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Abstract: Human Islet Amyloid Polypeptide (hIAPP) is a highly amyloidogenic protein found in islet cells
of patients with type II diabetes. Because hIAPP is highly toxic to �-cells under certain conditions, it has
been proposed that hIAPP is linked to the loss of �-cells and insulin secretion in type II diabetics. One of
the interesting questions surrounding this peptide is how the toxic and aggregation prone hIAPP peptide
can be maintained in a safe state at the high concentrations that are found in the secretory granule where
it is stored. We show here zinc, which is found at millimolar concentrations in the secretory granule,
significantly inhibits hIAPP amyloid fibrillogenesis at concentrations similar to those found in the extracellular
environment. Zinc has a dual effect on hIAPP fibrillogenesis: it increases the lag-time for fiber formation
and decreases the rate of addition of hIAPP to existing fibers at lower concentrations, while having the
opposite effect at higher concentrations. Experiments at an acidic pH which partially neutralizes the change
in charge upon zinc binding show inhibition is largely due to an electrostatic effect at His18. High-resolution
structures of hIAPP determined from NMR experiments confirm zinc binding to His18 and indicate zinc
induces localized disruption of the secondary structure of IAPP in the vicinity of His18 of a putative helical
intermediate of IAPP. The inhibition of the formation of aggregated and toxic forms of hIAPP by zinc provides
a possible mechanism between the recent discovery of linkage between deleterious mutations in the
SLC30A8 zinc transporter, which transports zinc into the secretory granule, and type II diabetes.

Introduction

Human Islet Amyloid Polypeptide (hIAPP) is a polypeptide
hormone secreted from pancreatic �-cells in response to glucose
or other chemical signals. Under normal conditions, hIAPP is
involved in glycemic control.1 However, in type II diabetics,
hIAPP aggregates in the pancreas to form dense, insoluble
extracellular fibrillar deposits known as amyloid fibers. The
amyloid deposits are composed of �-sheet aggregates with a
characteristic structure similar to those found in Alzheimer’s,
Parkinson’s, Huntington’s, and a variety of other degenerative
diseases.2 While hIAPP aggregates at nanomolar concentrations
in Vitro, forming both the amyloid fibers characteristic of type
II diabetes and smaller oligomeric species that have been
repeatedly linked to �-cell destruction,3-7 it is safely stored in
the secretory granule at millimolar concentrations.8 The ag-
gregation of hIAPP is highly sensitive to circumstances in which
the experiment is run; both the kinetics and the morphology
and yield of the final amyloid product of IAPP can be influenced

by subtle variations in experimental conditions.9,10 Given that
hIAPP in isolation spontaneously aggregates at concentrations
2 to 3 orders of magnitude lower than those present in the
secretory granule where it is stored, it is reasonable to look for
other factors that act as chaperones to stabilize hIAPP in a
nontoxic form in normal individuals.11,12

There is considerable evidence that the dysregulation of such
amyloid chaperones acts as a trigger for the pathological
aggregation of other amyloid proteins.11,12 The dysregulation
of metal ion homeostasis in particular has received attention
due to the early discovery of a high prevalence of metal ions in
amyloid deposits. High affinity metal binding sites have been
identified in a high percentage of amyloid proteins including
�2-microglubulin,13,14 amyloid-beta (A�),15-20 R-synuclein,21-23
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superoxide dismutase,24 ABri,25 NAC,26 and mammalian prion
protein.27 In some cases, such as with Parkinson’s disease,
clinical and epidemiological evidence directly links an increased
heavy metal intake in environmental contaminated areas to an
abnormally high incidence of neurodegenerative disease.28-30

In other cases, a pathological amyloid aggregation appears to
be caused by a deficient metal transport process as shown by
the significant reduction in amyloid plaques found in mice
deficient for the zinc transporter ZnT3.31

