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Calcium dysregulation, membrane leakage and A amyloid growth
are hallmarks of Alzheimer's disease. Here we show that Ca®* ions
inhibit membrane damage due to amyloid channels but enhance
membrane disruption associated with fibers growing on the lipid
surface. The similarities with IAPP suggest that this may represent a
mechanism common to all proteinopathies.

Alzheimer’s disease (AD) is the most common type of senile
dementia, affecting an increasingly large population of elderly
people in industrialized countries. A remarkable pathological
hallmark of AD is the presence of extracellular proteinaceous
deposits in the brain, termed senile plaques. The major component
of senile plaques is the p-amyloid peptide (AB)." Although the
molecular events underlying the development of AD remain elusive,
there is a large consensus on the key role played by AP aggregation
in causing neuronal death.> AB peptides have been reported to
initiate several, intertwined pathological events on neurons
including: (i) production of reactive oxygen species (ROS),
(ii) endoplasmic reticulum (ER) stresses, and (iii) an increase
in intracellular calcium levels ([Ca®"];).’ One of the mechanisms
accounting for AB-induced toxicity is based on the formation of
peptide channels by the direct insertion of A into membranes
(amyloid channel hypothesis).*”® However, there are significant
discrepancies between experimental results reported by different
authors for the biophysical properties of membrane-bound Af
peptides. Previous reports by some of us have evidenced that AB
induces membrane damage via a two-step mechanism which
involves (i) the binding of peptide oligomers to the membrane to
form ion permeable channels and (ii) fiber growth on the lipid
surface causing lipid loss via a detergent-like mechanism.” The
interaction of Ap with different membrane lipids was examined
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by several groups and the only lipids that were found to bind AB
were the negatively charged gangliosides®*° and phosphatidylserine
(PS)-rich membranes.""'* Of note, the presence of negatively charged
lipids is not sufficient for driving Ap-membrane binding and
there is evidence that these lipids need to be clustered in order to
foster interaction with AB."* Therefore, besides lipid composi-
tion, several adverse environmental factors are expected to play a
key role in driving abnormal membrane-Ap interactions. Ca®*
ions, in particular, induce lipid phase segregation by recruiting
negatively charged lipids on the membrane surface'®" and
regulate many membrane-related activities including the for-
mation of membrane domains,'® membrane fusion and vesicles
trafficking.’” All these findings point to a close relationship
between calcium dyshomeostasis, aberrant A membrane inter-
action and, eventually, toxicity. In two previous papers we have
demonstrated that Ca*" ions favor the interaction of islet amyloid
polypeptide—an amyloidogenic peptide implicated in type 2
diabetes mellitus pathogenesis—with the hydrophobic core of PS
membranes,'® thus causing lipid loss from PS model membranes
via a detergent-like mechanism." Since both types of membrane-
damage mechanisms (i.e. poration and detergent-like effects) are
common to AP and IAPP, it is therefore reasonable to think that
calcium dyshomeostasis may be a part of a general mechanism
underlying amyloid membrane damage.

To verify this hypothesis, here we investigate the effect of
Ca>" ions on the AB-mediated membrane leakage by using an
array of different physico-chemical techniques. To evaluate the
effect of Ca®* ions on the structure of AB;_,o, we first performed
CD experiments (see Fig. S1 of the ESIt). We did not observe
any significant secondary structure variation in the range of
concentrations explored. Thus, monomeric AB;_4, assumes a
random coil conformation independently from the presence of
Ca”" ions. Next, to investigate the influence of Ca®* ions on AB;_o
fiber growth, we performed ThT experiments on AB;_4, samples
containing increasing amounts of Ca** ions. Samples containing a
substoichiometric amount of Ca®" (Fig. 1, red curve) did not affect
the fiber growth. By contrast, on increasing the Ca>* concentration
(see Fig. 1, green curve), we observed a significant decrease of

Chem. Commun., 2018, 54, 3629-3631 | 3629


http://orcid.org/0000-0002-7123-5347
http://orcid.org/0000-0003-3940-9439
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cc01132j&domain=pdf&date_stamp=2018-03-24
http://rsc.li/chemcomm

Communication

—~ 259 —ap, ,, 10uM
- —ap,,, 10 uM + Ca?* 2.5 uM
< ——ap,,, 10 uM + Ca?* 10 uM
= 204 —ap,, 10 uM + Ca?* 40 uM
g
$ 151
19
wv
g 10 4
=
= 21
g
=
500 1000 1500 2000 2500
Time (min)

Fig. 1 Effect of Ca%* on APi_40 fiber formation kinetics. ThT traces of
samples containing AB;_s0 10 uM (black) in the presence of Ca’* 2.5 uM
(red), Ca®* 10 pM (green) and Ca?* 40 uM (blue). Experiments were
performed at 37 °C in 10 mM HEPES buffer, 100 mM NaCl, pH 7.4. All
results are the average of three experiments. Further experimental details
are reported in the ESI.f

fiber growth kinetics although the total amount of fiber formed
remained substantially the same as the control. Notably, excess
Ca”" ions decrease both the total mass of fiber formed and fiber
formation kinetics. Ca** ions may thus influence the amyloid
growth pathway (see Table 1).

To evaluate the effect of Ca** ions on small-sized oligomeric
assemblies, we performed western blot analysis of Ca>* enriched AB
samples at different incubation times (see Fig. S2 in the ESIt). The
results show that Ca®" ions inhibit the formation of oligomers in
accordance with ThT assays, evidencing the inhibition of fiber
growth.

