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Abstract

Human amylin-derived oligomers and aggregates are believed to play an important role in the
pathogenesis of type Il diabetes mellitus (T2DM). In addition to amylin-evoked cell attrition,
T2DM is often accompanied by elevated serum copper levels. Although previous studies have
shown that human amylin, in the course of its aggregation, produces hydrogen peroxide (H,05) in
solution, and that this process is exacerbated in the presence of copper(ll) ions (CuZ*), very little is
known about the mechanism of interaction between Cu2* and amylin in pancreatic p-cells,
including its pathological significance. Hence, in this study we investigated the mechanism by
which Cu?* and human amylin catalyze formation of reactive oxygen species (ROS) in cells and
invitro, and examined the modulatory effect of Cu2* on amylin aggregation and toxicity in
pancreatic rat insulinoma (RIN-m5F) B-cells. Our results indicate that Cu?* interacts with human
and rat amylin to form metalo-peptide complexes with low aggregative and oxidative properties.
Human and non-amyloidogenic rat amylin produced minute (nM) amounts of H,O», the
accumulation of which was slightly enhanced in the presence of Cu?*. In a marked contrast to
human and rat amylin, and in the presence of the reducing agents glutathione and ascorbate, Cu2*
produced pM concentrations of H,O» surpassing the amylin effect by several fold. The current
study shows that human and rat amylin not only produce but also quench H,O5, and that human
but not rat amylin significantly decreases the amount of H,0, in solution produced by Cu?* and
glutathione. Similarly, human amylin was found to also decrease hydroxyl radical formation
elicited by Cu?* and glutathione. Furthermore, Cu2* mitigated the toxic effect of human amylin by
inhibiting activation of pro-apoptotic caspase-3 and stress-kinase signaling pathways in rat
pancreatic insulinoma cells in part by stabilizing human amylin in its native conformational state.

TThis article was submitted as part of a themed issue on biophysical studies on protein misfolding and amyloid diseases. Other papers
on this topic can be found in issue 23 of vol. 15 (2013).
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This sacrificial quenching of metal-catalyzed ROS by human amylin and copper’s anti-
aggregative and anti-apoptotic properties suggest a novel and protective role for the copper—
amylin complex.

Introduction

Diabetes is a complex heterologous disease that affects over 8% of the US human
population. Adult onset or type Il diabetes mellitus (T2DM) is the most common form of
diabetes accounting for more than 90% of all diabetic cases. It is primarily characterized by
insulin resistance, a loss of pancreatic f-cell mass and secretory function along with the
formation of islet amyloid.! Islet amyloid polypeptide (IAPP) or amylin is a 37-amino acid
peptide hormone that is co-expressed and co-secreted with insulin from pancreatic islet 3-
cells in both diabetic and non-affected individuals. Two of the well-characterized
physiological functions of amylin include delaying gastric emptying, thereby suppressing
appetite, and inhibiting the appearance of glucose in the blood, hence acting as a synergistic
partner to insulin. It has also been suggested that amylin has a direct paracrine effect on -
cells by inhibiting insulin secretion.> Under normal physiological conditions, human amylin
exists as a soluble monomer. However, in T2DM, human amylin undergoes a
conformational change from normally soluble monomers to oligomers and finally to
insoluble fibrils that are deposited in pancreatic islets.2 That islet amyloid evokes
degeneration of B-cells has been a well-documented phenomenon and led to the amyloid
hypothesis: that extracellular amyloid fibril deposits are toxic and induce f-cell death.1
Although it has been assumed that the association of extracellular amylin fibrils with cell
death implied causality, a growing body of evidence has recently emerged supporting the
toxic oligomer hypothesis: that small membrane-permeant human amylin oligomers, rather
than large amylin fibrils, are the toxic form of amylin that cause beta-cell death.1:> Current
studies performed in primates strongly support the concept that developing islet amyloidosis
and B-cell apoptosis are two key determinants of islet dysfunction.5.” There is a consensus in
the field that activation of stress-activated kinases and induction of free radicals by human
amylin oligomers and aggregates represent major pathways in the programmed cell death or
apoptosis of pancreatic islet f-cells.8-11 However, amylin-evoked membrane destabilization
and cation channel formation in cell membranes are also considered to play an important
role in amylin toxicity in the p-cells.12.13

In addition to the aforementioned hallmarks of T2DM, elevated serum Cu?* levels are also
commonly associated with the disease.14-16 While Cu2* plays an essential role in human
physiology, it has been linked to the progression of several diseases, including Alzheimer’s
and Wilson’s disease.1”18 Cu2* has been found to interact with a host of proteins and
enzymes, and is required for normal cellular functioning.1® However, uncomplexed Cu?* is
potentially hazardous, particularly if it is exposed to reducing environment such as the
cytosol. Under reducing cell-free conditions, Cu?* is readily converted to the potent and
reactive Cu* ion that has the ability to produce tissue damaging ROS such as hydrogen
peroxide (H20,). Many plaque-forming proteins including the brain f-amyloid and prions
are found to interact and affect the copper redox cycle leading to diminished or enhanced
H,0, production in vitro (in cell-free environment).19 Electrochemical studies revealed that
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amyloid proteins such as a-synuclein and -amyloid form a redox active complex with Cu?*
that can be oxidized with molecular oxygen. The redox potentials for a-synuclein (EC =
0.018 V vs. Ag/AgCl) and p-amyloid (E° = 0.295 V vs. NHE) Cu2* complexes are sufficient
enough to allow reduction of Cu* by reducing agents such as ascorbate, leading to H,0,
production.29-22 Given the relatively low affinities of these amyloid peptides towards Cu?*
(Kg ~ 1-10 x 1076 M),19:23 a5 compared to other Cu2*-hinding proteins such as human
serum albumin (K4 ~ 10717 M),24 it is still uncertain if amyloids complexed with Cu2* may
alter redox homeostasis in cells. For example, studies show that f-amyloid and other brain
amyloids promote oxidative stress in some cells by catalyzing redox cycling of Cu2+19.25-27
However, this view is challenged by findings suggesting that binding and sequestration of
Cu2* by B-amyloid actually protect nerve cells from Cu2*-induced oxidative stress.19:28-31
In T2DM, while it has clearly been found that serum concentrations of Cu2* are

elevated, 1415 copper’s potential role in the pathogenesis of the disease has only recently
been investigated and still remains to be clarified. Furthermore, to our knowledge, there has
yet to be an investigation of a possible links between human amylin and Cu2* interactions in
the progression of T2DM.

The very few studies on the significance of Cu?* and amylin interactions have focused on
the formation of H,O, by human amylin in vitro, the production of which is modestly
elevated in the presence of Cu?*-32:33 H,0, can elicit oxidative stress, an imbalance between
the generation of ROS and cells’ antioxidant defense capacities provided by glutathione and
other reducing molecules. Oxidative stress is associated with a number of diseases,
including cancer, heart diseases, Alzheimer’s disease, and T2DM. At high concentrations,
ROS can cause significant damage to cell structures, nucleic acids, lipids, and proteins,
leading to apoptosis.3# As noted above, Cu?*-dependent generation of H,0, was found to
directly contribute to the toxicity of the p-amyloid peptide in primary neural cell cultures.3
There are strikingly similar pathological parallels between Alzheimer’s disease and T2DM
such as oligomerization/aggregation of f-amyloid and human amylin that induce oxidative
stress in neurons and B-cells, and the elevated tissue copper levels found in the brain and
pancreas of the subjects harboring amyloid plaques.1:2:14.1525-27.36 Thys we hypothesized
that Cu2* and human amylin act in a synergistic manner to produce ROS and induce
oxidative stress in B-cells.

