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The accumulation of human islet amyloid polypeptide (hIAPP) on the surface of pancreatic B cells is closely
related to the death of the cells. Divalent metal ions play a significant role in the cytotoxicity of hIAPP. In this
study, we examined the roles played by the divalent metal ions of zinc, copper and calcium in the
aggregation of both hIAPP18-27 fragment and full-length hIAPP and the ability of their oligomers to
damage the membrane of POPC/POPG 4 :1 LUVs using the ThT fluorescence, TEM, AFM, CD, ANS
binding fluorescence and dye leakage experiments. We prepared metal-free and metal-associated
oligomers that are similar in size and aggregate slowly using the short peptide and confirmed that the
ability of the peptide oligomers to damage the lipid membrane is reduced by the binding to the metal
ions, which is closely linked to the reducing hydrophobic exposure of the metal-associated oligomers.
The study on the full-length hIAPP showed that the observed membrane damage induced by hIAPP
oligomers is either mitigated at a peptide-to-metal ratio of 1: 0.33 or aggravated at a peptide-to-metal
ratio of 1: 1 in the presence of Zn(i) and Cu(i), while the surface hydrophobicity of hIAPP oligomers was
reduced at both peptide-to-metal ratios. The observed results of the membrane damage were attributed
to the counteraction between a decrease in the disruptive ability of metal-associated oligomer species
and an increase in the quantity of oligomers promoted by the binding of the metal ions to hIAPP

oligomers. The former could play a predominant role in reducing the membrane damage at a peptide-
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Accepted 21st March 2021 to-metal ratio of 1:0.33, while the latter could play a predominant role in enhancing the membrane

damage at a peptide-to-metal ratio of 1: 1. This study shows that an enhanced membrane damage
could be caused by the oligomer species with a decreased instead of an increased disruptive ability,
given that the abundance of the oligomer species is high enough.
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Introduction

Human islet amyloid polypeptide (hIAPP) or amylin is
composed of 37 amino acid residues.’” It is packaged together
with insulin in pancreatic B-cells and co-secreted with insulin
out of the cells. Misfolding of hIAPP and resulting amyloid
deposit on pancreatic B-cells affect 80% of pancreatic islets in
more than 90% of patients with type 2 diabetes mellitus
(T2DM).** Amyloid deposition of other proteins in different
tissues is also a key feature of the development of several
important neurodegenerative diseases, such as Alzheimer's
disease related to A protein and Parkinson's disease related to
a-synuclein protein.”® Although the fibrils constructed by B-
sheet structure are present in large amounts in the amyloid
deposits, small-sized, soluble oligomers formed at the early
onset of amyloidosis are proposed to be more cytotoxic and
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most likely play a key role in the pathology of T2DM."** The
mechanisms of membrane impairment caused by membrane
fragmentation in the fibril growth process of B-sheet rich
aggregates,''® and by the formation of transmembrane oligo-
meric pores'” were also proposed by in vitro study of amylin.
Bio-available divalent metal ions (e.g, zinc and copper) have
important effects on the aggregation and cytotoxicity of amy-
lin."*?° Islet B-cell granules that store amylin together with
insulin contain zinc ion in mM concentration.* Zinc ion may
affect the aggregation and toxicity of amylin either by binding to
the peptide oligomers* or by regulating the aggregate state and
release of insulin.*® An alteration in the concentration of zinc
ions in the B-cells of the pancreas has been associated with
amyloid deposit formation of hIAPP and T2DM.**** The recent
discovery of a linkage between T2DM and SLC30A8, a gene
encoding zinc transporter ZnT8 specific to B-cells, further
suggests that zinc could have an impact on hIAPP toxicity to B-
cells.**?® Copper is essential for normal cellular function.*
However, its metabolism is also linked to the progression of
T2DM.*** Clinical findings suggest that the patients suffering
T2DM have an alteration in copper concentration.*” A
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significant increase in the cytosolic Ca(u) levels was observed in
GT1-7 cell lines® and B-cells of transgenic mice overexpressing
hIAPP.** The imbalance of intracellular Ca(u) homeostasis is
also correlated with many T2DM-related symptoms.>*3¢

Previous studies in vitro have demonstrated that Zn(u) has
either a promoting or an inhibiting effect on the fibrillar
aggregation and toxicity of hIAPP, depending on their relative
concentrations.**° The different effects of Zn(u) ions on T2DM
development have also been reported. The activity reducing
mutations of ZnT8 are associated with either a decreased® or an
increased*" diabetic risk. Cu(u) inhibits hIAPP fibrillation, while
the effect of Cu(u) on hIAPP toxicity is controversial. Some
studies reported that Cu(u) promotes hIAPP toxicity either by
inhibiting hIAPP to form fibrils and inducing hIAPP to form
more toxic oligomers,*** or by stimulating the generation of
H,0, and B-cell apoptotic induced by hIAPP,**** while other
studies demonstrated that Cu(u) has little effect on the cyto-
toxicity of hIAPP*® or alleviates the toxicity of hIAPP by inhibit-
ing amylin-evoked oxidative stress in pancreatic cells.*” His18
residue plays a crucial role in the coordination of Zn(u) and
Cu(u) ions with hIAPP. Other residues participating in the
coordination of the metal ions with hIAPP are debatable and
there is still not a widely-accepted mode.*® The study about the
roles of calcium in the fibrillar aggregation and toxicity of hIAPP
are lacking. The results from artificial lipids demonstrated that
Ca(u) promotes fibril formation of hIAPP and enhances frag-
mentation of lipid membrane (POPC/POPS 7 : 3 LUVs) induced
by hIAPP fibril elongation, but inhibits membrane damage
induced by prefibrillar hIAPP species,” and Ca(u) is able to
activate a preferential interaction of hIAPP with the hydro-
phobic core of DPPS membrane.>