The binding of metal ions can have profound effects on
amyloid aggregation, frequently causing rapid precipitation, a
dramatic increase in fibrillogenesis, changes in the toxicity of
the amyloid aggregates, and alterations in the morphology of
the final aggregate product. Even the transient millisecond
exposure to zinc upon the synaptic pulsing of neurons can
rapidly stimulate A� aggregation.20 In contrast to other amyloid
proteins for which high-affinity metal binding sites have been
identified, the influence of metal binding on hIAPP has not been
clearly established. There is evidence that copper can stimulate
the production of H2O2 by hIAPP,32 possibly generating
oxidative stress in a manner similar to A�.33 In addition to its
possible role in generating �-cell oxidative stress, copper(II)
has also been found to mediate the membrane-interaction of a
fragment (17-29) of hIAPP.34 Similar modifications of mem-

brane interactions have been found with calcium and full-length
hIAPP.35 While evidence exists for the interaction of Cu(II) with
hIAPP, the ability of other metals to affect hIAPP has been
almost entirely unexplored. Zinc is of particular interest as the
zinc content of pancreatic �-cells is among the highest in the
body and various clinical and epidemiological studies suggest
zinc deficiency is a common symptom of type II diabetes.36,37

The recent discovery between the genetic linkage between the
SLC30A8 gene,38-41 which transports zinc into the secretory
granule where insulin and hIAPP are stored,42-44 and type II
diabetes suggests zinc could have an impact on hIAPP cyto-
toxicity toward �-cells.

Materials and Methods

Peptide Synthesis. Human-IAPP (sequence KCNTATCATQR-
LANFLVHSSNNFGAILSSTNVGSNTY) was synthesized with an
amidated C-terminus and a disulfide bridge between residues 2 and
7 using t-Boc-protected amino acids on MBHA resin using a
standard solid-phase synthesis protocol.45 The crude product was
dissolved in 3.5 M GuHCl and purified on a reverse-phase HPLC
on a Waters semipreparative C18 column equilibrated in 0.1%
trifluoroacetic acid and eluted with a linear gradient from 0% to
80% acetonitrile at a flow rate of 10 mL/min. After lyophilization,
the semipure product was then dissolved in pure water to 2 mg/
mL and oxidized with Thallium(III) trifluoroacetate according to
the method of Page et al.,46 using a 2 h reaction time with stirring
followed by additional purification by reverse-phase HPLC. The
purity of the final product (>95%) was checked by analytical HPLC
and MALDI-MS.

Kinetic Studies Using Thioflavin Fluorescence. The kinetics
of hIAPP amyloid formation was measured using the increase in
fluorescence intensity upon binding of the amyloid fiber to the
amyloid specific dye Thioflavin T (ThT). Before the start of the
experiment, hIAPP was first solubilized in hexafluoroisopropanol
at a concentration of 250 µM to break up any pre-existing
aggregates. To start the aggregation experiment, the lyophilized
peptide was first dissolved in deionized water at 4 °C to a
concentration of 250 µM, spun through a 0.22 µm filter, and then
diluted to a concentration of either 5 or 10 µM with a buffer
containing the appropriate amount of ZnCl2 (100 mM Tris with
100 mM NaCl and 25 µM ThT for experiments at pH 7.5, 100
mM sodium acetate with 100 mM NaCl and 25 µM ThT for
experiments at pH 5.5). The pH of each sample was individually
adjusted to the correct value due to the acidity of ZnCl2. All buffers
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were previously passed through a Chelex-100 column to remove
trace amounts of endogenous zinc. Tris buffer was used due to its
low affinity for zinc.

Experiments were performed in sealed Corning 96 well clear
bottom half area, nonbinding surface plates. Time traces were
recorded with Biotek Synergy 2 plate reader using a 440 excitation
filter and a 485 emission filter at a constant temperature of 25 °C
without shaking. The time-dependence of ThT fluorescence was
fitted to a sigmoidal growth model that has empirically been found
to reproduce most of the features of amyloid aggregation:

I )
Imax - I0

1 + e(t-t1/2)/k
(1)

where I0 and Imax are the initial and maximum fluorescence values,
t1/2 is the time required to reach half intensity, and k is an apparent
first-order rate constant for the addition of hIAPP to existing
fibers.47 The lag-time t0, the time predicted by nucleation dependent
polymerization theory before detectable amyloid formation occurs,
is described by t0 ) t1/2 - 2/k.