In order to test our hypothesis, we addressed two important biophysical and pathological
questions concerning the aggregation of human amylin and the generation of ROS,
particularly H,O5: (1) Does the fibrilization process itself cause H,O, formation and
accumulation in vitro? (2) Is there a causal relationship between the Cu2* human amylin-
catalyzed generation of ROS and the extent of oxidative stress and apoptosis in pancreatic
cells evoked by these two diabetic factors? Unexpectedly, and in contrast to its pro-oxidative
activity in vitro,32 we report here that Cu?* protects pancreatic cells from amylin’s toxicity
in part through reduction of amylin aggregation, by increasing the activation energy needed
(E,) for amylin aggregation, and by inhibiting amylin-induced stress-kinase activation and
signaling. Interestingly, the interaction of Cu2* with amyloidogenic human but not with rat
amylin attenuates Cu2*/glutathione-catalyzed H,0, production. We also found that, at its
pathophysiologically-relevant concentrations, Cu?* does not promote human amylin-evoked
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oxidative stress in pancreatic cells. In line with these findings, the current study
demonstrates no causality between human amylin-evoked H,O, production and peptide’s
fibrilization suggesting that amylin misfolding and aggregation is not a cause of rat and
human amylin-generated H,O, in solution.

Materials and methods

RINM5F cell culture

The insulin-secreting RINm5F pancreatic beta insulinoma cell line, which was derived from
a rat islet cell tumor, was obtained from ATCC (Manassas, VA) and cultured in RPMI-1640
medium (ATCC, Manassas, VA) and supplemented with 10% fetal bovine serum and 1%
pen-strep. Cells were maintained at 37 °C in a humidified incubator containing 5% CO, in
air and passaged bi-weekly.

Preparation of amylin

Lyophilized C-terminal amidated synthetic human (hA) and rat amylin (rA) (American
Peptide, Sunnyvale, CA) was used for preparation of amylin stock solutions using
hexafluoro-2-isopropanol (HFIP) as a solvent. The measured amounts of hA and rA were
solubilized in HFIP overnight to completely dissolve the amylin. This approach efficiently
removes any preformed human amylin aggregates.3-38 Prior to an experiment, the HFIP
solvent was evaporated with a gentle stream of nitrogen, and the peptide was then
reconstituted in reaction buffer to yield final monomer concentration of 20 uM. Except for
binding studies, 20 UM human and rat amylin were used in all experiments for consistency.

MTT reduction assay

The reduction of (3-(4,5-dimethylthiazol-2-yl))-2,5-diphenyl-tetrazolium bromide (MTT)
was used to assess mitochondrial metabolic activity and cell viability.3° Following the
treatments, an MTT stock of 5 mg mL~1 was added to each culture being assayed equal to
one tenth of the original culture volume for 3 hours followed by addition of two volumes of
DMSO containing 0.04 M HCI. Colorimetric measurements of viable cell number were
made at 570 nm against a background measurement of 660 nm with a Spectra Max M5
spectrofluorometer.

Reactive oxygen species assay

Intracellular reactive oxygen species (ROS) were detected using ROS-sensitive probe CM-
H,DCFDA from Invitrogen.4 Cells were treated with various reagents in 96 well plates at
37 °C in RPMI-1640 phenol red-free medium. Cells were washed with 1x PBS and loaded
with CM-H,DCFDA dye (10 uM in PBS) for 30 minutes in dark at 37 °C. Cells were then

washed again and allowed to recover for 30 minutes. Fluorescence intensity was measured
using Spectra Max M5 spectrofluorometer with excitation and emission filter set at 485 nm
and 535 nm, respectively.
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Copper reduction assay

A colorimetric bicinchoninic (BCA) protein detection kit (Pierce) was used to detect the
reduction of Cu?* to Cul* by human and rat amylin in an alkaline medium (modified biuret
reaction) and in neutral pH. The assay measures reduction of CuZ* to Cul* by protein or a
peptide in an alkaline medium with the highly sensitive and selective colorimetric detection
of the cuprous cation (Cul*) by bicinchoninic acid.#! Thus, human or rat amylin (20 uM)
was incubated with the BCA reagent at pH 7 or 11 for 60 min, and changes in absorbance
were measured at 562 nm using the Spectramax M5 spectrofluorometer, Molecular Devices
(Sunnyvale, CA).

Terephthalic acid assay for hydroxyl radical detection

Formation of hydroxyl ion radicals by various combinations of copper, human/rat amylin
and/or reducing agents was detected using the hydroxy! radical probe, terephthalic acid
(TPA) from Sigma.#2 The reducing agents were mixed with 5 mM TPA in 0.2 M phosphate
buffer (pH 7) and the reaction mixtures were incubated at room temperature for 60 minutes.
Total fluorescent intensity was measured at an excitation of 326 nm and emission of 432 nm
using the Spectramax M5 spectrofluorometer, Molecular Devices (Sunnyvale, CA). The
fluorescence intensities of TPA are proportional to the amount of hydroxyl radicals
generated in the system.42

Amplex UltraRed assay for H,O, detection

H,0, production by human and rat amylin, in the presence or absence of reducing agents
and copper, was investigated using the Amplex UltraRed hydrogen peroxide detection assay
from Invitrogen. A working solution of Amplex UltraRed/HRP was made fresh using final
concentrations of 100 uM Amplex UltraRed reagent and 0.2 U mL™1 HRP in 0.01 M PBS
buffer (pH 7). Standard curves were obtained using H,O, concentrations ranging from 100
nM to 20 pM. Following treatment, an equal reaction volume of Amplex UltraRed/HRP was
mixed with each sample and incubated for 20 minutes at room temperature. Total
fluorescent intensity was measured at an excitation of 530 nm and emission of 590 nm in the
Spectra Maxmb5 spectrofluorometer, Molecular Devices (Sunnyvale, CA). Buffer (blank)
was subtracted from treatments, and the fluorescence intensities obtained were converted to
the peroxide concentrations using the standard curve.