Despite intensive investigation, our knowledge about the
mechanism of divalent metal ions affecting the activity of hIAPP
in the impairment of the cellular membrane is still limited.
Oligomer intermediates are believed to be toxic species of hIAPP
and other amyloid peptides, therefore, the investigation of the
effects of metal ions on the features of hIAPP oligomers and on
the ability of the oligomers to damage the membrane is
significant for understanding the mechanism of hIAPP toxicity.
However, the full-length hIAPP has a strong propensity for
fibrillation. The oligomers formed by full-length hIAPP are
highly unstable and diverse in structure. The binding to the
metal ions may change not only the packing structure and
stability of hIAPP oligomers, but also the abundance of oligo-
mers (or the proportion of oligomers in total peptide mole-
cules), which impedes a specific characterization of the metal-
associated hIAPP oligomers and the comparison between the
metal-associated and metal-free oligomer species in some
properties, such as the ability to damage the lipid membrane.
This means that we could not judge whether the binding to the
metal ions increases or decreases the ability of hIAPP oligomer
individuals to disrupt the lipid membrane only through the
observed disruptive results.

Available evidence suggests that the soluble oligomers
impair the cell membrane by a shared characteristic of supra-
molecular structure, regardless of the amino acid sequences of
the peptides/proteins.*** Therefore, the short peptides derived
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from full-length hIAPP can be used to study the toxic mecha-
nism of the oligomers. Short peptides have a fibrillation rate far
slower than full-length peptides and can form the oligomers
much more stable than full-length peptides in most instances.
If the oligomers with similar sizes are prepared using short
peptides in the absence and presence of metal ions, these
species of oligomers should not be significantly different in
abundance, and thus the aggregation feature and the ability to
damage the membrane could be compared between the metal-
associated and metal-free oligomer species. The short peptides,
such as hIAPP,, ,o and hIAPP,g ,-, have been used in previous
studies of amyloid aggregation and membrane disruption.**° A
variety of binding modes of hIAPP-Zn(u) and hIAPP-Cu(u) have
been proposed based on the studies of hIAPP fragments, e.g.,
Ac-IAPP(15-22)-NH,, Ac-IAPP(18-22)-NH, and its mutants,®
Ac-PEG-IAPP(14-22)-NH, (ref. 20) and hIAPP(1-19).*®

In this work, we intend to elucidate how the binding to Zn(u),
Cu(u) and Ca(u) ions affects the ability of hIAPP oligomer indi-
viduals to damage the phospholipid membrane and why the
metal ions could have an opposite effect (promoting or inhibiting
effect) on the hIAPP induced aggregation and membrane damage
at different peptide-to-metal stoichiometry. For this purpose, we
selected a 10-residue peptide that includes His18 and the amino
acid residues in the core region of hIAPP, ie., hIAPP18-27
(HSSNNFGAIL), as a model peptide, and the phospholipid
bilayer composed of POPC/POPG (4 : 1) as model membrane. We
prepared the peptide-metal oligomers with similar size distri-
bution and characterized the features of these oligomer species
in aggregation and membrane damage using ThT fluorescence,
TEM, AFM, CD, ANS binding fluorescence and dye leakage
experiments. We also investigated the effects of these metal ions
on the aggregation and membrane disruption of full-length
hIAPP (KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTYNH,
with a disulfide bridge between Cys2 and Cys7) using these
experiments. We found that the ability of peptide oligomer
individuals to disrupt the lipid membrane is always reduced by
the binding to the metal ions, whatever the concentrations of the
metal ions are, while the observed membrane damage induced
by hIAPP oligomers is either aggravated at a peptide-to-metal
ratio of 1: 1 or alleviated at a peptide-to-metal ratio of 1 : 0.33.
We suggest that the observed results of the membrane damage at
different peptide-to-metal ratios could originate from a competi-
tive effect between an increase in the abundance of the metal-
associated hIAPP oligomer species and a decrease in its disrup-
tive ability.

Results
Morphology and size distribution of 10-peptide oligomers

We prepared four species of oligomers by incubating 1 mM 10-
peptide (named as ia10) in 4 °C Milli-Q water for 10 minutes in
the absence and presence of Ca(u), Zn(u) or Cu(u) ions at
a peptide-to-metal molar ratio of 1 : 1. TEM images showed that
all the four species of oligomers are approximately spherical,
with a similar diameter distribution ranging from ca. 10 nm to
ca. 30 nm and a mean diameter of ca. 19 nm (Fig. 1A and Fig. S1
in ESIt). The size distributions of the oligomers were also

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Morphology of the 10-peptide oligomers obtained by TEM

(the scale bars are 500 nm), and (B) size distributions of these oligo-
mers in 4 °C Milli-Q water obtained by DLS.

obtained by DLS experiments and the hydrodynamic diameters
ranging from ca. 25 nm to ca. 50 nm (with mean diameters of ca.
28-38 nm) were obtained (Fig. 1B).

