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Copper ions play a critical role in human islet amyloid polypeptide (hIAPP) aggregation, which has been

found in more than 90% of patients with type-2 diabetes (T2D). The role of Cu(II) in the cell cytotoxicity

with hIAPP has been explored in two aspects: inhibiting the formation of fibrillar structures and

stimulating the generation of reactive oxygen species (ROS). In this work, we carried out spectroscopic

studies of Cu(II) interacting with several hIAPP fragments and their variants as well. Electron paramagnetic

resonance (EPR) measurements and Amplex Red analysis showed that the amount of H2O2 generated in

hIAPP(11-28) solution co-incubated with Cu(II) was remarkably more than hIAPP(1-11) and hIAPP(28-37).

Furthermore, the H2O2 level was seriously reduced when His18 of hIAPP(11-28) was replaced by Arg(R)

or Ser(S), indicating that His18 is the key residue of Cu(II) binding to hIAPP(11-28) to promote H2O2

generation. This is likely because the donation of electrons from the peptide to Cu(II) ions would result in

the formation of the redox-active complexes, which could stimulate the formation of H2O2. Overall, this

study provides further insight into the molecular mechanism of Cu(II) induced ROS generation.
Introduction

The aggregation of amyloid peptides into supramolecular
structures has been linked to more than 30 neurodegenerative
disorders featured by clinically observed deposits of amyloid
brils.1–3 Accumulating evidence suggests that toxic deposition
of human islet amyloid polypeptide (hIAPP) is one of the most
common pathological features of type-2 diabetes mellitus
(T2D),4,5 characterized by chronic insulin resistance and decline
in pancreatic b-cell function.6,7 hIAPP (also named as amylin) is
a peptide hormone that is initially produced by b-cells of the
islet of the pancreas. It is 37 residues in length and has different
functional domains including an N terminus, C terminus and
the amyloidogenic central peptide sequence (residues 20-29),8–10

which are prone to forming brils. The aggregation process of
hIAPP has been proved to be modulated by many factors
including pH value, metal ions, small chemical molecules,
etc.11–15

Copper ions are believed to be closely associated with T2D as
clinical ndings show that the serum copper ions levels are
gy, Ningbo University, China. E-mail:
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e of Engineering, University of Georgia,

tion (ESI) available. See DOI:

71
higher in diabetic patients than in healthy people.16,17 Recently,
the particular role of copper ions in diseases associated with
hIAPP aggregation has been studied extensively.18–21 These
researches have demonstrated that the presence of Cu(II) could
result in the formation of oligomers or oligomer-like structures
instead of brillar forms.22 Particularly, Lee and co-workers
showed that Cu(II)-containing intermediate species of hIAPP
formed more toxic aggregates with random coil
conformations.23

On the other hand, the binding of redox-active Cu(II) to the
amyloid peptide could form the peptide–copper complexes,
which can stimulate the production of ROS in a toxicity
manner.24–26 The resulting ROS, such as H2O2 and OHc would
damage DNA, lipids and proteins and thus trigger apoptotic cell
death. While some studies report that the Cu(II)–hIAPP
complexes produce hydrogen peroxide to a lesser extent than
free Cu(II) in solution, suggesting the sacricial protective roles
for hIAPP coexisted with Cu(II) in high concentration.27,28

Therefore, despite such extensive studies associated with hIAPP
aggregation, the underlying mechanism of Cu(II) promoting the
generation of ROS still remains obscure.

In order to clarify the mechanism of Cu(II) promoting the
generation of ROS, in this study the interaction of Cu(II) with
hIAPP was explored using different spectroscopy techniques.
hIAPP(11-28) fragment was used as a main model, as it contains
the region (20-28) for amyloid formation as well as the main
binding site (His18) for the metal ions.10,13,29 We rst compared
the amount of H2O2 production in several fragments co-
This journal is © The Royal Society of Chemistry 2020
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incubated with copper ions including hIAPP(1-11), hIAPP(11-
28), hIAPP(28-37) and two variants (hIAPP(11-28, H18R) and
hIAPP(11-28, H18S)). Since rat IAPP (rIAPP) differs from hIAPP
in only six amino acid residues, therefore, we further evaluated
the amount of H2O2 produced in rIAPP in the presence of Cu(II).
Our results unambiguously indicate that His18 plays a central
role in stimulating H2O2 generation during the process of hIAPP
brillation.