Circular dichroism (CD) spectroscopy

CD spectra were recorded on a Jasco J-815 Spectropolarimeter (JASCO Co., Japan) at a
temperature of 25 + 0.2 °C maintained by a Peltier thermostat. Far-UV CD measurements
were performed between 190 and 260 nm in a rectangular quartz cuvette of 2 mm
pathlength, using a scan speed of 50 nm min~2, bandwidth of 1.0 nm and resolution of 0.2
nm. The initial concentration of hA and rA in the samples was 20 uM in PBS pH 7.4, either
without Cu2* (control) or with equimolar amount of Cu2*. Each spectrum represents an
average of five accumulated scans. The relevant baseline was subtracted by running PBS
alone or PBS containing Cu2* as a blank. The ellipticity of the CD spectra was expressed in
millidegrees (mdeg). The time-course spectral measurements were performed at 2 min
(initial), and 1, 2, 4, 24 and 48 hours maintaining the same experimental parameters.
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Western blot analysis

The effects of Cu2* and human amylin on the activity of stress-kinases and apoptotic
proteins were analyzed by western blot, as described previously.3° Following treatments,
cells were solubilized with RIPA buffer, and 10 pg of cell extract was loaded onto 10%
SDS-polyacrylamide gels. The protein bands were then transferred electrophoretically to
PVDF membranes, and non-specific 1gG binding sites were blocked by incubation with 5%
nonfat dry milk. The membrane was probed with primary antibody, followed by horseradish
peroxidase-conjugated secondary antibody. Cleaved caspase-3 (Asp 175), phospho-specific
JNK (Tyr 183/Tyr185), JNK, actin and phosphor-specific c-Jun (Thr 180/Thr 182)
antibodies were used. Signal was developed using the enhanced chemiluminescence
detection procedure according to the manufacturer’s recommendations (Amersham,
Pharmacia Biotech).

Caspase-3/7/annexin V apoptotic assay

The extent of apoptosis in pancreatic cells was investigated by a double staining protocol,
using the confocal microscope as described previously.39 This approach allows
simultaneous detection of caspase-3 proteolytic activity and phosphatidylserine (PS)
externalization in apoptotic cells, both of which are hallmarks of apoptosis. The caspase-3
substrate, which is initially non-fluorescent, crosses the cell membrane to enter the
cytoplasm, where it is cleaved by caspase-3 to release a high-affinity DNA dye, which
migrates to the cell nucleus and stains it with green fluorescence. Phosphatidylserine (PS)
externalization during apoptosis is detected by annexinVV-Texas Red, a phospholipid binding
protein with a high affinity for PS. Nuclei of all cells in the well are stained with a nuclear
dye DRAQ5 (Cell Signaling Tech., Danvers, MA) (blue pseudocolor). The number of
apoptotic cells in the wells are scored, averaged, and expressed as % caspase-3/annexinV-
positive cells per treatment, each treatment performed in triplicate.

Amylin fibril formation assay

The thioflavin-T (Th-T) assay was used to determine the formation of amylin aggregation as
explained previously.37 Freshly prepared stock solutions of the human and rat amylin in the
organic solvent HFIP were used to ensure the absence of proto-fibrils in incubation medium.
Prior to experiments, HFIP was evaporated with a stream of nitrogen, and the final amylin
concentrations were prepared in PBS containing 3 uM Th-T. Real-time changes (1 min
interval) in Th-T fluorescence intensities, expressed as arbitrary units (au), were recorded
using Spectramax M5 spectrofluorometer, Molecular Devices (Sunnyvale, CA) with the
excitation wavelength set at 280 nm and the emission recorded at 303 nm. An increase in
emission maximum at 482 nm was obtained for human but not rat amylin, thus confirming
that increase in Th-T fluorescence is due to peptide aggregation. In order to avoid any
possible secondary effect of Th-T on amylin aggregation, we also verified amylin
fibrilization using the end-point approach: following incubation, aliquots from each sample
were withdrawn and then mixed with Th-T reagent to detect the aggregated species. Data
were collected, plotted and compared using the GraphPad Prism 5 graphic program. All
experiments were performed at room temperature. We followed our published approach to
determine the kinetics of amylin aggregation in solution.37-38 Briefly, the resultant time
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courses of amylin aggregation, in the presence or absence of Cu2*, were fitted to first-order
kinetic curves of the form:

In(Imax—It)/Imax (1)

where Imax is the maximum fluorescence intensity and I; is fluorescence intensity at time t.
Data were plotted and the rate and order of reaction determined using linear regression
analysis.

Determination of dissociation constants

In order to determine the binding affinities between Cu?* and human or rat amylin peptides,
we adopted a published fluorescence-based approach used for determination of apparent
dissociation constant (Kg) for p-amyloid—Cu2* complex as a measure of complex binding
strength.23 The assay is based on the inverse relationship between tyrosine (Tyr)
fluorescence and the amount of CuZ* bound to the peptide. Following the binding of Cu2* to
3-amyloid there is a decrease in Tyr fluorescence, quenching of which is used to construct a
binding curve.23 As both human and amylin amylin isoforms possess Tyr, we investigated
their interactions with Cu2* by measuring changes in Tyr fluorescence using the Spectramax
M5 spectro-fluorometer, Molecular Devices (Sunnyvale, CA) set at ex. 280 nm and em. 303
nm. A lower 10 pM concentration of human amylin in binding studies was used to avoid any
potential secondary effect of amylin aggregation on Cu2* binding to the peptide. At this
concentration, human amylin retains its soluble, random-coil conformation.37-38 Following
dissolution, 10 pM human or rat amylin were incubated for 1 h with increasing
concentrations of CuCl, (0-100 pM) and changes in the Tyr fluorescence were recorded.
Data were plotted and analyzed using the GraphPad Prism software program. Nonlinear
regression analysis and least squares fitting method were used to plot the binding curves.
The mean Ky and standard errors of mean (SEM) were calculated using 3 random points
from the fits and the following standard eqn (2):

Ka=[A][B]/[AB] (2)

where [A] and [B] are free (unreacted) Cu2* and amylin concentrations respectively, and
[AB] is concentration of the complex in the solution. The concentration of amylin-Cu?*
complex was determined using egn (3):

[AB]:(AFC/(Fmax_FmiH))[AT} (3

where F is the fluorescence intensity of the peptide measured at particular CuCl,
concentration [B¢], Fmax is fluorescence value obtained in the absence of Cu2*, Fpip, is the
value at which no further quenching occurs (in which peptide is saturated with CuCly), AF,
is the difference between Fax and F¢, and [At] is total (10 pM) concentration of the peptide
used in the binding studies. Free (unreacted) amylin [A] and Cu?* [B] concentrations were
calculated using egn (4) and (5):

[Al=[A;]-[AB] (@
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Statistical analysis

Results

The GraphPad Prism 5 Program was used for plotting of graphs and statistical analysis.
Results are expressed as mean * standard error of mean (SEM) of three or more independent
experiments. The unpaired Student’s t test or one-way ANOVA followed by Newman-Keul
post hoc test were used for pairwise comparisons among groups when appropriate with
significance established at P < 0.05.