Aggregation of 10-peptide oligomers

The aggregation of the four species of 10-peptide oligomers was
monitored by ThT fluorescence assays and AFM measurements.
The increase in the ThT fluorescence emission was not observed
for all these species of oligomers within 7 days of incubation in
phosphate buffer at pH 7.4 in the presence of POPC/POPG 4 : 1
LUVs (Fig. S2 in ESIYT). The growth of these oligomers with time
was observed in the AFM images (Fig. 2). Although these olig-
omers grew at different rates, none of them formed fibrils
within 7 days of incubation in the presence of lipid membrane.
The aggregation rate of the oligomers decreased in an order of
ia10/Zn, ia10 and ia10/Ca (the two were indistinguishable), and
ia10/Cu. This implies that the aggregation of the 10-peptide
oligomers is inhibited by the association with Cu(u), but
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Fig.2 AFM images of the 10-peptide oligomers recorded at the initial
time of incubation (0 d) and after various days of incubation (1-7 d) in
phosphate buffer with POPC/POPG 4:1 LUVs at pH 7.4. The
concentrations of peptide and total lipids were 50 uM and 500 uM,
respectively. The scale bars are 1 um.

promoted by the association with Zn(u). The effect of Ca(u) on
the aggregation of the peptide was small.

The aggregation of the four species of oligomers was also
monitored by the CD spectra in the presence of POPC/POPG
4:1 LUVs (Fig. 3). The CD spectra of all these oligomers
showed a negative molar ellipticity at ca. 197 nm at initial time
of incubation. With increasing incubation time, the band at ca.
197 nm dramatically changed from a stronger negative signal to
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Fig. 3 CD spectra of 10-peptide oligomers recorded at the initial time
of incubation (0 d) and after various days of incubation (1-7 d) in
phosphate buffer suspended with POPC/POPG 4 : 1 LUVs at pH 7.4.
The concentrations of peptide and total lipids were 50 uM and 500 pM,
respectively.
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a weaker positive signal along with an emergence of a very weak
negative signal at ca. 225 nm for ial0, ia10/Ca and ia10/Zn
oligomers. In contrast, the CD spectrum of ia10/Cu oligomers
changed a little. This suggests that the ia10/Cu oligomers could
be more stable than other species of oligomers.

The ThT fluorescence assay, AFM and CD measurements
were also performed for the four species of 10-peptide oligo-
mers in phosphate buffer at pH 7.4 without lipid vesicles
(Fig. S2-S4 in ESIf). The results of ThT fluorescence and AFM
were very similar to those obtained in the presence of lipid
membrane. The CD spectra obtained in the absence of lipids
were similar to those obtained in the presence of the lipid
membrane at the initial time of incubation, only with a small
extent of increase in the intensity of the negative molar ellip-
ticity at ca. 197 nm. Although the change in the intensity of the
negative molar ellipticity with time observed in the absence of
lipids was evidently smaller than that observed in the presence
of lipids, a slower change in the intensity of the negative signal
for ia10/Cu oligomers than for other species of oligomers was
also observed in the absence of lipids.

Membrane disruption and surface hydrophobicity of 10-
peptide oligomers

The release of calcein from POPC/POPG 4 : 1 LUVs was moni-
tored by the leakage assay within 7 days of incubation in the
presence of the 10-peptide oligomers (Fig. 4A). The dye leakage
percentages reached a plateau on the 5th day for all these
species of oligomers. However, the height of the plateau was
different for different species of oligomers. A highest leakage
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Fig. 4 (A) Leakage percentage of calcein releasing from POPC/POPG
4 : 1 LUVs upon incubation with the four species of 10-peptide olig-
omers in phosphate buffer at pH 7.4 for different durations (the
concentrations of peptide and total lipids were 50 uM and 500 pM,
respectively), (B) phenylalanine fluorescence quenching by acrylamide
for the four species of 10-peptide oligomers in 4 °C Milli-Q water at
a peptide concentration of 50 uM, (C) fluorescence emission of ANS
induced by binding to the four species of oligomers in 4 °C Milli-Q
water at varied peptide concentrations and a fixed ANS concentration
(300 uM), and (D) the blue shift of ANS fluorescence induced by
binding to the peptide oligomers in 4 °C Milli-Q water at a peptide
concentration of 200 uM and an ANS concentration of 300 pM.
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plateau was observed for the oligomers formed in the absence
of the metal ions, while the leakage plateau was lowered by the
oligomers formed in the presence of the divalent metal ions,
and the inhibition effects of the metal ions on the oligomer
induced dye leakage increased in an order of Ca(u), Zn(u) and
Cu(u). This indicates that the association of the 10-peptide with
these metal ions reduces the ability of the resulting oligomers to
damage POPC/POPG 4 :1 LUVs. Of the three divalent metal
ions, the effect of Cu(u) on the disruptive ability of the oligomer
was the largest, and that of Ca(un) was the smallest. The dye
leakage of the LUVs incubated with just the metal ions was also
measured to test for the effect of the metal ions on the LUV
permeability (Fig. S5 in ESIt). The leakage amounts induced by
the ion themselves were very small and the largest quantity was
no more than 5%.

The hydrophobic exposure feature of the oligomers was
explored by the fluorescence quenching experiment and the
ANS binding fluorescent experiment to understand the differ-
ence in the membrane destruction ability of the four species of
oligomers. The fluorescence emission of the single phenylala-
nine at position 6 of the 10-peptide was monitored after the
addition of different concentrations of acrylamide (Fig. 4B and
S6 in ESIT). The degree of fluorescence quenching by acrylamide
decreased in an order of ia10, ia10/Ca, ia10/Zn and ia10/Cu
oligomers, with a quenching constant (Ky,) of 66, 60, 49 and
42 M, respectively. This indicates that the aromatic side
chains in the metal-associated oligomers are less water exposed
than those in the metal-free oligomers and the surface hydro-
phobic exposure of the aromatic residues in the metal-
associated oligomers decreases in an order of ia10/Ca, ial0/Zn
and ia10/Cu. In the ANS binding fluorescence assays, both an
increase in intensity and a decrease in wavelength (blue shift) of
the ANS fluorescence signals with increasing peptide concen-
tration were observed for all these species of 10-peptide oligo-
mers (Fig. 4C, D, and S7 in ESIt). The changes in the ANS
fluorescence spectra reduced in an order of ia10, ia10/Ca, ia10/
Zn and ia10/Cu, indicating an decrease in the surface hydro-
phobicity of the oligomers in this order. The metal ion them-
selves have no effect on the ANS fluorescence (Fig. S8 in ESIt).
The results of ANS binding fluorescence assays were consistent
with those of acrylamide fluorescence quenching experiments.

