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†Departamento de Química, Centro de Investigacioń y de Estudios Avanzados (Cinvestav), Mex́ico, D.F., Mex́ico
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ABSTRACT: Type 2 diabetes (T2D) is one of the most
common chronic diseases, affecting over 300 million people
worldwide. One of the hallmarks of T2D is the presence of
amyloid deposits of human islet amyloid polypeptide (IAPP)
in the islets of Langerhans of pancreatic β-cells. Recent reports
indicate that Cu(II) can inhibit the aggregation of human
IAPP, although the mechanism for this inhibitory effect is not
clear. In this study, different spectroscopic techniques and
model fragments of IAPP were employed to shed light on the
structural basis for the interaction of Cu(II) with human IAPP.
Our results show that Cu(II) anchors to His18 and the
subsequent amide groups toward the C-terminal, forming a
complex with an equatorial coordination mode 3N1O at
physiological pH. Cu(II) binding to truncated IAPP at the His18 region is the key event for its inhibitory effect in amyloid
aggregation. Electron paramagnetic resonance studies indicate that the monomeric Cu(II)-IAPP(15−22) complex differs
significantly from Cu(II) bound to mature IAPP(15−22) fibers, suggesting that copper binding to monomeric IAPP(15−22)
competes with the conformation changes needed to form β-sheet structures, thus delaying fibril formation. A general mechanism
is proposed for the inhibitory effect of copper and other imidazole-binding metal ions in IAPP amyloid formation, providing
further insights into the bioinorganic chemistry of T2D.

■ INTRODUCTION

Type 2 diabetes (T2D) is one of the most common chronic
diseases. It is a degenerative metabolic disease characterized by
elevated blood glucose levels, abnormal insulin secretion, and
insulin resistance.1 One of the hallmarks of T2D is the presence
of amyloid deposits of islet amyloid polypeptide (IAPP) in the
islets of Langerhans of pancreatic β-cells.2,3 IAPP, also known
as amylin, is a putative polypeptide hormone expressed mainly
by the β-cells in humans, and it is stored with insulin in
secretory granules.4,5 The release of IAPP from β-cells occurs in
response to nutrient stimuli, as well as insulin.6 The ratio of
IAPP/insulin concentrations is 1:10,7 while the clearance rates
are slower for IAPP.8 However, the levels of amylin are elevated
in conditions associated with insulin resistance, such as obesity9

and pregnancy.10 The physiological role of IAPP is not well-
understood, but it has been proposed that the peptide is related
to glucose metabolism11 and that it participates in the
regulation of food intake, body weight,12 and renal filtration.13

Although the physiological activity of amylin is still unknown,
clearly the peptide plays a fundamental role in the pathogenesis
of T2D, since ∼90% of patients with T2D at autopsy have

amyloid deposits, and its degree correlates with the severity of
the disease.14,15

IAPP sequence is highly conserved among mammalians;
however, only IAPP from humans, primates, and cats are able
to form amyloid fibrils, whereas IAPP from rodents is not
amyloidogenic.16,17 It is known that the region 20−29 is
aggressively amyloidogenic, while fragments 30−37 and 8−20
are also prone to form amyloid fibers.18 The sequence
differences between human and mouse IAPP are the
substitution of His18 by Arg in mouse and the presence of
three Pro residues within the region of 20−29.17 The
substitution of His18 by Arg does not influence the
amyloidogenicity of the fragment 8−20;18 however, the
presence of Pro residues in the 20−29 region preclude the β-
sheet conformation necessary for amyloid fibril formation, and
it may be the cause of the lack of amyloidogenicity of rodent
IAPP.17

The IAPP structure in solution is hard to establish by its
aggressive propensity to aggregate, even at low concentrations.
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However, NMR experiments have shown that hIAPP on
sodium dodecyl sulfate micelles has an overall kinked helix
motif.19 Moreover, some circular dichroism (CD) studies have
reported that IAPP is natively disordered in solution,18,20

although absorption spectroscopy, two-dimensional (2D)
infrared spectroscopy and NMR studies show an increase in
the helical content prior to its conversion to the β-sheet and
fibril conversion.20−22 In addition, fibrillization studies in the
presence of lipids or in aqueous solutions of hexafluoroisopro-
panol have proved to accelerate the rate of IAPP fibrilliza-
tion.23,24 Crystallographic studies of IAPP fused with maltose
have shown that IAPP can adopt an α-helical structure at
residues 8−18 and 22−27 and that molecules of IAPP dimerize
accelerating the fibril formation.25