Amylin produces and quenches H,0 in vitro

It has been recently reported that human amylin in the course of its aggregation produces
small (nM) concentrations of H,0,.32 Although a link between amylin aggregation and
amylin-induced H,0, production has been postulated by a previous study, the causality
between the two processes remains enigmatic. Here, we examined the effect of amylin’s
conformational changes and aggregation on H,O, production, and vice versa. Our results are
consistent with a previous study showing that human amylin indeed catalyzed formation and
prolonged accumulation of H,O5 in solution (Fig. 1A). Interestingly, we were able to detect
comparable levels (0.1-0.6 pM) of H,0O, in solution using amylin concentrations that are 5—
10 fold lower than those previously used (100-200 uM).32:33 We also observed distinct
kinetics for amylin aggregation and amylin-induced H,O5 production (Fig. S1, ESI:‘). While
amylin induced linear increase of H,0, in solution over time (Fig. SLA, ESI¥), amylin
aggregated with lag phase followed by accelerating fibrilization phase, yielding a sigmoidal
curve typical for nucleation-dependent aggregation processes (Fig. S1B, ESIi). Kinetic
traces (Fig. S1, ESI*) show that H,O, formation precedes the onset of amylin aggregation
by ~ 2 h, indicating that human amylin aggregation and amylin-evoked H,0O, production are
two separate processes and possibly independent of each other. Also, non-amyloidogenic rat
amylin was equal to human amylin in catalyzing H,O, production and accumulation in
solution (Fig. 1A). Addition of catalase quenched H,O» production by human amylin
without having any significant effect on the extent of its aggregation (Fig. 1A and B). Thus,
amylin-catalyzed H,0, formation did not influence its aggregation. Consistent with this
finding, exogenously supplemented H,0, failed to significantly modulate the fibrilization
process (Fig. 2A). As expected, non-amyloidogenic rat amylin, bearing three proline
residues that break [3-sheets, did not aggregate in solution (Fig. 2A). In contrast, both
peptides significantly reduced externally added H,0, (Fig. 2B), analogous to the ROS
quenching effect of some amyloid proteins. For example, oxidation of methionine residues
in B-amyloid—Cu2* complex to sulfoxide and sulfone groups by H,0, and OH" radical has
been demonstrated.*3 The quenching effect of rat and human amylin was saturable (Fig. 2C)
and somewhat larger (0-1.5 pM, Fig. 2C) as compared to the amount of H,O, produced by
these two peptides (0.1-0.6 uM, Fig. 1A).32 Therefore, our results suggest that the small

*Electronic supplementary information (ESI) available. See DOI: 10.1039/c3cp44542a
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amounts of H,O, detected in solution as a result of two opposing reactions: H,O»
production and H,0O, quenching by the two amyloid peptides, and that reaction equilibrium
shifts toward quenching upon excess of externally added H,0,. Taken together, these results
indicate that human amylin aggregation and amylin-evoked H,O, production are two
separate and unrelated processes, and that an intrinsic ability of amylin peptides to produce
small amounts of H,O5 is paralleled by their ability to quench ROS. This redox buffering
activity of human amylin was also observed in the presence of Cu2* and the cells’ main
reducing agent glutathione, as demonstrated below.

Cu?* inversely modulates amylin-evoked H,05 production and amylin aggregation in

solution

If amylin aggregation catalyzes H,O, formation then changes in the rate and/or extent of
amylin fibrilization, should have a corresponding effect on H,O, generation. Hence, we
tested the modulatory effect of Cu* on amylin aggregation and production using the
standard Th-T aggregation (Fig. 3A and B, Fig. S2, ESI*) and Amplex-UltraRed H,0,
detection assays (Fig. S4, ESI*), respectively. Human amylin aggregated at a slow rate
following a first order kinetic law with k = 1.4 x 1072 min~1, exhibiting a typical sigmoidal
curve (Fig. 3A and B). The presence of Cu2* slowed down the rate of amylin aggregation by
~ 3-fold (hA + Cu?*, k=5 x 1073 min~1, Fig. 3B), prolonged the lag phase by ~ 90 min, and
decreased the extent of amylin aggregation by ~ 45% relative to control (Fig. 3A). Hence,
our data is in agreement with recent reports showing an inhibitory effect of Cu2* on amylin
aggregation.** To avoid a possible secondary effect of Th-T on amylin aggregation, we also
analyzed amylin aggregation using end-point Th-T assay (see Method section).
Supplementation of equimolar Cu2* blocked amylin aggregation (Fig. S2, ESI*), confirming
the results obtained using standard Th-T approach (Fig. 3A and B). Applying the Arrhenius
equation and taking into account rate constants for amylin aggregation above, we calculated
that Cu2* increases the activation energy (E,) for the aggregation process by AE, = 2.55 kJ
mol ~1 at 25 °C. Interestingly, despite marked differences in their aggregation rates, both
curves exhibit first-order kinetics (R2 > 0.9; Fig. 3B). Binding studies reveal that human
amylin (Kq = 2.2 + 0.4 x 1078 M, Fig. 3C) and rat amylin (Kq = 11.2 + 1.1 x 1078 M, Fig.
3D) form complexes with Cu2* in solution, with stoichiometry of 1:1 (mol/mol).
Interestingly, human amylin shows a higher affinity for binding to Cu2* as compared to rat
amylin. Thus, the obtained K4 values explain the high (LM) concentrations of Cu?* required
to inhibit aggregation of human amylin (Fig. 3A and B; Fig. S2, ESI¥).44

We previously demonstrated that acquisition of the f-sheet secondary conformation is a rate-
limiting step in the aggregation of human amylin.3’ It is likely that Cu?* inhibits amylin
aggregation by increasing the activation energy of the amylin phase transition from random
coil to B-sheets, an idea that was further tested by aid of CD spectroscopy (Fig. 4). The far-
UV CD time course measurements reveal marked differences between amylin aggregation in
the absence and presence of Cu2*, and between human and rat amylin. The initial far-UV
CD spectrum of hA measured immediately after hA dilution in PBS, shows a strong
negative Cotton Effect (CE) at 202 nm with a low-intensity band around 223 nm (Fig. 4A, 2
min trace). This CD pattern is typical for polypeptides with a high content of random
(unordered) structure and is in agreement with CD data reported earlier.4>46 Comparison of
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the time course of changes in CD spectra for amylin alone (Fig. 4A) and amylin in the
presence of Cu* (Fig. 4B) supports the inhibitory effect of Cu2* on the amylin aggregation
demonstrated in our Th-T assays (Fig. 3A and B) and previously with TEM.*4 In the
absence of Cu2* the intensity of the CE at 202 nm decreased within the first 4 hours,
showing a slight shift to 204 nm. At 24 h, CD showed broad negative extremum around 220
nm corresponding to a B-sheet-dominated structure. On the contrary, in the presence of
Cu2*, not only were the dynamics of decrease in intensity of the CE at 202 nm slower than
with amylin alone, but the pattern of the CD spectra time course remained similar to the
initial spectrum with the main CE around 202 nm, that never turned to -sheet-rich structure
(Fig. 4B). For clarity, Fig. 4C shows the CD spectra taken at the 4 h time point for 20 pyM
amylin alone and in the presence of equimolar amount of Cu?* overlaid to visualize the
differences in the CD patterns and intensities. It is noteworthy that the remaining intensity of
the CD band at 202 nm for amylin alone is only ~ 35.9%, whereas it is about 80% for the
amylin sample containing Cu?* (Fig. 4C). Further monitoring of amylin alone and Cu?*-
containing amylin up to 48 h (Fig. 4D) did not reveal any significant change in comparison
with the spectra taken at 24 h, indicating a long-lasting inhibitory effect of CuZ* on amylin
aggregation. Although the intensities of the CD bands at 220 nm (amylin alone) and 201 nm
(amylin in the presence of Cu2*) further decreased, there was no change in the patterns
typical for each amylin solution. Therefore, in the presence of Cu?*, not only is the amylin
amyloid formation retarded in comparison with that of amylin alone, but it is likely to
proceed via different route. As for rat amylin, the unchanged time course of the CD spectra
with a negative extremum centered near 200 nm are indicative of absence of conformational
changes (Fig. S3, ESI¥), consistent with our previously published microscopy data.37:38