Electron Microscopy. Solutions of hIAPP were allowed to
incubate for 2 days at pH 7.5 before loading in the presence of
either 0, 100, or 1000 µM ZnCl2. Samples were prepared identically
to those used for ThT kinetic experiments except the concentration
of hIAPP was 100 µM and ThT was not included in the sample.
After incubation, 5 µL aliquots were loaded onto Formvar-coated
copper grids (Ernest F. Fullam, Inc., Latham, NY) for 2 min, washed
twice with 10 µL of deionized water, and then negatively stained
for 90 s with 2% uranyl acetate. Samples were imaged with a Philips
CM10 Transmission Electron Microscope at 6500× or 15 000×
magnification.

NMR Sample Preparation. Preformed aggregates of hIAPP
were removed by dissolving the peptide in hexafluoroisopropanol
(HFIP) and removing the solvent by lyophillization as described
above. The lyophilized powder was then dissolved first in deuterated
HFIP/trifluoroethanol (TFE) and then buffer so that the final solution
was 1 mM hIAPP in 22% HFIP, 8%TFE, 20 mM deuterated Tris
at pH 7.5. The spectrum with zinc was obtained by adding zinc to
a final concentration of 10 mM from a 100 mM stock solution.

NMR Data Collection and Processing. All the NMR spectra
of hIAPP were recorded at 30 °C using a 900 MHz Bruker Avance
NMR spectrometer equipped with a triple-resonance z-gradient
cryogenic probe optimized for 1H-detection. Backbone and side-
chain assignments were done with the help of homonuclear
experiments such as 2D 1H-1H TOCSY (Total Correlation Spec-
troscopy) and 2D 1H-1H NOESY (Nuclear Overhauser Enhance-

ment Spectroscopy) recorded at 80 and 300 ms mixing time,
respectively. Complex data points were acquired for quadrature
detection in both frequency dimensions for the 2D experiments and
all the spectra were zero-filled in both dimensions to yield matrices
of 2048 × 2048 points. Proton chemical shifts were referenced to
the methyl signal of 2,2-dimethyl-2-silapentane-5-sulfonate (Cam-
bridge Isotope Laboratories) as an external reference at 0 ppm. All
2D spectra were processed using TopSpin 2.1 software and analyzed
using SPARKY.48 Initial resonance assignments were carried out
using a standard approach reported elsewhere.49

Structure Calculations. The final structure was calculated with
the CYANA 2.1 program package using simulated annealing in
combination with molecular dynamics in torsion angle space.50

Dihedral angle restraints were calculated directly from the NOE
connectivities.51 During the first round of structure calculations,
only unambiguous long-range NOE constraints were used to
generate a low-resolution fold for the structure. Assignments of
the remaining ambiguous NOE cross-peaks were made in an
iterative fashion by applying a structure-aided filtering strategy in
repeated rounds of structure calculations.52 After the complete
assignment of resonances, a total of 100 conformers were calculated
in 8000 annealing steps each and the best 10 low energy conformers
were selected and visualized using MOLMOL.53