In this context, the role of metal ions in the aggregation of
IAPP has become a matter of investigation given that several
metal ions have been linked to amyloid aggregation associated
with other degenerative diseases, such as Alzheimer, Parkinson
and prion diseases.26,27 The effect of zinc is particularly
interesting since it is present in pancreatic β-cells at millimolar
levels (granules) and micromolar concentrations (extracellular
space),27,28 while clinical and epidemiological studies suggest
Zn deficiency as a common symptom in T2D. On the other
hand, in vitro assays show that Zn(II) significantly inhibits
IAPP amyloid fibrillogenesis27 by binding to His1829 and/or by
inhibiting the formation of a dimer that precedes the formation
of amyloid fibrils.30 Some studies show that copper levels are
affected in diabetic patients,31,32 while others affirm that the
levels of copper in serum are significantly higher in diabetic
patients as compared to healthy individuals,32−35 suggesting a
link between copper homeostasis and the ethiology of T2D.
Also, some studies indicate that copper levels affect glycemic
control in T2D.34

Amyloid-induced toxicity to β-cells is thought to be mediated
by increased cellular free radical production,36 while a role for
Cu(II) in the production of reactive oxygen species (ROS) and
IAPP amyloid aggregation has been proposed.35,37,38 However,
a recent study revealed that Cu(II) and Ni(II) inhibit IAPP
fibrillization and decrease the viability of INS-1 rat insulinoma
cells.39 Both metal ions have very similar binding characteristics,
but Ni(II) is not able to catalyze ROS production; thus, the
toxicity of Cu(II) was not ascribed to ROS formation but to the
stabilization of toxic intermediate species.39 Consistently, a
recent study shows that the Cu(II)-IAPP complex produces
hydrogen peroxide to a lesser extent than free Cu(II) in
solution, suggesting a sacrificial protective role for IAPP in
conditions of high copper concentration.40

A potent inhibitory effect of Cu(II) in human IAPP and
proIAPP amyloid aggregation has been reported,37,40−44 while
CD studies show that copper induces a more compact
conformation with no β-sheet folding.45 However, the
structural details of Cu(II) binding to IAPP remain unknown,
impeding further understanding of the mechanism by which
Cu(II) inhibits amyloid aggregation. In this study, we employed
different spectroscopic techniques to shed light on the
structural basis for the interaction of Cu(II) with different
fragments of human IAPP. In particular, the effect of Cu(II) in
the fibrillization rate and fiber morphology of the human IAPP
fragments 15−29 and 15−22 was examined, while direct Cu(II)
binding to IAPP(15−22) was investigated in detail. Our results
clearly indicate that Cu(II) anchors to His18 in human IAPP
fragments in a pH-dependent manner, involving Ser and Asn
residues that follow His18 in the sequence, with an equatorial

coordination mode 3N1O at physiological pH. Electron
paramagnetic resonance (EPR) studies of Cu(II) bound to
IAPP(15−22) mature fibrils indicate that Cu(II) coordinated to
the monomers competes with the conformation needed to start
the formation of β-sheet structure delaying the fibril formation.

■ EXPERIMENTAL SECTION
Reagents. All chemicals were reagent grade and used without

further purification. 9-Fluorenylmethoxycarbonyl (Fmoc) protected
amino acids and resins were obtained from Novabiochem (Merck).
Water was purified to a resistivity of 18 MΩ/cm using a Millipore
deionizing system.

Peptide Synthesis and Purification. The following peptides
were synthesized by solid-phase synthesis and Fmoc strategy, as
previously described:46,47 FLVHSSNNFGAILSS (IAPP(15−29)),
FLVHSSNN (IAPP(15−22)), FLVH (IAPP(15−18)), FLVASSNN
(IAPP(15−22H18A)), HSSNN (IAPP(18−22). All peptides were
acetylated at the amino terminus, and the carboxylic terminal was
amidated. Crude peptides were purified to >95% by reversed-phase
high-performance liquid chromatography and characterized by electro-
spray ionization mass spectrometry (ESI-MS), as previously
described.48

Preparation of Peptide Samples. Lyophilized peptides were
dissolved in dimethyl sulfoxide (DMSO) to prepare a 15 mM stable
stock. Peptide solutions were prepared in a mixture of 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer and 20 mM N-
ethylmorpholine (NEM) buffer. Final concentration for spectroscopic
studies was 0.3 mM. For pH titrations, the pH was varied every 0.25
pH units by adding the necessary volume of NaOH or HCl solutions,
and it was followed by CD spectroscopy. Peptide samples for EPR
spectroscopy were prepared in the same buffer mixture with 50%
glycerol to achieve adequate glassing. The addition of glycerol has no
effect in the structure of the Cu(II)-peptide complexes, as evaluated by
absorption and CD spectroscopy. Fiber samples for EPR were
prepared by spinning down aggregates and resuspending pellets in 200
μL of NEM/MES buffer with 50% glycerol.

Thioflavin T Fluorescence Assay. The kinetics of IAPP(15−22)
and IAPP(15−29) fragments amyloid formation were monitored by
the Thioflavin T (ThT) assay, as an increase in fluorescence emission
at 485 nm occurs when the amyloid-specific dye ThT binds to an
amyloid fiber. The assay was performed using a Cary Eclipse
fluorimeter, at an excitation wavelength of 440 nm. The peptides
were diluted in the previously described mixture of buffers at pH 7.5 to
a final concentration of 10 μM IAPP(15−29) or 100 μM IAPP(15−
22), 25 μM ThT, and the appropriate amount of CuCl2 to have 0.0,
0.5, 1.0, and 2.0 equiv of Cu(II). Fluorescence emission at 485 nm was
monitored over time at 37 °C and constant agitation.