Although Cu?* abrogated amylin aggregation (Fig. 3 and 4), supplementation with Cu2* had
an opposite, very small and non-additive stimulatory effect on human and rat amylin-evoked
H,0, formation in solution (Fig. S4, ESIi), indicative of formation of a mildly redox-active
metalo-peptide complex. Consistent with this finding, the Cu*-sensitive BCA-based
colorimetric assay (Fig. S5, ESI*) reveals that at a physiologically relevant pH value (pH =
7) neither human nor rat amylin readily reduce Cu?* to Cu*, a required and preceding step in
Cu?*-mediated H,0, and hydroxyl radical ion production.4”8 These results further support
the conclusion that amylin aggregation is not a requirement for amylin-evoked H,0,
production (Fig. 1 and 2, Fig. S1, ESI¥).

Distinct effects of human and rat amylin on Cu2*-catalyzed ROS accumulation in vitro

We also tested modulatory effects of human and rat amylin on Cu2*-evoked H,0, and
hydroxyl radical production in solutions containing the reducing agents glutathione and
ascorbate (Fig. 5). In contrast to the negligible stimulatory effect of Cu2* on amylin-evoked
H,0, production (Fig. S4, ESI*), interactions of Cu?* with glutathione and ascorbate
produced more than a 5-fold increase in H,O5 in the system (Fig. 5A). Importantly, human
amylin reversed this large stimulatory effect of glutathione but not of ascorbate on Cu2*-
induced H,O5 production. In marked contrast to human amylin, rat amylin did not alter the
production of H,O, by Cu?* and glutathione (Fig. 5A), demonstrating differences in redox
activities of two metalo-peptide complexes. Interestingly, rat amylin significantly increased
levels of H,0, produced by Cu?* and ascorbate (Fig. 5A), indicating that a specific
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combination of ascorbate, Cu?* and non-amyloidogenic rat amylin may indeed stimulate
H,0, production and accumulation in the system. It is important to note here that human
amylin-induced H,0, production in solution was not significantly elevated under any
combination of reducing agents and/or Cu?*. Given that Cu?* binds to human amylin in a
low pM range (Fig. 3C), and taking into account the current results (Fig. 5A), we propose
that chelation of Cu2* by human amylin disrupts copper’s redox cycle catalyzed by
glutathione, which, in the absence of amylin, would reduce molecular oxygen and water to
H,0,.4748 |t is also possible that a general feature of amyloid peptides to quench ROS (Fig.
2B and C)*9:50 may also play an inhibitory role in Cu2*-catalyzed H,0, production (Fig.
5A).

We also tested the effects of these two peptides on metal-catalyzed hydroxyl radical
production (Fig. 5B). In the presence of H,0O,, either added exogenously or internally
produced in reaction with ascorbate, Cu* catalyzes hydroxyl radical production (Fig. 5B)
through the well-known Haber—Weiss chemistry.*”:48 As observed with H,0, production
(Fig. 5A), rat but not human amylin further increased hydroxyl radical production by Cu2*
and ascorbate. Rat and human amylin, as in case of H,O, formation (Fig. 5A), had no
significant stimulatory effect on Cu2*- or Cu?*/glutathione-induced hydroxyl radical
formation (Fig. 5B). Due to a strong hydroxyl radical quenching effect of glutathione (Fig.
5B), we noticed a rather small inhibitory effect of human amylin on Cu?*/glutathione-
mediated hydroxyl radical formation, as compared to its significant inhibitory effect on
H,0, formation (Fig. 5A). Thus, our results indicate that human amylin, a culprit in T2DM,
produces negligible H,0, concentrations, does not substantially reduce Cu?*, does not
stimulate metal-catalyzed ROS production in vitro, and Cu2*/glutathione-induced H,0,
production is reduced significantly (Fig. 5). These results are in contrast to known pro-
oxidative features of certain metal-reactive amyloid peptides such as a-synuclein.?2 In that
respect, human amylin shares similar (in vitro) anti-oxidative properties with other amyloid
proteins such as brain p-amyloid and prions.42:%0

Lack of stimulatory effect of Cu?* on amylin-evoked oxidative stress and toxicity in
pancreatic cells

Given that Cu?* and human amylin catalyze H,O, formation in vitro (Fig. 1A, Fig. S4,
ESI*),:”2 and considering the elevated levels of human amylin and Cu?* in diabetics and
animal models, 1216 we investigated the extent to which amylin, Cu?* or their combination
affect intracellular redox homeostasis in -cells. We used a common marker of oxidative
stress in cells, HoDCFDA, the fluorescence of which is proportional to the generation and
accumulation of free radicals in the cytosol.49 Incubation of RIN-m5F cells with 20 uM
human amylin increases Ho,DCFDA fluorescence by 54 + 9% relative to controls (non-
treated cells), indicative of oxidative stress (Fig. 6). Cu?, at its pathophysiologically
relevant concentrations (10 pM),1® also increases intracellular ROS significantly, matching
the pro-oxidative effect of human amylin. Interestingly, co-incubation of B-cells with human
amylin and Cu2* produced the same increase in intracellular ROS levels as compared to
amylin alone (Fig. 6), mirroring the slight stimulatory effect of copper on amylin-induced
H,0, formation (Fig. S4, ESI*). Hence, this result (Fig. 6) indicates formation of human
amylin—Cu2* complexes with low pro-oxidative capacity in the cellular environment, an
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observation that was confirmed in vitro using other methods (Fig. S4 and S5, ESI¥). Taken
together, the above results indicate that amylin—-Cu2* interactions play a rather minor role (if
any) in the amylin-induced oxidative stress in B-cells, and that amylin’s pro-oxidative
activity in cells (Fig. 6) is likely due its ability to disrupt mitochondrial activity and electron
flux.51:52 Hence, we used the well-know MTT reduction assay (Fig. 7A and B) to confirm
the effects of human amylin and Cu?* on mitochondrial activity, which may also indicate
changes in B-cell’s viability.39