Materials and methods
Materials

All synthetic human and rat IAPP/amylin fragments (hIAPP(1-
11), hIAPP(11-28), hIAPP(28-37), and rIAPP(11-28)) and two
variants (hIAPP(11-28, H18R) and hIAPP(11-28, H18S)) with the
purity greater than 95% were purchased lyophilized from GLS,
Biochem, China. Thioavine T (ThT) was purchased from
Sigma-Aldrich, China. DMPO (Dojindo, Japan) was obtained
from Dongren chemical technology (Shanghai) Co. Ltd, China.
The Amplex Red (Santa Cruz Biotechnology, USA) was obtained
from Hangjing Biotechnology Co. Ltd, China. Metal chelator
diethylenetriaminepentaacetic acid (DETAPAC) was obtained
from Macklin Biotechnology technology (Shanghai) Co. Ltd,
China. The Milli-Q water with a resistivity of 18.2 MU cm�1 was
used in our experiments.

Amplex Red assay

A Fluoroskan ascent uorescence spectrophotometer (Thermo
Scientic Inc., USA) was used to measure the kinetics of H2O2

accumulation progress. For the Amplex Red assays,30 a 10 mM
stock solution of Amplex Red was prepared by dissolving
2.57 mg Amplex Red in 1 ml DMSO; 10 U ml�1 HRP stock
solution was prepared by dissolving 10 mg HRP in 1 ml PBS
(both stored in �20 �C). To obtain Amplex Red working solu-
tion, the stock HRP solution was diluted to 1/1000 in PBS and
this dilute HRP solution (40 ml) and Amplex Red stock solution
(20 ml) were added into PBS (940 ml). To prepare samples for
uorescence, various metal ions with hIAPP fragments at
different concentrations and 50 mM Amplex Red working solu-
tion were added in 96-well microtitre plate (Corning Inc., USA).
In some contrast experiments, 100 mM DETAPAC was added
prior to incubation of the peptide solutions. At least four set of
measurements were carried out for each tested sample. And the
nal results were averaged.

Electron paramagnetic resonance spectroscopy (EPR)

Electron paramagnetic resonance (EPR) spectrometer (Bruker
Inc., Germany) was used to measure the hydroxyl radical during
the incubation of peptide with various metal ions in PBS at
37 �C, as described previously.31 The method employed the
reaction of this radical with the spin trap 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) to form the hydroxyl radical adduct
(DMPO–OH), which has a unique characteristic 4-line EPR
spectrum. According to the Amplex Red measurement, the
amount of hydrogen peroxide almost reached the peak value.
Therefore, EPR measurement was performed aer 50 hours
This journal is © The Royal Society of Chemistry 2020
incubation in order to obtain strong EPR signal. Briey, 100 mM
hIAPP or rIAPP fragments and 50 mM Cu(II) were incubated for
50 hours at 37 �C, then we added DMPO to the incubated
peptide solution. And nally sample was put into the EPR
equipment for measurement aer full shaking.

AFM measurements

100 mM peptide fragments with and without CuCl2 at different
concentration (pH: 7.0) was co-incubated at 37 �C for three days,
respectively, since ThT uorescent intensity reached maximum
value and kept stable aer three days incubation. Then about 3–
5 ml incubated solution was deposited onto freshly cleaved
mica, waited for about 5 min, gently rinsed with Milli-Q water
and dried in air. Images were collected using scanning probe
microscope (Multimode 8, Bruker, Germany) operated in
tipping mode in air. Tips used were NSC11 (Mikromash
company) with a resonance frequency of�330 kHz and a spring
constant of �30 N m�1. All images were simply attened using
the NanoScope analysis soware.

X-ray absorption ne structure (XAFS) spectra

XAFS measurements were performed at Shanghai Synchrotron
Radiation Facility (SSRF) beamline BL14W. A Si[111] double
crystal monochromator and a set of focusing mirrors with a cut-
off energy of 22.5 keV were used throughout the study. The XAFS
spectra were measured in uorescence mode using a 32-
element Ge solid-state detector. Data collected in each run were
rst averaged aer background subtraction. To prepare
a sample for XAFS measurement, 1500 ml of 200 mM hIAPP(11-
28) peptide with 1000 mMCuCl2 was incubated at 37 �C for three
days. In order to increase the signal/noise ratio in XAFS data,
each of these samples was further concentrated to 300 ml by
freeze drying.