Transmission Electron Microscopy. After the ThT assay, the
solutions of IAPP were decanted for a couple of days at 4 °C to obtain
the aggregates in a pellet. Then, the pellet was washed with deionized
water to remove the ThT as much as possible, and it was decanted for
another 2 d at 4 °C. The pellet was gently resuspended in 100 μL of
water, and 10 μL of this suspension was loaded onto Formvar-coated
copper grids for 1 min, washed twice with 5uL of MQ water, and then
negatively stained with 2% uranyl acetate for 1 min. Samples were
imaged with a JEOL 1400 EX transmission electron microscope.

Electronic Absorption and Circular Dichroism Spectroscopy.
Room-temperature absorption and CD spectra in the UV−visible
region were recorded using an Agilent 8453 diode array spectrometer
and a Jasco J-815 CD spectropolarimeter, respectively, using 1 cm path
length quartz cells.

Electron Paramagnetic Resonance Spectroscopy. X-band (9.4
GHz) EPR spectra were collected using an EMX Plus Bruker System,
with an ER 041 XG microwave bridge and an ER 4102ST cavity. EPR
spectra were recorded at 150 K using an ER4131VT variable-
temperature nitrogen system. The samples were run using microwave
power, 10 mW; modulation amplitude, 5 G; modulation frequency,
100 kHz; time constant, 327 ms; conversion time, 82 ms; and
averaging over 6−12 scans.
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Nuclear Magnetic Resonance Spectroscopy. All NMR spectra
were recorded at 25 °C on a Varian 700 MHz VNMR-S spectrometer
equipped with a cryogenically cooled triple resonance pulse field
gradient probe. 2D 1H−1H total correlation spectroscopy (TOCSY)
data were collected on a 0.5 mM solution of IAPP(15−22) in MES at
pH 7.5 and 15% D2O, in the absence and presence of 0.3 equiv of
Cu(II). Spectra were processed with NMRPipe and analyzed using
CARA.

■ RESULTS AND DISCUSSION

Cu(II) Effect on IAPP Fibrillization. To characterize the
effect of Cu(II) in the amyloid aggregation of human
IAPP(15−29) and IAPP(15−22) fragments, the kinetics of
fibril formation at pH 7.5 were measured in the presence of 0.0,
0.5, 1.0, and 2.0 equiv of Cu(II), as monitored by ThT
fluorescence assay. The concentrations of peptides used were
10 and 100 μM, for IAPP(15−29) and IAPP(15−22),
respectively. In these assays, an increase in ThT fluorescence
intensity at emission λ = 485 nm is indicative of the formation
of rigid amyloid-like structures capable of ThT binding. Figure
1A shows that the fibrillization of IAPP(15−22) is slower in the
presence of Cu(II). The lag time for aggregation of IAPP(15−
22) is 25 min, and it increases to 129 and 274 min in the
presence of 0.5 and 1.0 equiv of Cu(II), respectively. Finally, no
changes in the ThT fluorescence are observed in the presence

of 2.0 equiv of Cu(II) (Figure 1A) in the time frame of these
experiments. These results indicate that Cu(II) delays and/or
inhibits the formation of amyloid fibers of IAPP(15−22). The
effect of Cu is even more pronounced for the longer fragment
IAPP(15−29), as shown in Figure 1B. IAPP(15−29) has a
shorter lag time for fibrillization (8.9 min) than IAPP(15−22),
even at a 10× lower peptide concentration, which is consistent
with having a longer sequence that includes hydrophobic
residues. In the presence of Cu(II), IAPP(15−29) does not
show any increase in ThT fluorescence, indicating that, under
the conditions of this experiment, the peptide does not form
amyloid fibrils in the presence of Cu(II) (Figure 1B).
The fibers of IAPP(15−22) were imaged by TEM at the end

point of the ThT assay. Figure 1C shows that the IAPP(15−
22) fibers are long and well-structured; in the presence of 0.5
equiv of Cu(II) the amount of fibers decreases, and the fibers
look shorter (Figure 1D). When the fibers are grown with 1.0
equiv of Cu(II), they are shorter and apparently thinner than
the fibers grown without Cu(II), while less-structured non-
fibrillar aggregates are observed (Figure 1E). In the presence of
2.0 equiv of Cu(II) the TEM image shows mostly disordered
aggregates and very few short and thin fibrils (Figure 1F).
Altogether, these results show that Cu(II) delays the formation
of amyloid fibrils of IAPP, possibly by promoting a different

