1024 pixels) was taken through the cell depth for each sample using a Leica Plan Apo 63 x oil immersion
objective and all sections were projected as a single composite image by superimposition. The co-localisation of
oligomers (small dots) and cell membrane was estimated for regions of interest in 12-22 cells, in three different
experiments, using Image] and JACOP plugin (http://www.rsb.info.nih.gov) software and expressed as fraction
of oligomer binding by the PCC relative to cells treated with 100 1g/ml GM1. A very few proportion of aggregates
resulting from clustering of oligomers and appearing as large dots on the cellular membranes were excluded from
the quantitative analysis of florescence signals.

In order to investigate whether endocytotic processes, sorting and degradation occur in our experimental
conditions, cells with basal and increased GM1 content (100 ng/ml GM1) were treated with A+ AB3,, oligomers
(10 M, monomer equivalents) for 15 min at 37°C, 60 min at 37 °C or 60 min at 16 °C. In addition, to evaluate the
presence of intracellular fluorescence, in a set of experiments, three median planes of cells with increased GM1
content (100 pg/ml GM1) treated for 1 h with A+ or A— AQ3,, oligomers (10 pM, monomer equivalents) were
projected as a single composite image by superimposition.

Measurements of cytosolic Ca?* levels. The cytosolic Ca?* levels in the cells, loaded with 4.0 uxM
Fluo3-AM, were measured by scanning confocal fluorescence microscopy after excitation at 488 nm?. 10-22
cells, in three different experiments, were analysed using Image] software. The fluorescence intensities were
expressed as the percentage of that measured in 1.0 pM ionomycin-treated cells®. SH-SY5Y cells, whose GM1
content had been modulated as described above, were cultured on glass coverslips and treated for 1h with 3.0,
6.0 or 12uM type A or type B HypF-N oligomers (monomer equivalents). In a separate set of experiments, the
cells were treated for 10 min with 5.0 pM CNQX?>, with 10 uM mem®, or with both reagents, prior to exposure
to oligomers.

Measurements of membrane permeability. SH-SY5Y cells, whose GM1 content had been modulated
as described above, were cultured on glass coverslips, loaded with 1.0 pM calcein-AM for 10 min at 37 °C and
then treated separately with each type of HypF-N oligomers (12 M, monomer equivalent) for 1 h. The emitted
fluorescence was detected after excitation at 488 nm by the confocal scanning system. To quantify the fluores-
cence intensity of calcein, variable numbers of cells (10 to 22) were analysed in each experiment using the Image]
software (NIH). The fluorescence intensities were expressed as fractional changes above the resting baseline for
untreated cells, AF/F2*%,

MTT reduction test. Aggregate cytotoxicity was assessed in SH-SY5Y cells seeded in 96-well plates by
means of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay'°. The cells, with GM1
content modulated as described above, were treated for 24 h with either HypF-N oligomers (12 uM, monomer
equivalents), and then incubated with 0.5 mg/ml MTT at 37 °C for 4h, and with cell lysis buffer (20% SDS, 50%
N,N-dimethylformamide, pH 4.7) for 3 h. The absorbance values of blue formazan were determined at 590 nm.
Cell viability was expressed as the percentage of MTT reduction in treated cells as compared to untreated cells.

Surface plasmon resonance. The SH-SY5Y cells were washed twice with ice-cold PBS containing 0.4 mM
Na;VO,, scraped, and collected by centrifugation at 1000xg for 10 min. In order to purify DRMs, the cells were
dispersed in 10 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl, 5.0 mM EDTA, 1.0 mM Na;VO,, 1.0%
Triton X-100 (TNE buffer) with protease inhibitors, disrupted in a Dounce homogenizer and centrifuged at
1,500 X g for 5 min at 4.0 °C, as previously reported®!. Briefly, the post-nuclear lysate was adjusted to contain 40%
(w/v) sucrose by 1:1 addition of 80% sucrose prepared in TNE buffer, placed at the bottom of an ultracentrifuge
tube and overlaid with two layers of 30% and 5.0% sucrose in TNE buffer. The sucrose gradient was centrifuged
at 170,000 x g for 18 h at 4.0 °C using a Beckman SW40Ti rotor (Beckman Coulter, CA, USA). Then the fractions
were collected from the top of the gradient as follows: 1.0 ml for fraction 1, 0.50 ml for fractions 2 to 11, and 2.0 ml
for fractions 12 and 13, while the pellet was dissolved in 0.08 ml of TNE buffer (fraction 14). A representative
amount of each fraction was subjected to immunoblot analysis of flotillin-1 on a 12% (w/v) SDS/PAGE, blot-
ted onto a PVDF membrane, incubated with 1:500 mouse monoclonal primary antibody (Beckton Dickinson
Bioscences, San Diego, CA) and an anti-mouse secondary antibody. Fraction 3, rich in flotillin-1 (DRMs), was
collected and extensively dialysed against TNE buffer to remove sucrose.
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SPR measurements were carried out by means of a Biacore X" using bare gold sensor chips (General Electric
Healthcare Bio-Sciences AB, Uppsala, Sweden). The DRMs were incubated on the surface of the chips overnight
in a wet chamber. Then the modified sensor chips were washed with 20 mM phosphate buffer, pH 7.0 and placed
into the instrument. The reaction was evaluated by injecting type A or type B HypF-N oligomers at different con-
centrations, from 0 to 0.5pM, prepared in 20 mM phosphate, pH 7.0 (the association phase). The same solution
without oligomers was also used as running buffer (dissociation phase). All the buffers were filtered (0.22 pm)
prior to use. All measurements were performed at 25 °C, using the following experimental parameters: associa-
tion phase 180s, dissociation phase 180, flow 5.0 pL/min. The resulting sensorgrams were analysed by means of
the BIAevalutation 3.1 software.

Statistical analysis. All data were expressed as means + standard deviations (SD). Comparisons between
the different groups were performed by ANOVA followed by Bonferroni’s post comparison test.
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