Results

Zinc Reduces the Extent of hIAPP Amyloid Formation. To
determine if zinc can directly affect amyloidogenesis by hIAPP,
we monitored the rate of fibril formation of solutions of 5 and
10 µM hIAPP in the presence of micromolar to millimolar
concentrations of ZnCl2 using the fluorescence of the dye
Thioflavin T (Figure 1) as a marker. Thioflavin T’s fluorescence
increases markedly upon binding to the stacked �-sheets of
amyloid fibers making it a useful specific marker of amyloid
formation as other prefibrillar aggregates which lack the
characteristic cross �-sheet superstructure of the amyloid fibers
do not increase its fluorescence substantially. Zinc significantly
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Figure 1. Zinc inhibits hIAPP amyloid fibril formation at pH 7.5. Amyloid formation by hIAPP as a function of zinc concentration as followed by the
amyloid-specific dye Thioflavin T: (A) 5 µM and (B) 10 µM hIAPP with indicated concentrations of ZnCl2. Traces are averages for n ) 9 (5 µM hIAPP)
and n ) 7 (10 µM hIAPP) runs. The kinetic analysis of these traces and the variation of the final THT fluorescence intensity as a function of zinc concentration
(along with the associated error bars) are given in Figures 4 and 2, respectively.
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affects the formation of IAPP amyloid fibers, as shown by the
sharp reduction in Thioflavin T fluorescence when zinc is added
to the incubation solution (Figure 2). Amyloid formation is
strongly affected by zinc in the micromolar concentration range,
with the final Thioflavin T fluorescence value at the end of the
incubation period decreasing to an intensity of about half the
zinc free value at 250 µM ZnCl2 before apparent saturation is
reached at approximately 750 µM ZnCl2 (Figure 2).

Zinc Reduces Amyloid Deposition but Does Not Significantly
Alter the Final Fiber Morphology. The results from the Thioflavin
T fluorescence assay suggest the stability of the amyloid fibers
is negatively affected by zinc. However, some inhibitors are
known to interfere with the binding of Thioflavin T to amyloid
fibers, leading to a false positive result for inhibition.54,55

Accordingly, we confirmed the results of the Thioflavin T assay
by examining the ultrastructure of the amyloid fibers using
electron microscopy. In the absence of zinc, 100 µM solutions
of hIAPP massively aggregate to form the dense mats of the
long branched fibers typical of amyloid proteins within 48 h
(Figure 3A). The addition of either 100 µM or 1 mM ZnCl2

during incubation causes a significant reduction in the amount
of amyloid deposition on the grid (compare panels B and C to
panel A in Figure 3), giving an independent confirmation of
the results of the Thioflavin T assay.

The morphology of amyloid fibers is frequently sensitive to
the conditions at which they assemble (18-20). Typically,
amyloid fibers grown in the presence of an amyloid inhibitor
are usually both thinner and shorter than those grown in its
absence due to an enhancement of the fiber breakage rate and
impairment of the association of the protofilament subunits that
make up the amyloid fiber bundle.56-60 Interestingly, while the

total amount of fibers is greatly reduced by zinc, the overall
morphology of the individual amyloid fibers remains similar
within the limits of the resolution of our instrument. Fibril
diameters of ∼10 nm were observed consistently in all samples
in agreement with previous reports,61 indicating zinc does not
lead to a decrease in filament width (Figure 3D-F). Noticeably
shorter or significantly thinner fibers were not seen, indicating
Zn2+ does not significantly enhance breakage of the fiber or
greatly impair the lateral attachment of protofilaments to mature
amyloid fibers. Similar results have been obtained with CuCl2.

62

Furthermore, large amorphous nonfibrillar precipitates, which
have frequently been observed with other metal-complexed
amyloids,20,25,63 were not detected at either zinc concentration.
The inability of the zinc to alter the final fiber morphology likely
indicates that some of the IAPP fibers are relatively unaffected
by zinc while another significant fraction remains soluble and
not extensively aggregated.