Figure 1. Cu(II) effects in the amyloid aggregation of IAPP(15−22) (A) and IAPP(15−29) (B), followed by ThT fluorescence, in the absence of
Cu(II) (black), and presence of 0.5 equiv (red), 1.0 equiv (green), and 2.0 equiv (blue) of Cu(II). TEM images of the IAPP(15−22) amyloid fibrils
grown in the absence of Cu(II) (C), and in the presence of 0.5 equiv (D), 1.0 equiv (E), and 2.0 equiv (F) of Cu(II).
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aggregation pathway that yields fewer and shorter fibrils, as well
as aggregates with nonfibrillar morphology.
Cu(II) Binding to IAPP(15−22). To gain insight into the

mechanism by which Cu(II) affects the aggregation of IAPP,
the direct interaction of this metal ion with IAPP(15−22) was
investigated. CD spectroscopy is a useful tool to probe copper-
protein interactions, as it allows the characterization of
electronic transitions associated with the resulting chiral
complexes. Here, a 0.3 mM solution of IAPP(15−22) was
titrated with Cu(II) at pH 7.5, followed by electronic
absorption and CD spectroscopy (Figure 2). Upon addition

of the metal ion, several signals arise in the UV−visible region,
indicating coordination to the peptide. All CD signals saturate
at 1 equiv of Cu(II), suggesting a 1:1 molar stoichiometry for
the Cu(II)−peptide complex. The presence of a 1:1 Cu−
peptide aduct was confirmed by mass spectrometry, while no
evidence for dimeric species was found (Supporting Informa-
tion, Figure S1). The CD spectrum of the Cu(II)-IAPP(15−
22) complex (Figure 2 and Supporting Information, Figure S1)
has two negative bands centered around 16 200 cm−1 (617 nm;
Δε = −0.71 M−1 cm−1), and 32 400 cm−1 (309 nm; Δε =
−0.024 M−1 cm−1); and a couple of positive signals around
29 800 cm−1 (335 nm; Δε = 0.14 M−1 cm−1), and at 39 000
cm−1 (256 nm, Δε = 2.64 M−1 cm−1) (Supporting Information,
Table S1). On the basis of their energies and intensity, the
electronic transition at 16 200 cm−1 can be assigned as a d−d
band, while all others correspond to ligand-to-metal charge
transfer (LMCT) transitions. In particular, transitions at 32 400
and 39 000 cm−1 can be assigned as π1 and π2 LMCT that

originate from imidazole His binding to Cu(II),49 while the
signal at 29 800 cm−1 is a LMCT indicative of coordination of
deprotonated amide groups.49 Finally, once the CD signals
associated with the Cu(II)-IAPP(15−22) complex were
identified, their growth as a function of Cu concentration was
used to estimate a dissociation constant (Kd) for this complex.
Assuming only one binding site, a fit of the titration data
yielded a Kd of 12.3 ± 2.7 μM for the Cu(II)-IAPP(15−22)
complex (Supporting Information, Figure S2).
Often, Cu(II) coordination to peptides is pH-dependent;

therefore, the CD spectrum of the Cu(II)-IAPP(15−22)
complex was collected at different pH values (Figure 3).

Following the CD spectral changes at different energies, it
becomes evident that the signal intensity is dependent on pH,
and the signal displays a sigmoidal behavior, which is indicative
of protonation equilibria. The experimental data can be fit with
the following model:

ε
ε ε ε

Δ =
Δ + Δ + Δ

+ +

+ +

+ +
H H Ka Ka Ka

H H Ka Ka Ka
( 2[ ] [ ] )

(2[ ] [ ] )obs
1 2 1 3 1 2

1 1 2 (1)

where Δεobs is the observed CD signal intensity at any given
pH, Ka1 and Ka2 are equilibrium constants associated with two
protonation events of the Cu(II)-IAPP complex, and Δε1, Δε2,

Figure 2. Titration of IAPP(15−22) with Cu(II) followed by UV−vis
absorption (A) and CD spectroscopy (B) at pH 7.5. Dotted lines
correspond to the addition of 0, 0.2, 0.4, 0.6, 0.8 eq of Cu(II), and the
solid blue and red lines correspond to the addition of 1.0 and 2.0 eq of
Cu(II), respectively. (A, inset) Enlarged lower-energy region for the
d−d region of the UV−vis spectrum (A). (B, inset) CD signal
intensity at 39 062 cm−1 plotted as a function of the number of
equivalents of Cu(II), clearly showing a 1:1 stoichiometry for the Cu−
peptide complex. Figure 3. pH titration of the Cu(II)-IAPP(15−22) complex (A), as

followed by CD. The Cu(II)-IAPP complex solution was titrated from
pH ≈ 5.7 (continuous bold light line) to pH ≈ 10 (continuous bold
dark line); spectra for intermediate pH values are shown in dashed
lines. The traces for the CD signal intensity changes at 16 234 cm−1