Characterization of hIAPP oligomers preformed in stock
solution in the absence and presence of metal ions

We first performed DLS measurements immediately after
freeze-dried hIAPP was dissolved in 4 °C Milli-Q water at 1 mM
(stock solution) in the absence and presence of metal ions Ca(u),
Zn(u) and Cu(u) at peptide-to-metal ratios of 1 :0.33 (Fig. 5A)
and 1:1 (Fig. 5B). A distribution of hydrodynamic diameter
centered at ca. 20 nm was observed for metal-free hIAPP sample.
The size distribution of hIAPP sample was little affected by the
addition of Ca(u), but moved slightly towards the direction of
decreasing diameter by the addition of Zn(u) and Cu(u). This
suggests that hIAPP could exist in an equilibrium between
monomers and the early oligomers or in a mixture of diverse
metastable oligomers initially.”* The Zn(u)- and Cu(u)-associated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DLS results of hIAPP oligomers preformed in 4 °C Milli-Q water
at a peptide concentration of 1 mM in the absence and presence of
Ca(n), Zn(i) and Cu(n) at peptide-to-metal ratios of 1: 0.33 (A)and 1: 1
(B), and CD spectra of hIAPP oligomers preformed in 4 °C Milli-Q water
in the absence and presence of the metal ions at peptide-to-metal
ratiosof 1 : 0.33and 1 : 1 (C). The concentration of peptide was diluted
to 5 uM and 15 uM in the DLS and CD measurements, respectively.

hIAPP oligomers could be a little bit smaller than metal-free and
Ca(u)-associated hIAPP oligomers on average.

The structures of hIAPP oligomers preformed in 4 °C Milli-Q
water at 1 mM in the absence and presence of Ca(u), Zn(u) and
Cu(u) were characterized by CD measurements (Fig. 5C). The
results showed that hIAPP adopts an unordered or random coil
structure in all these species of oligomers. However, an evident
reduction in the intensity of the negative ellipticity at ca. 200 nm
was observed in the CD spectra of hIAPP oligomers formed in
the presence of Zn(u), while no changes were observed in the
spectra of hIAPP oligomers formed in the presence of Cu(u) and
Ca(n), compared with the CD spectrum of metal-free hIAPP
oligomers. This suggests that the quantity of hIAPP oligomers
could be increased by the binding of Zn(u) to the oligomers.
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Effects of metal ions on the aggregation of hIAPP oligomers

The aggregations of full-length hIAPP with 37 amino acid resi-
dues (named as ia37) in the absence and presence of Ca(u),
Zn(u) and Cu(un) were investigated at both peptide-to-metal
ratios of 1:0.33 and 1 : 1. The ThT fluorescence experiments
performed in phosphate buffer at pH 7.4 demonstrated that the
fibrillar aggregation of hIAPP was little affected by Ca(u) and
inhibited by Cu(u) at both peptide-to-metal ratios, while the
fibrillation of hIAPP was either inhibited by Zn(u) at a peptide-
to-metal ratio of 1: 0.33 or promoted by Zn(u) at a peptide-to-
metal ratio of 1 : 1 (Fig. 6A). In the presence of POPC : POPG
4 : 1 LUVs, the fibril formation of hIAPP was inhibited by both
Zn(u) and Cu(u) and the inhibition effect was increased from
a peptide-to-metal ratio of 1:0.33 to 1:1. Cu(u) was more
potent than Zn(u) in the inhibition of hIAPP fibrillation
(Fig. 6B). Metal ion themselves have no effect on the ThT fluo-
rescence results (Fig. S91). The results of ThT fluorescence
experiments observed in the presence of POPC/POPG 4 : 1 LUVs
were confirmed by AFM imaging (Fig. S10 in ESIf).

We recorded the time-dependent CD spectra of hIAPP at
peptide-to-metal ratios of 1:0.33 and 1:1 in the presence of
POPC/POPG 4 : 1 LUVs to monitor the changes in the secondary
structure of hIAPP (Fig. S11 in ESIf). We found that hIAPP
undergoes the structural transfer from initially a random coil
dominant structure to finally a B-sheet structure via an a-helix
intermediate with a decreasing rate of structural transfer in an
order of ia37 and ia37/Ca (both were indistinguishable), ia37/Zn
and ia37/Cu at both peptide-to-metal ratios of 1: 0.33 and 1 : 1,
and the difference in the rate of structural transfer is more
obvious at peptide-to-metal ratio of 1 : 1.