Zinc Decreases the Rate of Amyloid Formation at Low
Concentrations but Stimulates It at Higher Concentrations.
Amyloid fibers are typically formed in a multistep process that
is highly dependent on the formation of energetically unfavor-
able nuclei. In the initial stages of aggregation before a sufficient
population of nuclei are formed (the lag-phase), amyloid
formation proceeds very slowly and only trace amounts of
amyloid fibers are formed. Once a critical concentration of nuclei
is reached, aggregation proceeds exponentially by the addition
of protein to the ends of the existing fibers until virtually all of
the protein is converted to amyloid at equilibrium. Examination
of the effect of an inhibitor on the kinetic profile is frequently
helpful in distinguishing its mode of action. The length of the
lag-time before detectable amounts of amyloid fibers are formed,
for example, is an indication of the relative stability of early
intermediates in the aggregation process. A compound that
stabilizes this rare intermediate can be expected according to
the nucleation polymerization model to reduce the lag-time,
while one that destabilizes it can be expected to have the
opposite effect unless it is excessively stabilized to form a stable
intermediate. Similarly, the steepness of the polymerization
reaction is a reflection of the rate of growth at fiber ends and
secondary nucleation (creation of growth sites by fiber breakage
or branching).

It has been empirically found that amyloid kinetics frequently
follow a sigmoidal growth model (eq 1).47 Analysis of the
aggregation kinetics by this equation reveals a complex depen-
dence of the aggregation rate on the zinc concentration with
differing effects on the rate of nucleation and the rate of fibril
growth. In particular, the nucleation rate is affected in a
multimodal fashion as depicted in a plot of the lag-time before
the onset of fiber growth (Figure 4). While low concentrations
of zinc up to approximately 100 µM cause a modest increase
in the lag-time of 5 µM hIAPP (Figure 4A inset), this effect is
reversed as the zinc concentration is further increased with the
lag-time decreasing nearly linearly before it plateaus at ap-
proximately half the zinc free value at 1000 µM ZnCl2 (Figure
4A). A similar effect can be seen when hIAPP is incubated at
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Figure 2. Zinc decreases the equilibrium concentration of hIAPP fibers at
pH 7.5. Variation in the fluorescence intensity of the amyloid-bonding dye
Thioflavin T as a function of ZnCl2 concentration after fibrillogenesis has
completed as extracted from the experimental results presented in Figure
1. Values for 5 and 10 µM were determined after 2 and 1 day(s),
respectively. The intensity values were normalized to hIAPP in the absence
of zinc. Error bars indicate standard error of measurement (S.E.M) for n )
9 (5 µM hIAPP) and n ) 7 (10 µM hIAPP). Inset shows the effect at lower
ZnCl2 concentrations (0-1000 µM).
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Figure 3. Zinc reduces the density of hIAPP fibrils while maintaining a similar fibril morphology. (Top) Electron micrographs showing the effect of zinc
on total amyloid deposition and fiber morphology. Aliquots from a 100 µM hIAPP solution incubated with (A) 0 µM ZnCl2, (B) 100 µM ZnCl2, and (C)
1000 µM ZnCl2 were deposited on copper grids after an incubation period of 2 days and imaged at 6500× magnification. (Bottom) Electron micrographs
of hIAPP incubated with (D) 0 µM ZnCl2, (E) 100 µM ZnCl2, and (F) 1000 µM ZnCl2 imaged at 15 000× magnification.

Figure 4. Zinc has a bimodal effect on hIAPP fibrillogenesis at pH 7.5. Analysis of the kinetics of hIAPP at pH 7.5 according to a sigmoidal growth model.
A variation in the lag-time (t1/2 - 2/k) before detectable fiber formation as a function of ZnCl2 at (A) 5 µM and (B) 10 µM hIAPP. Variations in the apparent
first-order elongation rate constant (k) at (C) 5 µM and (D) 10 µM hIAPP. Error bars indicate standard error of measurement (SEM) for n ) 9 (5 µM hIAPP)
and n ) 7 (10 µM hIAPP). Insets show the effect from 0-500 µM ZnCl2.
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10 µM concentration, although the concentration range in which
the lag-time is decreased is comparatively much less (Figure
4b).