Mitochondria are a major source of ROS in cells and disruption of their respiratory and
metabolic functions is linked to a host of ROS-related pathologies including amyloid
diseases such as Alzheimer’s disease and T2DM.52 This organelle is also a cross-road for
redox-sensitive pro-apoptotic and anti-apoptotic pathways. Human amylin (20 uM) reduced
mitochondrial activity by ~ 50% relative to controls (non-treated cells). However, Cu2*, at
concentrations found in serum (10 uM),15 only marginally affected mitochondrial activity,
evident by ~ 20% decrease in MTT signal (Fig. 7A). Consistent with other results (Fig. 6
and Fig. S4, ESI*), a minor (~ 10%) although significant further decrease in mitochondrial
activity of cells exposed to amylin and Cu2*, as compared to amylin alone, was observed
(Fig. 7A). Interestingly, their inhibitory effects on MTT reduction was less than additive,
suggesting that Cu?* and human amylin impede mitochondrial function, at least in part,
through a common signaling pathway (Fig. 7A). Although addition of Cu2* up to 20 uM
showed little toxicity, at concentrations greater than 50 uM, it markedly impaired
mitochondrial function (Fig. 7B). The important question is whether this minor detrimental
effect of Cu2* on human amylin-induced decrease in mitochondrial activity observed in our
study (Fig. 7A), and also reported by Yu and colleagues,>3 bears any significance for amylin
toxicity. Particularly, is an additional 10% drop in the mitochondrial metabolic activity in
the presence of Cu2* sufficient to potentiate human amylin-evoked apoptosis and loss of a.-
cell mass, a hallmark of T2DM? To clarify the issue, we used western blot analysis to
determine the extent to which human amylin, Cu?* and its complex modulate protein and
phosphorylation levels of a key apoptotic marker (capase-3), central stress-kinases c-jun N-
terminal kinase (JNK) and its downstream substrate c-jun, an apoptotic transcription factor.
These three signaling molecules are activated by human amylin and are implicated in
amylin-induced oxidative stress and apoptosis of islet p-cells.®-1! Consistent with its
disrupting effect on mitochondrial activity (Fig. 7A), human amylin increased the levels of a
cleaved (activated) caspase-3 form by 1.6-fold (n = 3) as compared to controls (Fig. 7C).
Similarly, a 2-fold increase in phosphorylation levels of redox-sensitive stress kinases JNK
and c-jun by human amylin, indicative of their catalytic activation, were detected in these
cells (Fig. 7C). In line with the MTT data (Fig. 7A), addition of Cu2* failed to sensitize
RIN-m5F cells to the toxic effect of human amylin (Fig. 7C). Surprisingly, in the presence
of Cu2*, amylin-induced stress/apoptotic signaling was completely blocked (Fig. 7C). This
finding is in contrast with a recent report showing the potentiation of amylin toxicity by
Cu2+53 Hence, we used our published apoptotic caspase-3/ annexin V assay to verify the
effect of Cu2* on amylin toxic properties in our cells.3 In concordance with the biochemical
data (Fig. 7C) and based on its ability to stabilize human amylin in a native (non-toxic)
conformation (Fig. 4), Cu?* significantly abrogated amylin-induced apoptosis in pancreatic
cells (Fig. 7D). In the absence of Cu2*, human amylin evoked a 4-fold increase in the
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number of apoptotic cell deaths as compared to controls. This toxicity was completely
reversed in Cu2*-containing samples (Fig. 7D). Different cell types and/or experimental
conditions may account for the opposing effects of human amylin on cell viability reported
in these two studies (Fig. 7).5% However, our findings are in agreement with several studies
in the field showing inhibitory effect of Cu?* on the toxicity of other amyloid proteins such
as B-amyloid and prion protein (PrP).19:31.54-56 Consistent with its inability to produce toxic
oligomers and aggregates,’-2 rat amylin had no significant effect on mitochondrial,
caspase-3 or JNK activities in cells or on apoptosis (data not shown). Given that Cu2*—
amylin complex inversely regulates mitochondrial activity and apoptotic signaling (Fig. 7),
it could be inferred that Cu2* inhibits amylin-evoked JNK and caspase-3 activation by
inhibiting signals downstream of mitochondria-mediated pro-apoptotic pathway in these
cells.

Disturbance of redox and Cu?* homeostasis exacerbates amylin-induced toxicity in
pancreatic insulinoma p-cells

The role of ROS and Cu2* in amylin-induced toxicity in f-cells was further elucidated by
probing intracellular redox and Cu?* homeostasis using the antioxidant N-acetyl-cysteine
(NAC) and bathocuproine, a specific chelator of Cul* (Fig. 8). Cells were incubated with
CuCl, and human amylin, in the presence or absence of 5 mM NAC, 50 pM bathocuproine,
or combinations of NAC and bathocuproine, followed by the MTT reduction assay (Fig.
8A). For NAC treatment groups, cells were pre-incubated with NAC for 3 hours before
various treatments in the continuous presence of NAC. Consistent with its well-known anti-
oxidative properties, preincubation of cells with NAC completely protected p-cells from
human amylin-induced cytotoxicity (Fig. 8A), as demonstrated previously.11>7 In contrast,
the detrimental effect of Cu2* on mitochondrial function was not attenuated by NAC
addition. Paradoxically, NAC pre-treatment resulted in a slight increase in mitochondria
dysfunction in Cu2*-treated groups, including human amylin (Fig. 8A). Copper is a redox-
active metal that undergoes redox cycling between the oxidized (Cu2*) and reduced (Cu*)
states.>8 Although NAC is known to be an antioxidant that lowers the oxidation of
biological reducing agents such as cholesterol, it can also behave as a pro-oxidant upon
interaction with the oxidized forms of metal ions such as Cu?*->9 Based on this fact, we
propose that the significant increase in amylin cytotoxicity observed in NAC-pretreated
cells, in the presence of Cu2* (but not in its absence) is a result of two opposing NAC
actions: (1) quenching of ROS by NAC,%” and (2) production of H,0, by NAC and Cu?*-9

To further probe the role of Cu2* in amylin toxicity, bathocuproine, a cell membrane-
impermeant chelator of Cu*, was used in conjunction with human amylin. We reasoned that
if amylin reduces Cu?* to produce significant quantities of H,05 in solution, analogous to a-
synuclein/Cu*-catalyzed H,0, formation in vitro,22 then the chelation of Cu* by
bathocuproine, should reduce amylin/Cu*-induced H,O, production and attenuate the
toxicity of this metalo-peptide complex. Interestingly, bathocuproine showed no significant
modulatory effect on H,O, production elicited by human and rat amylin either in the
presence or absence of copper (Fig. 8B). However, in the presence of Cu2*, bathocuproine
modestly increased H,0, levels in solution by ~ 400 nM as compared to Cu2* or
bathocuproine alone, which was an order of magnitude smaller than the stimulatory effect of
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ascorbate (~ 3.1 uM increase in H,O, Fig. 8B). Although bathocuproine can reduce Cu?* to
Cul*, studies show that chelation of its reduced form by bathocuproine prevents metal re-
oxidation and hence H,0, accumulation in solution.6? Thus, in comparison with other
reducing (but not chelating) agents such as ascorbate, bathocuproine is rather limited in its
ability to stimulate Cu2*-induced ROS production. In contrast to its low pro-oxidative
ability, bathocuproine markedly potentiated amylin toxicity, the effect of which required the
presence of Cu* but not reducing agents such as NAC (Fig. 8A). In the absence of either
amylin or copper, bathocuproine did not cause any significant change in mitochondrial
activity. Similarly, bathocuproine alone had no significant effect on human amylin toxicity
in these cells (Fig. 8A). Given the ability of these cells to efficiently internalize human
amylin within 24 hours,3° the current results imply that, under normal situations,
bathocuproine does not enter the cells and exert any significant accumulation of H,0.
However, in the presence of human amylin and copper, bathocuproine is likely to be
internalized as a complex of amylin—copper—bathocuproine, which in turn would disrupt
intracellular copper homeostasis, exacerbating amylin toxicity in p-cells (Fig. 8A).