Results and discussion

We rst used Amplex Red method to evaluate the effects of
Cu(II) on the amount of H2O2 generated during an incubation of
100 mM hIAPP(11-28) with Cu(II) at different concentrations.
Previous reports stated that Amplex Red uorescence intensity
is proportional to the level of produced H2O2.32 Therefore, in
this study we used uorescence intensity to describe the level of
H2O2. Fig. 1a shows that H2O2 increased rapidly during the early
stage of hIAPP(11-28) aggregation when the concentration of
copper ions was greater than 25 mM. A similar phenomena was
also observed for Ab peptide, where Huang et al. suggested that
Cu(II) bound Ab could generate H2O2.33 In contrast, much less
H2O2 was detected at a lower Cu(II) concentration (below 10
mM). Obviously, the rate of H2O2 production increased with an
increase of copper concentration. Two factors may attribute to
this observation, the rst being that Cu(II) directly reacts with
the peptide, and the secondly being the only Cu(II) available to
convert it to hydroxyl radicals. When H2O2 concentration
reached a maximum value aer around 72 h incubation it
declined rather rapidly to background level at longer incubation
times, similar to the reports by Masad et al.30 We further
RSC Adv., 2020, 10, 5566–5571 | 5567
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Fig. 1 H2O2 generationmonitored by Amplex Redmethod. (a) 100 mM
hIAPP(11-28) was incubated at 37 �C in the absence (black) and
presence of 2 (red), 10 (blue), 25 (magenta) and 50 mM (olive) Cu(II). (b)
100 mM three different fragments hIAPP(1-11) (black), hIAPP(11-28)
(red) and hIAPP(28-37) (blue) was co-incubated with 50 mM Cu(II) at
37 �C, respectively.
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compared the level of H2O2 generated during the incubation of
hIAPP(1-11) and hIAPP(11-28) with hIAPP(28-37) in the presence
of 50 mM copper ions. As shown in Fig. 1b, Amplex Red uo-
rescence intensity increased rapidly for 100 mMhIAPP(11-28). In
sharp contrast, the uorescence signal only increased at a very
slow speed in the case of hIAPP(1-11) and hIAPP(28-37) at the
same concentration, strongly suggesting that Cu(II) specically
bind the residues located within hIAPP(11-28) and that facili-
tates the H2O2 generation.
Fig. 2 Hydroxyl radical EPR signal (DMPO spin trap) induced by Cu(II) on
28) or hAPP(28-37) co-incubated with 50 mM Cu(II), respectively. (b) Co
hIAPP(11-28, H18S)). (c) Comparison of rIAPP(11-28) with hIAPP(11-28) in

5568 | RSC Adv., 2020, 10, 5566–5571
We then employed EPR to further compare the amount of
H2O2 generated during the incubation of three hIAPP fragments
in the presence of 50 mM Cu(II). This method employed a reac-
tion of the radical with the spin trap 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) to form the hydroxyl radicals.30 As shown in
Fig. 2a, the 4-line spectrum corresponding to the hydroxyl
radical adduct was clearly observed for hIAPP(11-28). Remark-
ably, the intensity of this 4-line spectrum from hIAPP(11-28) was
greater than that from hIAPP(1-11) and hIAPP(28-37), agreeing
with the above Amplex Red analysis (Fig. 1b). Moreover, all of
the EPR spectra obtained from hIAPP fragments could be
blocked in the presence of 150 UM glutamine (data not shown),
a well-known reductant. In both EPR and Amplex Red
approaches, any positive signal from hIAPP was always blocked
by the addition of metal chelator (DETAPAC) as shown in
Fig. S1.† Our data clearly indicates that hIAPP(11-28) is the key
fragment for copper ions binding to stimulate ROS production.

Finally, we probed the ultrastructures of the peptide frag-
ment aggregates and the aggregation kinetics. Fig. 3 shows the
typical AFM images of the aggregates formed when 100 mM
hIAPP(11-28) was co-incubated with and without Cu(II) at
different concentrations. Clearly, brosis progress of hIAPP was
remarkably restrained by Cu(II), which was in agreement with
ThT uorescence measurement (Fig. S2†). During this incuba-
tion, the hydrogen peroxide was also generated. When
hIAPP(11-28) was co-incubated with other metal ions such as
Ni(II), Fe(III) and Zn(II), no detectable H2O2 was obtained
(Fig. S3†), suggesting that Cu(II) plays a predominate role in
stimulating H2O2 generation.

As early studies have pointed out that His18 plays a key role
in modulation of hIAPP brillation because its ionization state
signicantly affects the rate of assembly and morphology of the
aggregates. Thus we speculate that the generation of the H2O2

when hIAPP(11-28) was incubated with copper ions is likely to
be associated with His18. To conrm that the His18 indeed acts
as radical promoter, two variants, hIAPP(11-28, H18R) and
hIAPP(11-28, H18S) were prepared. H2O2 level from these two
variants was monitored under the same experimental condition
as before. Because the residues R is positive charged and S is
uncharged, thus they are not prone to combine with copper
ions. Fig. 2b and 4a clearly show that the amount of H2O2
different hIAPP fragments and variants. (a) 100 mM hAPP(1-11), hAPP(11-
mparison of hIAPP(11-28) with two variants (hIAPP(11-28, H18R) and
the presence of Cu(II).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 AFM images of 100 mM hIAPP(11-28) incubated at 37 �C for
three days in the absence and presence of copper ions at different
concentrations. (a) Incubated alone. (b) 10 mM, (c) 50 mM and (d) 100
mM.