Effects of metal ions on the surface hydrophobicity of hIAPP
oligomers and membrane damage

The damage of POPC/POPG 4 : 1 LUVs induced by hIAPP olig-
omers with and without the metal ions was examined by leakage
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Fig. 6 ThT fluorescence of hIAPP alone and hIAPP mixed with the
metal ions at peptide-to-metal ratios of 1 : 0.33 (left) and 1 : 1 (right) in
phosphate buffer at pH 7.4 in the absence (A) and presence (B) of
POPC/POPG 4 : 1 LUVs. The concentrations of peptide and total lipids
were 15 uM and 1.5 mM, respectively.
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Fig. 7 (A) Percentages of calcein releasing from POPC/POPG 4 : 1
LUVs after different time of incubation with hIAPP in the absence and
presence of the metal ions at different peptide-to-metal ratios in
phosphate buffer at pH 7.4 (the concentrations of peptide and total
lipids were 15 uM and 1.5 mM, respectively), (B) results of ANS binding
fluorescence experiments for hIAPP oligomers in 4 °C Milli-Q water
without and with the metal ions at different peptide-to-metal ratios
(the concentrations of both ANS and peptide were 15 uM).

assays (Fig. 7A). The results showed that the dye leakage
percentages induced by hIAPP oligomers formed in the pres-
ence of these metal ions at a peptide-to-metal ratio of 1: 0.33
were less than the leakage caused by metal-free hIAPP oligo-
mers, and the reduction in the dye leakage was more
pronounced in the presence of Zn(u) and Cu(u) than that in the
presence of Ca(u). In contrast, the mixture of hIAPP with either
Zn(u) or Cu(u) at a peptide-to-metal ratio of 1 : 1 resulted in an
increase in the dye release compared with the result of hIAPP
alone. The effects of Cu(u) on the performance of hIAPP oligo-
mers triggering dye release at both peptide-to-metal ratios were
slightly greater than those of Zn(u).

The surface hydrophobicity of hIAPP oligomers in the
absence and presence of the metal ions was probed using the
ANS binding fluorescence experiments performed in 4 °C Milli-
Q water (Fig. 7B). The fluorescence intensity of ANS was
enhanced by binding to hIAPP oligomers either with or without
the metal ions. However, the ANS fluorescence enhancements
observed in the presence of the metal ions were smaller than
that observed in the absence of the metal ions and the
enhancements decreased in an order of ia37/Ca(u), ia37/Zn(u)
and ia37/Cu(u) at both peptide-to-metal ratios of 1:0.33 and
1:1. This indicates that the surface hydrophobicity of hIAPP
oligomers is reduced by the binding to the metal ions, and the
role of the metal ions in reducing hydrophobic exposure of
hIAPP oligomers increases according to the order of Ca(u), Zn(u)
and Cu(u).

Discussion

A growing body of evidence has proposed that small and soluble
hIAPP oligomers are the toxic form responsible for the
membrane impairment and B-cell death, and the bioavailable
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divalent metal ions have a significant role in the amyloidogenic
process and toxicity of hIAPP. However, the issue of how the
divalent metal ions affect the activity of the oligomers in
membrane damage has not been clarified. In this study, we first
prepare four species of oligomers composed of hIAPP18-27
peptide alone and the mixtures of the 10-peptide with Ca(u),
Zn(u) and Cu(u) ions at a peptide-to-metal molar ratio of 1: 1.
All these 10-peptide oligomers are very similar in size distribu-
tion and aggregate very slowly. They do not form fibrils even
after 7 days of incubation in either lipid free or liposome (POPC/
POPG 4:1 LUVs) suspended phosphate buffer at pH 7.4.
Therefore, we can compare these different species of oligomers
in their ability to disrupt the lipid membrane.

The results of leakage assay show that the damage of the
POPC/POPG 4 : 1 LUVs induced by the 10-peptide oligomers is
inhibited in the presence of Ca(u), Zn(u) or Cu(u) ions and the
inhibition effect of the metal ions increases in an order of Ca(u),
Zn(u) and Cu(u). The initial interaction of the oligomers with the
membrane may be crucial for their disruptive activity, while the
growing of the oligomers and simultaneously occurring change
in the secondary structure of peptide could be insignificant.
Otherwise, rather different growing rate and structural evolu-
tion of Cu(u)-associated oligomers from other three species of
oligomers (Fig. 3) could lead to different leakage kinetics,
instead of a similar time dependence of dye leakage, as
observed in this study (the dye leakage amounts induced by all
these four species of oligomers reach a plateau on the 5th day of
incubation, Fig. 4A). Previous study reported that both size and
surface hydrophobicity are generic determinants of misfolded
oligomer cytotoxicity.®* Our results of TEM and DLS demon-
strate that the four species of oligomers are very similar in mean
diameter initially, implying that they are not largely different in
quantity at the same peptide concentration. Therefore, the
observed differences in the percentages of dye leakage induced
by these species of oligomers could be related to the differences
in the disruptive ability of these species of oligomer individuals.
The surface hydrophobicity of the four species of oligomers
decreases in an order of ia10, ia10/Ca, ia10/Zn and ia10/Cu, an
order consistent with the disruptive ability of the four species of
oligomers, suggesting that the disruptive ability of the four
species of oligomers are closely correlated with their surface
hydrophobicity.®* A reduction in the surface hydrophobicity of
oligomers by the binding to the metal ions could decrease the
hydrophobic interaction of the oligomers with the lipid
membrane, and in doing so, decrease the membrane damage.*

We further investigate the aggregation and membrane
disruption of full-length hIAPP peptide in the absence and
presence of metal ions Ca(u), Zn(u) and Cu(u). Unlike the short
peptide, the full-length hIAPP peptide aggregates and forms
fibrils rapidly. We find that the fibril formation of hIAPP in
buffer solution at pH 7.4 is inhibited in the presence of Zn(u) at
a peptide-to-metal ratio of 1 : 0.33, but promoted at a peptide-
to-metal ratio of 1:1. Previous study has demonstrated that
a single Zn(u) ion preferentially binds to hIAPP oligomers by
multiple interactions, which alters the monomer-oligomer
equilibrium and promotes the formation of oligomers.”>*
Although the binding to Zn(u) promotes the formation of hIAPP