Discussion

Although p-amyloid and a-synuclein interactions with CuZ* in neuronal cells have been
studied in depth,22:25-31 very little is known about amylin interactions with Cu?* in p-cells.
In the present study, we showed, for the first time, a surprisingly protective role for Cu2* in
amylin-induced cytotoxicity. The presence of Cu* affected amylin aggregation in two
major ways: it prolonged the lag (nucleation) phase and it reduced the rate of human amylin
aggregation by 3 fold (by increasing the activation energy, E;,, Fig. 3B). These data are
consistent with inhibition of both fibril nucleation and elongation. We previously
demonstrated, along with others, that the process of oligomer and fibril formation accounts
for amylin toxicity in cells.1:3%.61 Given the inhibitory effect of Cu2* on amylin aggregation
(Fig. 3A and B),* it is possible that copper’s antitoxic effect, at least in part, stems from its
ability to halt amylin’s conformational transition toward -sheets (Fig. 4), as observed by its
impact on the dynamics of amylin oligomerization and preserving initial (hative)
conformation of soluble amylin. This by itself cannot entirely account for the protective
effect of Cu2* seen in our study given (i) the incomplete blockage of amylin aggregation by
Cu2* (Fig. 3A), and (ii) its opposite effect on mitochondrial function and apoptosis (Fig. 7).
In fact Cu2* is very effective in shutting down apoptotic and stress kinase signaling
pathways, apparently acting downstream of amylin-induced mitochondrial dysfunction,
which is sensitive to toxic amylin oligomers and aggregates.? In contrast to its potential pro-
oxidative action, Cu2* had only miniscule and non-significant stimulatory effects on
amylin’s pro-oxidative capabilities such as the catalytic (peptide-initiated) production of
H,0, invitro and in cells. We reconfirmed reports of Allsop and colleagues that copper can
slightly enhance H,0, production (by few nM) evoked by human amylin in solution.32
However, this potentiation was by order of magnitude smaller than the Cu?* mediated H,0,
production with reducing agents glutathione and ascorbate. Our study provides an
explanation for the inability of Cu2* alone or in complex with human amylin to evoke
significant H,O, production at physiological pH: either in the free form or bound to peptide,
and in the absence of reducing agents, Cu?* retains its valency (Fig. S5, ESI*). Like brain -

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 15

amyloid, human amylin cannot reduce Cu2* in the absence of reducing species.?! However,
the redox potential of p-amyloid—Cu?* complex is high enough (E° = 0.295 V vs. NHE) to
be reduced by species with a more negative reduction potential such as ascorbate and
glutathione.20-21 As conversion of Cu2* to Cu* in amyloid complexes is a prerequisite for
H,0, generation, 19 the lack of a significant stimulatory effect of CuZ* on human amylin-
evoked H,0, production, in the absence of reducing species, is understandable. We also
show that this catalytic effect is not unique to human amylin, as the non-amyloidogenic rat
isoform produced comparable H,O, concentrations, indicating that amylin aggregation and
amyin-induced ROS are un-related processes. In vitro studies raised uncertainty about the
ability of the human amylin—copper complex to induce comparable or higher oxidative
damage in cells, particularly in the reducing environment of the cytosol, as compared to
uncomplexed Cu?*. Supporting this view, an increase in free Cu?* markedly diminished the
viability of B-cells in a dose-dependent manner. Not surprisingly, human amylin diminished
the ability of glutathione to reduce copper and produce H,0,. This protective effect was
much less apparent in the case of the other cellular reducing agent ascorbate. However, there
was no further potentiation of H,0, production in vitro by Cu?* and either reductant. Cu?*
also failed to stimulate amylin’s pro-oxidative activity in cells. Binding studies revealed that
human and rat amylin interact with Cu2* to form metalo-peptide complexes with Kq ~ 1078
M, matching the dissociation constants reported for the p-amyloid—Cu?* complex.1923 The
lower affinity of human amylin towards Cu2*, as compared to other Cu2*-binding proteins
such as human serum albumin (Kg ~ 10717),24 suggests that human amylin may serve as a
secondary metal-binding site in the pancreas, thereby preventing the Cu?* from freely
interacting with reduced cellular species such as glutathione to produce high (uM)
concentrations of H,O,, which are harmful to islet p-cells.62 Given the novel findings that
human amylin can significantly reduce ROS accumulation in the system (Fig. 5), and that
Cu?* protects cells from amylin toxicity (Fig. 7), the formation of human amylin-Cu2*
complex is not, at least under our experimental conditions, detrimental to the p-cells. Our
results (Fig. 2 and 5) are in agreement with increasing number of studies showing a
sacrificial quenching of ROS by other amyloid proteins.#9:50 Taken together, our results
suggest that the human amylin—-Cu2* complex functions as an anti-oxidant rather than pro-
oxidant in cells and in a cell-free environment. This conclusion, however, does not preclude
the role for radicals in amylin toxicity, as amylin clearly elevates ROS accumulation in -
cells and impairs mitochondrial metabolic activity. These effects are completely ablated by
the addition of the antioxidant NAC, reconfirming the view that amylin-induced cytotoxicity
is, at least in part, through ROS generation.

Although our findings corroborate the view that antioxidants, such as NAC, could alleviate
amylin-induced oxidative stress, they also indicate that NAC, in addition to its antioxidant
activity, may paradoxically act as a pro-oxidant under certain conditions, thereby
ameliorating its therapeutic efficacy. Thus, in the presence of exogenous copper, NAC can
elicit only a limited amount of protection or can even potentiate level of cell death (Fig. 8A).
Therefore, these findings imply that NAC can be an effective therapeutic agent for
mitigating amylin-induced cytotoxicity but not under elevated copper scenarios, as is often
the case with T2DM. We also show that strategies depending on copper’s chelation,
particularly chelation of its reduced (Cu™) form, are not the best approach to alleviate amylin
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toxicity due to the unexpectedly high toxicity of the Cut—amylin—bathocuproine complex.
However, this complex did not produce significant amount of H,0,, suggesting that altered
copper homeostasis rather than ROS imbalance accounts for the increased sensitivity of -
cells to the Cu2*—amylin-bathocuproine complex. Our results further show that ROS
generated by human amylin induces persistent activation of stress kinases such as JNK as
well as activation of the intrinsic caspase cascade, including caspase-3, which are effectively
blocked by Cu?*. Previous studies on complex formation between Cu?* and two other
common amyloid proteins, f-amyloid and prions, are consistent with our findings. It has
been reported that, similar to human amylin, these two misfolded proteins form a complex
with Cu?* with relatively low affinity.19-23 Chelation of Cu?* by these two amyloids greatly
diminished the production of ROS by Cu?* and reductants and reduced their toxicity,49-50:55
which further corroborates our hypothesis that amylin-Cu2* complex may serve a protective
role in cells.