Next, ThT experiments were also carried out in the presence
of model membranes with a neuron-mimicking lipid composition.
To this aim the effects of Ca®" ions on fiber formation were
investigated by using large unilamellar vesicles (LUVs) composed
of total lipid brain extract (TLBE) (Fig. 2). In open contrast with the
results obtained in aqueous solution, increasing the amounts of
Ca®" ions in the presence of LUV TLBE increases both the fiber
formation kinetics and the total amount of fiber (Table 2).

This evidence is consistent with western blot results (see Fig. S3
in the ESIt) and supports the hypothesis that Ca®* ions promote
the formation of AB oligomers and, in turn, foster fiber formation.
We next tested the effects of Ca>" ions on AB-mediated membrane
damage by using 6-carboxyfluorescein in dye release experiments
(Fig. 3). We observe that at low Ca>* concentration the mechanism
of membrane disruption occurs via a two-step mechanism’ (Fig. 3,
black and red curves): an initial immediate release of the dye, due

Table 1 Kinetic parameters of ThT traces relative to samples shown in
Fig. 1, calculated as reported in the ESI. ThT a4 is the maximum value of the
ThT signal, which is correlated with the total mass of fiber formed; ty; is
the time the signal needs to reach 50% of the maximum; and k is the
apparent growth rate of fiber. All parameters are reported as the average of
3 independent measurements =+ s.d.

Sample ThTmax (a.U.) # (min) & x 10* (min ™)
AB1_so 10 UM 18.8 + 3.1 776 £ 2 5.5 + 0.016
APy_so 10 UM + Ca>* 2.5 uM 18.5 = 1.8 769 £ 2 6.6 + 0.043
ABigo 10 UM + Ca®>* 10 uM 18.4 £ 2.2 1157 + 3 6.7 & 0.045
APiso 10 UM + Ca> 40 uM 9.3 £ 2.6 885+ 3 6.9 + 0.026
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Fig. 2 Effect of Ca®* on ABy_4o fiber formation kinetics in the presence of
LUV TLBE. ThT traces of samples containing 200 uM LUV TLBE and AB;_40
10 pM (black) in the presence of Ca®* 2.5 uM (red), Ca®* 10 uM (green) and
Ca®* 40 uM (blue). Experiments were performed at 37 °C in 10 mM HEPES
buffer, 100 mM NaCl, pH 7.4. All results are the average of three
experiments.

Table 2 Kinetic parameters of ThT traces relative to samples shown in
Fig. 2. All parameters are reported as the average of 3 independent
measurements =+ s.d.

Sample + LUV TLBE ThTimay (2.U.) ¢/ (min) & x 10° (min ™)

1920 £ 6 1.3 £ 0.088
1683 + 13 2.3 £ 0.054
1724 £ 4 1.5 £ 0.078
1279 £ 4 1.2 £ 0.042

ABi_s0 10 uM 23.7 £ 1.5
ABi_40 10 UM + Ca** 2.5 uM 21.4 + 3.2
ABi_40 10 pM + Ca®" 10 pM 50.5 + 2.1
AB1_40 10 UM + Ca** 40 pM 69.8 + 2.2

to pore formation, and a second step correlated with the elongation
of the fiber on the membrane surface resulting in a detergent-like
membrane disruption mechanism. By contrast, on increasing the
Ca®" concentration, the first step vanishes (Fig. 3 blue and green
curves), suggesting that Ca®* ions inhibit pore formation. This
result matches well with the hypothesis that calcium ions stabilize
small-sized oligomeric species.

However, it is known that, due to their small size, pores
formed by AP;_4 are only barely detected via dye leakage
experiments with 6-carboxyfluorescein.” Thus, to analyze the
effects of Ca®" ions on the first step of the membrane damage
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Fig. 3 Membrane disruption induced by AB;_40 in the presence of Ca?*.
Disruption of 200 uM LUV TLBE induced by 10 uM AB;_40 (black) in the
presence of Ca®* 2.5 uM (red), Ca®* 10 uM (green curve) and Ca®* 40 pM
(blue). Experiments were performed at 37 °C in 10 mM HEPES buffer,
100 mM NaCl, pH 7.4. All results are the average of three experiments.
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Fig. 4 The presence of Ca®" inhibits the pore formation. Fura 2 assay
indicates that increasing amounts of Ca2* ions inhibit disruption through
pore formation of 200 uM LUV TLBE induced by 10 uM AB;_40 (black) in the
presence of Ca%* 2.5 uM (red), Ca®* 10 pM (green) and Ca* 40 uM (blue).
Experiments were performed in 10 mM HEPES buffer, 100 mM NaCl,
pH 7.4.

mechanism, we performed dye-release experiments using the
dye Fura 2 as described elsewhere” (Fig. 4).

Data reported in Fig. 4 show that the presence of a high
concentration of Ca>* ions inhibits pore formation. Consistently with
data previously reported for hIAPP,'®' all of the results obtained
here support the hypothesis that Ca>* ions inhibit AB-mediated
membrane poration but enhance membrane fragmentation by lipid
loss due to fiber growth on the membrane surface. In conclusion,
it is plausible that this double-edged effect of Ca** ions on
amyloid-evoked membrane disruption processes may represent
a general feature shared by all proteinopathies. Due to the key role
played by calcium dyshomeostasis in many amyloid diseases, further
studies on other amyloidogenic proteins such as a-synuclein or
huntingtin will be important to support the generality of this
biophysical mechanism.
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