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oligomers, it restricts the conformational change of hIAPP and
thus inhibits the formation of B-sheet structured aggregates/
fibrils. At a lower Zn(u) concentration (e.g., at a peptide-to-
metal ratio of 1:0.33), preformed hIAPP oligomers could be
largely stabilized by the binding to Zn(u), while the quantity of
oligomers could not be increased significantly. In this case, the
inhibition effect on hIAPP aggregation caused by the restriction
of Zn(u) to the structural transformation of hIAPP oligomers
could overweigh the promotion effect caused by the catalyzation
of Zn(u) to the formation of hIAPP oligomers, and therefore the
fibrillar aggregation of hIAPP is suppressed. With the increase
in Zn(u) concentration (e.g., at a peptide-to-metal ratio of 1 : 1),
the quantity of hIAPP oligomers formed at the early stage of
aggregation could be significantly increased compared to that
of metal-free hIAPP oligomers.”> An evident decrease in the
intensity of the negative ellipticity at ca. 200 nm observed in the
CD spectrum of hIAPP/Zn(u) mixture at a peptide-to-metal ratio
of 1 : 1 (Fig. 5C) could result from the increase in the abundance
of hIAPP oligomers promoted by the binding to Zn(u). Although
the binding of hIAPP oligomers to Zn(i) may elevate the energy
barrier of hIAPP conformational transformation, a pronounced
increase in the quantity of Zn(u)-associated hIAPP oligomer
species at a peptide-to-metal ratio of 1:1 accelerates the
fibrillar aggregation of hIAPP in buffer solution (Fig. 6A).

Previous study proposed that a single Cu(u) ion could bind to
hIAPP monomer in a 3N10 form® and this form of coordination
could be maintained even in a metal-associated hIAPP oligo-
mers.* A higher affinity of Cu(u) for hIAPP (K,: ca. 8.9 x 10’ M "
for Cu(u) and ca. 9.1 x 10° M~* for Zn(n)*®) and the distinct
coordination property strongly restrict the conformational
change of oligomeric hIAPP. Therefore, the fibrillar aggregation
of hIAPP in buffer solution is always inhibited in the presence of
Cu(n) no matter what the peptide-to-metal ratios are.

In the presence of the lipid membrane, however, the fibril-
lation process of hIAPP is inhibited by the addition of Zn(u) and
Cu(u) at both peptide-to-metal ratios of 1:0.33 and 1:1. A
possible reason for this is that the electrostatic interactions of
Zn(n)- and Cu(u)-associated hIAPP oligomers with the negatively
charged lipid membrane are stronger than that of metal-free
hIAPP oligomers. Although the aggregations of all the metal-
free and metal-associated hIAPP oligomers are accelerated in
the presence of the membrane by a local concentration of
peptide at the membrane surface, enhanced electrostatic
interactions of Zn(u)- and Cu(u)-associated hIAPP oligomers
with the head-groups of the lipid membrane could reduce the
peptide-peptide or oligomer-oligomer interactions and there-
fore decrease the rate of hIAPP fibrillation at the membrane
surface, in comparison with metal-free hIAPP oligomers.

Interestingly, whereas the fibrillar aggregation of hIAPP
oligomers is inhibited by Zn(u) and Cu(u) ions in the presence of
POPC/POPG 4:1 LUVs at both peptide-to-metal ratios of
1:0.33 and 1: 1, the membrane damage caused by Zn(1u)- and
Cu(u)-associated hIAPP oligomers is either reduced at a peptide-
to-metal ratio of 1 : 0.33 or enhanced at a peptide-to-metal ratio
of 1: 1. However, the surface hydrophobicity of hIAPP oligo-
mers is largely reduced by the binding to Zn(u) and Cu(u) at both
peptide-to-metal ratios, implying that the Zn(u)- and Cu(u)-
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associated hIAPP oligomer species should be less disruptive to
the membrane than metal-free hIAPP oligomer species, as
observed in the results of the 10-peptide oligomers. Therefore,
a more grievous damage of the membrane by hIAPP oligomers
formed in the presence of Zn(u) and Cu(u) at a peptide-to-metal
ratio of 1:1 than in the absence of the metal ions could be
attributed to a significant increase in the quantity of hIAPP
oligomers promoted by the binding of Zn(u) and Cu(u) to hIAPP
at this relatively high concentration of metal ions. Although the
ability of Zn(u)- or Cu(u)-associated hIAPP oligomer species to
disrupt the membrane of POPC/POPG 4 : 1 LUVs is smaller than
that of metal-free hIAPP oligomer species for an individual
oligomer, the total amount of hIAPP oligomers involving in the
membrane disruption in the presence of the metal ions at
a peptide-to-metal ratio of 1 : 1 could be much larger than that
of hIAPP oligomers formed in the absence of the metal ions.
The role played by a great increase in the amount of oligomers
in the membrane damage could be larger than that played by
a decrease in the ability of the oligomers to disrupt the
membrane at a peptide-to-metal ratio of 1 : 1. In contrast, the
quantity of hIAPP oligomers formed in the presence of Zn(u) or
Cu(n) could not be increased significantly relative to that of the
oligomers formed in the absence of the metal ions at a peptide-
to-metal ratio of 1:0.33. In this situation, the difference
between metal-associated oligomers and metal-free oligomers
in the membrane damage could be mainly determined by the
difference in the ability of the oligomer individuals to damage
the membrane, and therefore a less membrane damage is
observed in the presence of Zn(u) and Cu(u) at a peptide-to-
metal ratio of 1:0.33 than in the absence of the metal ions.
IAPP is known to change its conformation during the evolution
of the aggregates, and this changes its affinity to lipid
membranes.® Therefore, there is another possibility that the
difference in the conformation change of hIAPP at a low
(1:0.33) or a higher (1 : 1) concentration of Cu(u) or Zn(u) leads
to the difference in the membrane leakage at the two concen-
trations of metal ions. However, this possibility can be excluded
by the CD results which show that Cu-associated hIAPP (or Zn-
associated hIAPP) undergoes similar process of conformation
change at the two concentrations of metal ions and the rate in
the conformation change of hIAPP is decreased by the binding
of the metal ions either at a low (1:0.33) or a higher (1:1)
concentration of metal ions. A little bit stronger inhibition of
the membrane damage by hIAPP oligomers formed in the
presence of Cu(u) than in the presence of Zn(u) at a peptide-to-
metal ratio of 1:0.33 could originate from a more compact
packing of Cu(u)-associated hIAPP oligomers than Zn(u)-asso-
ciated hIAPP oligomers,** while a slightly larger enhancement
in the membrane damage activity of hIAPP oligomers in the
presence of Cu(u) than in the presence of Zn(u) at a peptide-to-
metal ratio of 1 : 1 could originate from more abundant oligo-
mers formed in the presence of Cu(u) than in the presence of
Zn(u). The effects of Ca(u) on the aggregation of hIAPP oligo-
mers and their abilities to disrupt the lipid membrane are much
smaller than those of Cu(u) and Zn(u) at both peptide-to-metal
ratios of 1:0.33 and 1 : 1, likely due to a low affinity of Ca(u)
for hIAPP oligomers.
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It is noted that there could be differences between the full
length hIAPP and the model peptide fragment in the binding
site and the residues involved in the coordination with metal
ions. Although we did not obtain the information on the
binding site and binding affinity, we found that the binding of
both hIAPP and its fragment with the metal ions decreases the
hydrophobic exposure of the peptide oligomers. This is
a common feature of these peptide/metal oligomers. In this
point, the effect of the metal ions on the oligomeric feature of
either peptide fragment or full-length peptide is the same,
whatever peptide-metal binding patterns are.