In summary, our findings provide a new insight into the nature of amylin-Cu2* interactions
in cells and in vitro. Copper’s intrinsic ability to stabilize human amylin in its native, non-
toxic random coil conformation, to block amylin aggregation and amylin-induced apoptosis,
and to form a low affinity complex with human amylin featuring low pro-oxidative activity
invitro and in cells may likely be beneficial for amylin-evoked p-cell dysfunction, which in
turn could be applied to translational research to develop strategies for the prevention and
treatment of the T2DM.
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Abbreviations

BAT Bathocuproine

Cu Copper

HA Human amylin

RA Rat amylin

NAC N-Acetyl-cysteine

NHE Normal hydrogen electrode
RIN-m5F Rat insulinoma cells

ROS Reactive oxygen species
Th-T Thioflavin-T

TTDM Type two diabetes mellitus
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Fig. 1.

Aggregation of human amylin is not affected by catalytically produced H,0,. 20 pM of
human amylin (hA) and rat amylin (rA) were incubated in phosphate buffer, in the absence
or in presence of catalase, for 24-72 h and the extent of H,O, accumulation (A) and amylin-
aggregation (B) quantified using Amplex-Red H,0, and Th-T-aggregation fluorescent
assays, respectively. (A) Stimulatory effect of human and rat amylin on accumulation of
peroxide in solution is shown. (B) Catalase had no significant effect on the aggregation of
human amylin (P > 0.05, n = 6). Significance established at ***P < 0.001, hA vs. hA +
catalase, n = 6, ANOVA followed by Newman-Keul post hoc test.

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 21

e [ =7

:
a0
>

ThT Fluorescence (au)
[5.]

STmm ctl
3 hA
6403 rA

ko Bk

H202 0 1 5 10

1.54

-
o
A

o
o
2

H202 quenched (uM)

0 5 10 15 20
H202 (uM)

Fig. 2.
Both amylin isoforms produce and quench H,05 in vitro. Human and rat amylin were

incubated for 24 h in the absence or in the presence of increasing concentrations of H,0,
(1-20 uM). The extent of amylin-aggregation (A) and H,O, accumulation in solution (B)
were quantified using Th-T and Amplex-Red fluorescent assays, respectively. (A) Addition
of H,0, to solutions containing human amylin had no significant effect (P > 0.5, n=6) on
its aggregation. (B and C) Human and rat amylin quenched exogenously added H,0, in a
dose-dependent and saturable manner. Significance established at *P <0.05 and **P <0.01,
control vs. hA or rA, n= 6, ANOVA followed by Newman-Keul post hoc test.
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Fig. 3.

Cu?* forms a low-affinity complex with human amylin and inhibits its aggregation. (A) 20
UM human amylin and rat amylin were incubated in phosphate buffer, in the absence or
presence of 20 uM CuCl, and the extent of amylin-aggregation analyzed by Th-T
fluorescent assay. (B) Kinetics of human amylin aggregation in the presence or absence of
Cu?* is shown. (C and D) Determination of amylin—Cu2* binding constants using the
quenching of the tyrosine fluorescence by CuCl, at pH = 7.4. 10 uM of human (C) and rat
amylin (D) solutions were allowed to interact with increasing Cu?* concentrations, and their
apparent Ky determined by measuring the decrease in Tyr fluorescence at 303 nm.
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Fig. 4.
Cu2* inhibits human amylin secondary conformational transitions in solution. (A-D)

Comparative far-UV CD data for the conformational changes of human amylin (20 uM) in
PBS alone or in the presence of equimolar amount of Cu2*. In the presence of Cu*, human
amylin conformational transitions to a B-sheet-rich structure are blocked.
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Fig. 5.
Human and rat amylin oppositely regulate ROS formation in vitro. Human and rat amylin

(20 uM) were incubated in the absence or presence of 10 uM CuCl,, 10 uM or 1 mM
ascorbate (ASC) and/or 5 mM glutathione (GLU), and the peroxide and hydroxyl radical
formations detected using Amplex-Red and TPA fluorescent assays respectively (A and B).
(A) Human amylin abrogates Cu?*/ glutathione-catalyzed H,0, production in solution. In
contrast, rat amylin potentiates Cu?*/ascorbate-induced peroxide formation. (B) Rat but not
human amylin stimulates Cu?*/ascorbate-catalyzed hydroxyl production in solution.
Significance established at *P < 0.05, **P < 0.01 and ***P < 0.001 n = 3-6, ANOVA
followed by Newman-Keul post hoc test.
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Fig. 6.
Cu?*-does not increase oxidative stress in cells evoked by human amylin. Human amylin

(20 uM) was incubated with cells in the absence or presence of 10 uM CuCl, for 24 h.
Following incubations, relative ROS levels in controls and treatments were determined by
measuring changes in fluorescence intensity of oxidative stress marker, H,DCFDA. Cu2+
and human amylin induced oxidative stress in cells in a non-additive manner. Significance
established at *P < 0.05 and **P < 0.01, n = 6, ANOVA followed by Newman-Keul post
hoc test.
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Fig. 7.

Cl?z"—inhibits amylin-evoked apoptosis in pancreatic cells. Human amylin (20 uM) was
incubated in the absence or presence of 10 uM CuCls, and corresponding changes on cells’
viability were determined using MTT reduction (A and B) and apoptotic western-blot (C)
and microscopy (D) assays. (A) Amylin induced a marked drop in the MTT signal,
indicative of metabolic stress in cells. (B) Cu?* impaired mitochondrial enzymatic activity
in a dose-dependent manner. (C) Western blot analysis reveals an inhibitory effect of Cu*
on caspase-3 and stress kinases activity in cells treated with human amylin. (D) Confocal
microscopy analysis of apoptosis in RIN-m5F cells treated with human amylin, in the
absence and in the presence of Cu?*. Arrows depict non-apoptotic nuclei (blue) in viable
cells, whereas arrowheads depict caspase-3 (green) and annexin-V (red) positive apoptotic
cells. Bar, 10 um. Quantitative analysis of amylin-induced apoptosis in human islets is
summarized in a bar graph. Significance established at **P < 0.01, n = 6, ANOVA followed
by Newman-Keul post hoc test.
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Fig. 8.
Copper-chelating and antioxidant agents sensitize pancreatic cells to human amylin toxicity.

The roles of redox and copper homeostasis in amylin toxicity were investigated by testing
modulatory effects of anti-oxidant NAC and the specific Cul*-chelator, bathocuproine
(BAT), on human amylin-induced mitochondria dysfunction (A) and peroxide formation
(B). (A) Amylin alone induced a significant drop in mitochondrial enzymatic activity, which
was completely abolished in the presence of NAC. NAC shows opposite (inhibitory) effect
on mitochondrial activity in the presence of Cu2*. Similarly, BAT required Cu?* to
potentiate amylin-toxicity. (B) Ascorbate (ASC) but not bathocuproine potentiates Cu2*-
induced H,0O, production in solution. Significance established at **P < 0.01, and ***P <
0.001, n=6, ANOVA followed by Newman—Keul post hoc test.
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