(light blue and left Y axis scale) and 30 303 cm−1 (dark blue and right
Y-axis scale) (B) were fitted to the model described in the text (solid
lines) to determine the associated pKa values.
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and Δε3 are the CD signal intensities of the three different
species with different protonation states. The pKa values
associated with the two protonation equilibria, as determined
by the best fit of experimental data from at least duplicated
experiments, are 6.23 ± 0.13 and 9.42 ± 0.4. These results
indicate that at physiological pH (7.4), only one species of the
Cu(II)-IAPP(15−22) complex is present.
Cu(II) coordination to IAPP(15−22) at pH 6.0, 6.5, 7.5, 8.5,

and 9.5 was also studied by X-band EPR (Figure 4 and

Supporting Information, Table S2) to get further insight into
the protonation equilibriums observed by CD. In all cases, the
complexes show EPR signals with gII > g⊥> 2.00 and a large
parallel copper hyperfine splitting (AII), which is indicative of a
dx2−y2 ground state. At pH 7.5, only one Cu(II)-IAPP(15−22)
complex is observed with gII and AII values of 2.236 and 168 ×
10−4 cm−1, falling in a range associated with complexes with an
equatorial coordination mode with three nitrogen-based and
one oxygen-based ligands (Table S2), according to Peisach−
Blumberg correlations.50 Note that this type of correlation is
only informative of the equatorial coordination shell, and thus,
the possibility of the presence of a fifth axial ligand in this
complex cannot be evaluated by these correlations.
In contrast, at pH 6.0, three species are observed: (i) signals

associated with free Cu(II) in solution; (ii) a species with gII =
2.374 and AII = 135 × 10−4 cm−1 that correlates to an equatorial
coordination shell with one nitrogen and three oxygen-based
ligands (1N3O); and (iii) a species with gII = 2.237 and AII =
167 × 10−4 cm−1 that correlates to an equatorial coordination
shell of 3N1O, and it actually corresponds to the species found
at pH 7.5 (Figure 4 and Supporting Information, Table S2).
The 1N3O complex must be Cu(II) bound to His18, where the
oxygen-based ligands could be provided by the solvent or the
peptide. Thus, the pKa of 6.23 can be associated with the

concerted deprotonation of two backbone amides to transform
the 1N3O complex into the 3N1O complex, which is the actual
chiral complex detected by CD. IAPP is stored in β-cell
granules at pH ≈ 5.5, and it is released into the extracellular
compartment where the pH is 7.4. Thus, the 1N3O and 3N1O
complexes are physiologically relevant species.
Finally, EPR data collected at pH 8.5 and 9.5 reveal the

presence of another species with gII = 2.223 and AII = 220 ×
10−4 cm−1 that correlates to an equatorial coordination mode
with four nitrogen-based ligands (4N), according to Peisach−
Blumberg correlations (Figure 4 and Table S2). Thus, the pKa
of 9.2 can be ascribed to the deprotonation of a backbone
amide in the 3N1O complex to lead to a 4N complex.
However, the 4N species would not be relevant under
physiological conditions.

His18 is a Key Residue for Cu(II) Binding to IAPP(15−
22) and Its Effect on Aggregation. To evaluate the role of
His18 in Cu(II) binding to IAPP(15−22), the IAPP(15−
22)H18A variant was prepared. A comparison of the CD
spectra of the Cu(II) complexes at pH 7.5 (Figure 5A) shows
changes upon the H18A substitution: the transition at 16 200
cm−1 is shifted to 17 100 cm−1 and is less intense (585 nm Δε
= −0.23 M−1cm−1); the band around 29 800 cm−1 is shifted to
higher energy, while all the transitions show significantly
decreased intensity (Supporting Information, Table S1). All
these differences indicate that the nature of the Cu(II)-
IAPP(15−22) complex has been drastically affected upon the
H18A substitution. The EPR spectra show even more dramatic
differences (Figure 5B): the gII and AII values for the Cu(II)-
IAPP(15−22)H18A complex are 2.221 and 201 × 10−4 cm−1,
which are widely different from those obtained for the Cu(II)-
IAPP(15−22) complex, and fall in a range associated with an
equatorial coordination with four nitrogen-based ligands
(Supporting Information, Table S2). In fact, these parameters
are similar to those obtained in a recent study of rat IAPP,
which lacks residue His18.47 Finally, the decreased intensity of
the CD and EPR spectra of the Cu(II)-IAPP(15−22)H18A
complex suggests a diminished affinity for Cu(II). Overall,
these results indicate that His18 is the primary anchoring
residue for Cu(II) binding to IAPP(15−22) and that the
absence of His18 leads to the formation of a completely
different Cu(II)-IAPP complex.
We next evaluated the effect of Cu(II) ions in the

aggregation of IAPP(15−22)H18A (Supporting Information,
Figure S3). Addition of Cu(II) delays the formation of
IAPP(15−22)H18A amyloid fibers but to a lesser extent as
compared to wild type IAPP(15−22). In fact, while addition of
2 equiv of Cu(II) completely abates fibrillization of IAPP(15−
22), it does not prevent formation of amyloid fibrils with
IAPP(15−22)H18A (Figure S3). A recent spectroscopic study
has shown that Cu(II) binds to rat IAPP(17−22) fragment,
even in the absence of anchoring groups like His18, potentially
coordinating to Ser and Asn residues in positions 19 to 22.47

Thus, Cu(II) binding to these residues must be responsible for
the weak effect of this metal ion in the aggregation of
IAPP(15−22)H18A. In summary, our results indicate that the
H18A substitution diminishes the affinity of the peptide for
Cu(II), leading to a completely different Cu(II)-IAPP complex,
and diminishing significantly the inhibitory effect of Cu(II) in
IAPP amyloid formation.