Conclusions

The studies on both the short peptide hIAPP18-27 and the full-
length hIAPP confirm that the surface hydrophobicity of the
oligomers and the ability of the oligomers to disrupt the
membrane are reduced by the binding of the oligomers to
divalent metal ions of calcium, zinc and copper. However, the
membrane disruption is either reduced or enhanced by the
binding of hIAPP oligomers to Zn(n) and Cu(u), depending on
the proportion of peptide to metal ion. The difference in the
observed membrane disruption at different peptide-to-metal
ratios is attributed to a competition between an increase in
the abundance of metal-associated hIAPP oligomer species
and a decrease in its disruptive ability. The total enhancement
effect generated by the increase in the quantity of hIAPP
oligomers in the membrane damage could prevail over the
total inhibition effect generated by the decrease in the ability
of oligomer individuals at a peptide-to-metal ratio of 1:1,
while the situation could be reversed at a peptide-to-metal
ratio of 1:0.33.

Experimental section
Materials

Peptides were synthesized by Shanghai Science Peptide Bio-
logical Technology Co. Ltd. (Shanghai, China) with a purity of
>98% that was verified by mass spectroscopy and high-
performance liquid chromatography. Lipids POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPG (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). HFIP
(1,1,1,3,3,3-hexafluoroisopropanol), ZnCl,, CuCl,-2H,0, CaCl,,
and other chemical reagents were purchased from Sigma-
Aldrich (St. Louis., MO).

Pretreatment of peptides

Synthesized peptide powder was dissolved in HFIP at
a concentration of 1 mg mL " and shaken on a mixer for several
seconds so that the powdered peptide can be fully dissolved.
The peptide/HFIP solution was sonicated by water-bath for 1
hour at a temperature below 25 °C to disrupt the pre-existing
aggregates. The sample was then frozen in liquid nitrogen for

30 minutes and freeze-dried in a freeze dryer for about 12 hours.
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Preparation of 10-peptide oligomers

The freeze-dried 10-peptide powder was either hydrated in 100
uL Milli-Q water or hydrated in 100 pL Milli-Q water containing
salt (each of ZnCl,, CuCl,-2H,0 or CaCl,) at 4 °C, keeping the
concentrations of peptide and metal ion at 1 mM each, ie.,
a molar ratio of peptide to metal ion at 1 : 1. The short peptide
oligomers were obtained by incubating peptide alone or the
mixture of peptide with metal ion in 4 °C Milli-Q water for 10
minutes. The final pH values of the solutions were 3.90, 3.87,
3.88 and 3.65 for ial0, ia10/Ca, ial0/Zn and ia10/Cu,
respectively.

Preparation of large unilamellar vesicles (LUVs)

A certain amount of POPC and POPG with a molar ratio of 4 : 1
was dissolved in a mixed solvent of chloroform/methanol (2 : 1
v/v). After vortex for 10 minutes, the mixed solvent was blow-
dried by a stream of nitrogen. The resulting film was further
dried in a vacuum dryer overnight to remove residual organic
solvents. The dry lipid film was hydrated in 25 mM phosphate
buffer containing 50 mM NaCl (or 50 mM NaF for CD experi-
ment, or 50 mM NaCl and 70 mM calcein for leakage assay) at
pH 7.4. After incubation for 1 h at room temperature, the
solution was freeze-thawed ten cycles and extruded 20 times
through a polycarbonate filter (0.1 pm pore size). The LUVs
encapsulating calcein were dialyzed for three days at room
temperature through a membrane with a cut-off of 2000 Da to
eliminate any dye not encapsulated into the LUVs.