Fig. 4 H2O2 formation monitored by Amplex Red method. (a) 100 mM
hIAPP(11-28) incubated with Cu(II), compared with two variants
(hIAPP(11-28, H18S) and hIAPP(11-28, H18R)). (b) 100 mM hIAPP(11-28)
or rIAPP(11-28) co-incubated with 50 mM Cu(II).

Fig. 5 XAFS spectra of the copper ions in hIAPP(11-28) solution. The
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produced in hIAPP(11-28) is obviously more than that in two
mutation samples. Moreover, the sequence differences between
human and rat IAPP are the substitution of His18 by Arg in rat
and the presence of three Pro residues within the region of 20-
29. Therefore, we explored the H2O2 value produced during the
incubation of 50 mM Cu(II) with 100 mM rIAPP(11-28), which is
unable to form brils (Fig. S4†). Both Amplex Red signal and the
4-line peak intensity show that H2O2 level in rIAPP is signi-
cantly lower than in hIAPP(11-28) (Fig. 2c and 4b).

It has been reported that Cu(II) could inhibit the aggregation
of hIAPP,18,24,34 it is likely because Cu(II) anchors to His18. In
fact, His18 could also be an anchoring residue for Zn(II), Ni(II),
Fe(III) and even ruthenium complexes, each of them described
as inhibitors of IAPP amyloid aggregation.17,35,36 However, when
hIAPP(11-28) was co-incubated with Zn(II), Fe(III) or Ni(II) ions,
there was no detectable H2O2 production (Fig. S3†). Therefore,
we used X-ray absorption ne structure (XAFS) spectroscopy to
evaluate the chemical structure of Cu(II) in the peptide solu-
tion.37 Fig. 5 suggests that Cu(II) could probably be reduced to
Cu(I) upon binding to hIAPP(11-28), resulting in a hIAPP–Cu(I)
complex. The major peak of the spectrum for copper ions in the
hIAPP(11-28) solution was clearly observed at the same location
as the peak of Cu(II) in the CuCl2 solution (8995.7 eV),38 sug-
gesting that most of the copper ions in the hIAPP solution stay
in solution. Particularly, a shoulder peak appeared in the le
region of the major peak. To present the location of this minor
peak clearly and exactly, the derivative was performed over the
spectrum, and a zero value corresponding to the shoulder peak
was clearly observed at about 8982.5 eV, which was very close to
the location 8981.6 eV of Cu(I) in the Cu2O solution,39,40 indi-
cating the presence of cuprous ions in the sample, following by
the formation of the hIAPP–Cu(I) complexes. This results agreed
well with the previous assumption that the donation of elec-
trons from the peptide to Cu(II) ions would result in the
This journal is © The Royal Society of Chemistry 2020
formation of Cu(I)–peptide complexes.30 We speculate that the
formed Cu(I)–peptide complexes thus catalyzed the formation
of H2O2 as observed in our experiment.

Although it has been established previously that exposure to
the hIAPP increases H2O2 levels in cultured cells. Our results
showed that the formation of H2O2 in this way is selectively
stimulated by Cu(II) ions. The interaction between hIAPP and
the Cu(II) ions examined by EXAFS suggests possible binding of
orange curve represents the derivative of the Cu–hIAPP spectrum.

RSC Adv., 2020, 10, 5566–5571 | 5569
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Cu(II) ions to hIAPP to promote the production of hydrogen
peroxide. The formation of H2O2 could explain the well-
established toxicity of this peptide towards islet cells, which
in agree well with the previous reports that the cytotoxicity
induced by hIAPP involves oxidative damage.41

Conclusions

In summary, we used several different spectroscopy approaches
to study the effects of Cu(II) on hIAPP(11-28) peptide aggrega-
tion. The Amplex Red analysis and EPR results show that Cu(II)
could promote the production of H2O2 when hIAPP(11-28) was
co-incubated with Cu(II). His18 is the key event of copper ions
binding to hIAPP to produce H2O2. Our XAFS data indicate that
the binding of Cu(II) to hIAPP would potentially lead to the
formation of the redox-active complexes that could stimulate
the formation of H2O2. Among several neurodegenerative
diseases commonly found in humans, particularly T2D, the
facilitation of ROS formation from amyloid peptide in the
presence of the oxidizing metal ions could possibly account for
vivo damage to the pancreas in T2D.41 Our research could thus
provide a new insight into molecular mechanism on Cu(II)
induced ROS generation, which are signicantly involved in
amyloid toxicity, and even the development of drug design for
type-2 diabetes and other diseases.
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