Identifying Other Key Residues for Cu(II) Binding to
IAPP(15−22). When Cu binds to His-containing peptides, its
coordination shell can be completed by deprotonated backbone

Figure 4. EPR spectra of the Cu(II)-IAPP(15−22) complexes at
different pH values. All spectra were collected as described in the
experimental section at 150 K. Asterisks indicate signals associated
with free Cu(II) in solution.
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amide groups and/or amino acid residues in the vicinity.46 To
evaluate the role of the residues that precede and follow His18
in the sequence in Cu(II) binding to IAPP(15−22), the shorter
fragments IAPP(18−22) and IAPP(15−18) were prepared.
The CD spectra of the Cu(II) complexes with these variants are
compared at pH 7.5 in Figure 5A, clearly showing the
similarities between the IAPP(18−22) and IAPP(15−22)
Cu(II) complexes (Supporting Information, Table S1). More-
over, the EPR parameters for these two complexes are very
similar, and in both cases, their parallel g and A values correlate
well for complexes with a 3N1O equatorial coordination mode
(Figure 5B and Supporting Information, Table S2). In contrast,
the CD spectrum of the Cu(II)-IAPP(15−18) complex (Figure
5B) is strikingly different from that of Cu(II)-IAPP(15−22),
showing two negative signals around 17 250 cm−1 (580 nm; Δε
= −0.13 M−1 cm−1) and 33 900 cm−1 (295 nm; Δε = −0.19
M−1 cm−1) (Table S1). Furthermore, EPR indicates the
differences between the two complexes are dramatic, as the

EPR parameters of the Cu(II)-IAPP(15−18) complex fall in a
range associated with a 4N equatorial coordination (Table S2)
at pH 7.5.
Overall, these data indicate that the Cu(II) complex formed

with IAPP(18−22) has the same coordination environment as
the Cu(II)-IAPP(15−22) complex. This conclusion is further
supported by an analysis of the titration data of the Cu(II)-
IAPP(18−22) complex, which yields a very similar Kd value
(7.1 ± 1.5 μM) to that of the Cu(II)-IAPP(15−22) complex
(Supporting Information, Figure S2). It becomes evident then,
that the residues following His18 are key for Cu(II) binding to
IAPP, while residues preceding His18 are not required for
Cu(II) coordination. To further test this notion, 2D 1H−1H
TOCSY NMR data were collected on the IAPP(15−22)
peptide (Figure 6). Signal assignment was adjusted to our

conditions from the BMRB-18795 assignment.51 1H−1H
TOCSY allows the observation of cross peaks for the backbone
amide groups of each residue (denoted as H in Figure 6), as
well as the protons placed at positions α, β, γ, and δ with
respect to the backbone carbonyl group (denoted as HA, HB,
HG, and HD, respectively, in Figure 6). Upon addition of 0.3
equiv of Cu(II), the signals from residues His18, Ser19, Ser20,
Asn21, and Asn22 disappear completely, while those of residues
Phe15, Leu16, and Val17 are not affected at all (Figure 6).
Since Cu(II) is a paramagnetic ion, its binding to the peptide
would cause a decrease in intensity of the signals of the residues
in the vicinity of its binding site; this is due to the paramagnetic
relaxation enhancement (PRE) effect.52 Thus, the data shown
in Figure 6 strongly support the conclusion that Cu(II) binding
to the IAPP(15−22) occurs toward the C-terminal of the
peptide, involving residues His18, Ser19, Ser20, Asn21, and
Asn22, while the residues preceding the His18 are not involved
in Cu(II) binding at all. Although it might be surprising that
Cu(II) coordination to a His-containing peptide would occur
toward the C-terminal forming a seven-membered ring with the
first deprotonated amide, note that the final complex with a

Figure 5. CD (A) and EPR spectra (B) of Cu(II) complexes with
human IAPP fragments: 15−22 (black), 18−22 (blue), 15−18
(green), and 15−22H18A (red). All spectra were collected after the
addition of 1.0 equiv of Cu(II) at pH 7.5.