Sample preparation

Preparation of 10-peptide oligomer samples: a certain volume of
oligomer stock solution prepared in 4 °C Milli-Q water at
a peptide concentration of 1 mM was added in LUV-free or LUV
suspended phosphate buffer with 50 mM NacCl (or NaF for the
CD experiments) at pH 7.4 at desired concentrations of peptide
and lipid. Preparation of hIAPP samples: a certain volume of
hIAPP stock solution prepared in 4 °C Milli-Q water at
a concentration of 1 mM was added in LUV-free or LUV sus-
pended phosphate buffer with 50 mM NaCl or NaF at pH 7.4 at
desired concentrations of peptide and lipid, or a certain volume
of hIAPP stock solution was mixed with a small volume of
phosphate buffer dissolving metal ions in advance and then the
mixture was added in LUV-free or LUV suspended phosphate
buffer with 50 mM NacCl or NaF at pH 7.4 at desired concen-
trations of peptide and lipid. Thioflavin-T (ThT) was added in
buffer solution in advance for the ThT fluorescence assays and
the concentration of ThT was 20 uM in the final sample solu-
tions. A stock solution of ANS (1-anilino-naphthalene-8-
sulfonate) at a concentration of 5 mM was prepared in 4 °C
Milli-Q water for the ANS binding fluorescence experiments.

Fluorescent dye leakage assay

The leakage assays were performed on a RF-5301 PC spectro-
photometer (Shimadzu, Japan) at room temperature using cal-
cein as a probe. The fluorescence was excited at 495 nm and the
emission at 562 nm was monitored. The fluorescence signals

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were collected after an average of three scans and the percent-
ages of the dye leakage were obtained by the following equation:

% of leakage = (F - Fbaseline)/(Fmax - Fbaseline) x 100% (1)

where F and Fpaseline are the fluorescence intensity observed in
the presence and absence of peptide, respectively. F,ax repre-
sents the fluorescence intensity for the 100% leakage of calcein.
It was obtained by the addition of 0.2% Triton-X in the sample
solution.

Transmission electron microscopy

Oligomer stock solution with a peptide concentration of 1 mM
prepared at 4 °C was diluted by Milli-Q water to 25 pM. A volume
of 10 uL of the solution was deposited onto a 300-mesh
Formvar/carboncoated copper grid at 4 °C for 5 minutes. After
that, it was washed twice with 10 pL Milli-Q water, and the
excess solution was removed with filter paper. Finally, the
sample was air-dried overnight for testing. Transmission elec-
tron microscopy (TEM) images were observed under a trans-
mission electron microscope (JEM-2100F, JEOL Co., Ltd., Japan)
operating at an accelerating voltage of 200 kv. The diameters of
100 randomly selected oligomers were measured using Nano
Measurer software and the mean diameter and SD value were
calculated based on the diameter distributions.

Dynamic light scattering measurements

Peptide or oligomer stock solution was diluted by Milli-Q water
to 5 uM. Milli-Q water was filtered with a 0.22 um filter to
prevent the influence of impurities on experimental data.
Dynamic light scattering (DLS) measurements were carried out
using Zetasizer Nano ZS instrument (Malven Instruments, UK)
at room temperature. Intensity of scattered light was detected at
an angle of 90° and hydrodynamic diameter of sample was
calculated using Zetasizer Nano software. Each sample was
measured ten times and the results were expressed as the
average value.

Far-UV circular dichroism spectroscopy

Far-UV circular dichroism (Far-UV CD) spectra were recorded on
a Chirascan-Plus instrument (Applied Photophysics Ltd, UK) at
room temperature under a constant flow of nitrogen gas. A
quartz cuvette of 1 mm pathlength was used. The spectra were
scanned from 190 nm to 260 nm three times. The background
spectra were recorded separately and subtracted from the
spectra of the samples.

Thioflavin-T fluorescence assay

The ThT fluorescence assays were performed immediately after
the sample preparation using a RF-5301 PC spectro-
fluorophotometer (Shimadzu, Japan) at room temperature
without shaking. The emission spectra were scanned in the
range of 400-600 nm at an excitation wavelength of 440 nm and
an emission at 482 nm was measured. All experiments were
repeated three times by separately prepared samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Atomic force microscopy

A volume of 5 pL sample solution via different times of incu-
bation was deposited onto a freshly cleaved mica surface for 15
minutes. Then, the sample on mica was washed twice with
either Milli-Q water (for all oligomer samples) or phosphate
buffer (for all hIAPP samples) and baked for 5 minutes at 65 °C
in an oven to flat the lipid film. Atomic force microscopy (AFM)
measurements were performed at room temperature on a Fast
Scan AFM instrument (Bruker Instruments Inc., German) using
tapping mode. Images were collected at a scan rate of 1 Hz and
a scan angle of 0°.

Acrylamide fluorescence quenching experiment

The phenylalanine fluorescence spectra were recorded on a RF-
5301 PC spectrofluorophotometer (Shimadzu, Japan) with an
excitation wavelength of 256 nm after the addition of certain
quantity of acrylamide stock solution (5 M) to freshly prepared
oligomer sample solution at 4 °C. Each emission spectrum was
scanned from 270 nm to 340 nm for three times and the results
were averaged.

The degree of fluorescence quenching was estimated by Ky,
a quenching constant obtained from the Stern-Volmer
equation:

FolF =1+ K[Q] (2)

where F, and F are the fluorescence intensities in the absence
and presence of the quencher, respectively, and [Q] is the
concentration of quencher.

ANS binding assay

ANS binding assays were performed on a RF-5301 PC spectro-
photometer (Shimadzu, Japan) with an excitation of 355 nm.
The fluorescence emission between 400 nm and 650 nm was
measured. The stock solution of 10-peptide oligomer or hIAPP
in 4 °C Milli-Q water was diluted using 4 °C Milli-Q water to
a desired concentration and the ANS stock solution was added
in the sample solution at a desired concentration.
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