Figure 6. Overlaid 2D 1H−1H TOCSY NMR spectra of IAPP(15−22)
in the absence (black) and presence (red) of 0.3 equiv of Cu(II).
Signals labeled as H correspond to backbone amide protons for each
residue, while HA, HB, HG, and HD correspond to α, β, γ, and δ
protons, respectively, the latter being only relevant for Leu and Val
residues. Blue signals correspond to noise from residual DMSO in the
peptide solution.
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3N1O equatorial coordination mode would form a set of 7,5,5-
membered rings (Supporting Information, Figure S4). Such a
chelate would be overall more stable than the set of 6,5,7-
membered rings that would be formed for a 3N1O complex
toward the N-terminal, considering the participation of two
deprotonated amide groups and a backbone carbonyl.53

Altogether, our spectroscopic data indicate that (i) Cu(II)
binds to His18 and the residues toward the C-terminal domain;
(ii) Cu(II) coordination involves deprotonated backbone
amide groups; and (iii) the equatorial coordination shell
involves three nitrogens and one oxygen-based ligand, at
physiological pH. Thus, two plausible coordination models for
the Cu(II)-IAPP(15−22) complex at pH 7.5 can be proposed,
with Cu(II) binding to His18 and the deprotonated amides of
Ser19 and Ser20. To complete the 3N1O equatorial
coordination mode, the oxygen-based ligand could be a
backbone carbonyl, the hydroxyl group of Ser 20, or a water
molecule. The proposed structures are shown in Supporting
Information, Figure S4, although further studies are needed to
probe the specific role of Ser and Asn residues that follow
His18 in the Cu(II) coordination shell.
Cu(II) Bound to IAPP Aggregates. Once a good

description for Cu(II) coordination to monomeric IAPP has
been achieved, the characterization of how Cu(II) binds to
IAPP aggregates should shed light on the mechanism for Cu-
mediated inhibition of IAPP amyloid formation. Thus, the EPR
spectra of fibers of IAPP(15−22) grown in the presence of 0.5
equiv of Cu(II) at pH 7.5 were collected (Figure 7). The gII and

AII of Cu(II) present in the IAPP(15−22) fibers are 2.286 and
172 × 10−4 cm−1; these parameters fall in the range of values
associated with 1N3O or 4O equatorial coordination. Clearly,
this equatorial coordination is very different from that observed
for the Cu(II)-IAPP complex in solution (Table 1). This
implies that, even though Cu(II) was initially bound to
IAPP(15−22) as characterized for the monomeric peptide in

solution, upon aggregation the mode of Cu(II) binding to the
peptide changes drastically, leading to a different coordination
environment. This would imply that the conformational
changes involved in fiber formation forces the metal ion to
adopt a coordination mode in the peptide that is very different
from the one it would adopt in solution. Consistently, when 0.5
equiv of Cu(II) was added to fibers of IAPP(15−22) grown in
the absence of metal ion, the EPR spectrum was dominated by
a species with a gII = 2.285 and AII = 172 × 10−4 cm−1, which is
practically identical to that observed for the fibers grown in the
presence of Cu(II) (Figure 7, Table 1), and it is drastically
different from the species observed for the monomeric Cu(II)-
IAPP(15−22) complex in solution.
On the other hand, the EPR spectrum of IAPP(15−

22)H18A fibers, grown in the presence of Cu(II), shows two
species at pH 7.5, one of them with gII and AII values that
correspond to a 1N3O equatorial coordination, while the
second species corresponds to a 4O equatorial coordination
(Figure 7, Table 1). In addition, identical EPR spectra were
observed when 0.5 equiv of Cu(II) were added to IAPP(15−
22)H18A fibers grown in the absence of metal ions. Evidently,
none of these two species correspond to that observed in the
Cu(II)-IAPP(15−22)H18A soluble complex at pH 7.5, which
displays a 4N equatorial coordination (Supporting Information,
Table S2), and they do not correspond to free Cu(II) in
solution either (Supporting Information, Figure S5). All these
results suggest that Cu(II) coordination to these peptides is
different in solution than in the aggregated form. Thus, the
fibrillization of IAPP(15−22) has an important impact in metal
ion coordination: the Cu(II) binding site in IAPP as
characterized in solution is no longer available or accessible
to the metal ion in the amyloid fibril. Instead, Cu(II) binds to
IAPP fibers yielding coordination modes that are less nitrogen-
rich, with 1N3O or 4O equatorial coordination modes.

Mechanism for the Inhibitory Effect of Cu(II) in IAPP
Amyloid Aggregation. Our results clearly show that Cu(II)
exerts an important effect in the aggregation of IAPP, as
manifested by a significant delay in fibrillization and changes in
the morphology of the aggregates. A detailed spectroscopic
study of Cu(II) binding to IAPP shows that the anchoring
residue for this interaction is His18 and that Ser and Asn
residues that follow His18 in the sequence (i.e., residues 19−
22) also play an important role in Cu binding, while residues
preceding His18 are not required for Cu(II) coordination.
Cu(II) binding to His18 as characterized in solution is the key

Figure 7. EPR spectra for Cu(II) bound to IAPP(15−22) and
IAPP(15−22)H18A fibers at pH 7.5. Spectra in black correspond to
fibers grown in the presence of 0.5 equiv of Cu(II), while spectra in
blue correspond to fibers grown in the absence of metal ion; however,
0.5 equiv of Cu(II) was added once the mature fiber was formed.

Table 1. Electron Paramagnetic Resonance Parameters of
Monomeric and Fibrillar Cu(II)-IAPP Complexes at pH 7.5

complex gll All
a

coordination
mode

monomeric Cu(II)-IAPP(15−22) 2.236 168 3NO
IAPP(15−22) fibers grown with Cu(II) 2.286 172 N3O
IAPP(15−22) fibers + Cu added 2.285 172 N3O

2.319b 166b 4Ob

monomeric Cu(II)-IAPP(15−22)H18A 2.221 201 4N
IAPP(15−22)H18A fibers grown with
Cu(II)c

2.291 160 N3O

2.336 148 4O
IAPP(15−22)H18A fibers + Cu addedc 2.292 158 N3O

2.333 151 4O
a(cm−1 × 10−4). bA very small amount of a second species is observed,
which does not correspond to free Cu(II) in solution (Supporting
Information, Figure S5). cTwo different species are observed.
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event that is associated with the effect of this metal ion in
IAPP(15−22) fibrillization, as the H18A substitution dimin-
ishes the Cu(II) effect. Thus, Cu(II) binds to IAPP(15−22)
fragment in a key region for its conversion into amyloid fibers.
In fact, fibrillization of IAPP(15−22) forces Cu(II) to adopt a
drastically different coordination mode than the original
complex in monomeric solution, strongly suggesting that the
conformation imposed by copper in the monomeric Cu(II)-
IAPP(15−22) complex competes with the conformational
changes that are necessary in the aggregation pathway leading
to amyloid fibers. Models for IAPP amyloid fibrils have been
derived recently by EPR,54 crystallography,55 and solid-state
NMR.56 In the latter two models, the His18 residue is located
in the inner part of the β-sheet structure, while residues Ser19,
Ser20, Asn21, and Asn22 form a loop between two β-sheets.
This conformation clearly explains the fibrillization delay
caused by copper, since the formation of the β-sheet would
compete with the conformation that Cu(II) would impose in
the peptide backbone upon binding to His18 and residues 19−
22 that follow in the sequence (Figure 8).
From our work it derives that any metal ion anchoring at

His18 would have an inhibitory effect in a similar fashion to
copper ions. In fact, His18 could be an anchoring residue for
Zn(II) and Ni(II) ions, both of them described as inhibitors of
IAPP amyloid aggregation. Moreover, a recent study reports the
inhibitory effect of a ruthenium complex,57 which clearly could
be binding to His18. Thus, the mechanism described in Figure
8 is certainly a general mechanism for the inhibitory effects of
metal ions with imidazole binding properties.
Mature IAPP is stored in the β-cell granules of the pancreas

at low pH, and it is normally released into the extracellular
compartment, where pH is 7.4.58 Thus, the spectroscopic
characterization of the monomeric Cu(II)-IAPP(15−22)
species presented here would be relevant in physiological
conditions. Moreover, it is plausible to propose that the
inhibitory effect of Cu(II) and Zn(II) ions in IAPP amyloid
aggregation via anchoring at His18 could be a mechanism to
modulate IAPP conformations and prevent the formation of
IAPP fibers. The potential loss of Cu homeostasis in diabetic
patients would certainly affect these interactions, particularly
when IAPP is released into the extracellular space. On the other
hand, it has been proposed that Cu(II)-IAPP complexes could
stabilize cytotoxic oligomers that trigger apoptosis39 or small
aggregates that increase IAPP cytotoxicity by generating ROS38

causing mitochondria disruption,37 although the molecular
details of these processes remain to be investigated. Under-
standing the physiological relevance of the interaction of Cu(II)
with IAPP and how these interactions may play a role in

pancreatic degeneration associated with T2D are crucial steps
to find therapeutic strategies for this disease.

■ CONCLUSIONS
Human IAPP is found in the pancreatic islets of patients with
T2D as amyloid deposits, and it is thought to play a central role
in the disease. Cu(II) inhibits the amyloid aggregation of IAPP,
and it induces the formation of small aggregates. Our study
shows that Cu(II) binding to IAPP(15−22) at the His18 region
is the key event for its inhibitory effect in amyloid aggregation.
The residues following His18 are important for Cu(II) binding
to IAPP, while residues preceding His18 are not required for
Cu(II) coordination. At physiological pH (7.4), Cu(II) anchors
to His18 and the subsequent amide groups toward the C-
terminal, forming a complex with an equatorial coordination
mode 3N1O. Our EPR studies indicate that Cu binding to
monomeric IAPP(15−22) in this fashion competes with the
conformation changes needed to form β-sheet structures, thus
delaying fibril formation. From our work it derives that any
metal ion anchoring at His18 would have an inhibitory effect in
a similar fashion to copper ions, providing a general mechanism
for the inhibitory effects of metal ions with imidazole binding
properties. This study sheds light on the structural basis for the
interaction of Cu(II) ions with IAPP and their inhibitory effect
in its amyloid aggregation providing further insights into the
bioinorganic chemistry of T2D.
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