While zinc has a relatively modest effect on the nucleation
rate at physiological concentrations, it has a stronger and
relatively consistent effect on the fibril growth rate. Zinc has a
strong inhibitory effect on the fibril growth rate of 5 µM hIAPP
at all concentrations decreasing it monotonically at all zinc
concentrations except the two highest (Figure 4C). However,
at 10 µM hIAPP, the multimodal effect of zinc becomes
apparent for the elongation rate as well, decreasing the fiber
growth rate sharply up to 250 µM (approximately 80%
reduction) but then slowly increasing the rate at millimolar
concentrations. Two competing mechanisms are apparently in
simultaneous operation, one mechanism dominant at lower
ZnCl2 concentrations leading to an increase in the lag-phase
and retardation of fibril growth and another dominant at higher
ZnCl2 concentrations leading to a both reduction in the lag-
phase and acceleration of fibrillation but a reduction in the
amount of the total amount of amyloid present at equilibrium.

Inhibition of Fiber Formation Is Specific for Metals That
Are Good Ligands for Histidine. To determine if the effect of
ZnCl2 on the aggregation of IAPP is specific to Zn2+ or is
mediated by a nonspecific process, fibril formation of 7.5 µM
IAPP was monitored in the presence of 100 µM NH4Cl, CaCl2,
MgCl2, ZnCl2, or CuCl2. As shown in Figure 5, the strongly
kosmotropic salt NH4Cl had little effect on the aggregation of
IAPP in comparison to ZnCl2. The equilibrium THT fluores-
cence at 3000 min, lag-time, and elongation rate are similar to
the control sample without NH4Cl. Similarly, the chaotropic salts
CaCl2 and MgCl2 also had little effect on the aggregation
kinetics. This is significant because, although Ca2+ and Mg2+

are divalent cations like Zn2+, they are poor ligands for
imidazole which implies imidazole has a specific role in zinc-
influenced IAPP aggregation. On the other hand, CuCl2, which
has a strong affinity for the imidazole group and is known to
specifically bind to IAPP, had an even stronger effect than
ZnCl2. This is an indication that ZnCl2 exerts its influence by
specific binding to imidazole, rather than through a nonspecific
change in solvent structure, at least at lower cation concentrations.

Fibrillogenesis Is Acclerated by Zinc at Acidic pH. To
partially isolate the electrostatic effect of zinc binding, we
performed experiments at a lower pH. In contrast to the complex
effects zinc has on the kinetic profile at pH 7.5, zinc has a much
simpler effect at pH 5.5 when His-18 is already protonated and
the change in charge upon zinc binding is dramatically reduced.
At pH 5.5, zinc decreases the lag-time and increases the
elongation rates in a monotonic and nearly linear fashion (Figure
6) in contrast to the more complex effects seen at pH 7.5. These
results suggest that, while the inhibitory effect of zinc is likely
due to the unfavorable electrostatics of incorporating zinc into
the amyloid fiber, an additional mechanism also exists that is
not dominated by this effect and favors the creation of the
amyloid fiber.

Figure 5. Inhibition of aggregation is specific for cations that bind
imidazole. A total of 100 µM NaCl, NH4Cl, MgCl2, CaCl2, or ZnCl2 was
added to 7.5 µM hIAPP in 100 mM Tris, 100 mM NaCl, pH 7.5 buffer and
amyloid formation was followed by changes in the fluorescence of the
amyloid specific dye Thioflavin T (25 µM). Samples were shaken at 60
Hz. Traces are averages for n ) 8 experiments.

Figure 6. Zinc accelerates hIAPP amyloid fibril formation at pH 5.5.
Kinetics of hIAPP amyloid formation at pH 5.5. (A) Amyloid formation
by 10 µM hIAPP as a function of zinc concentration. (B) Decrease in the
lag-time (t1/2 - 2/k) before detectable fiber formation as a function of ZnCl2

concentration according to the sigmoidal growth model (eq 1). (C) Increase
in the elongation rate as a function of ZnCl2 concentration according to the
sigmoidal growth model.

8978 J. AM. CHEM. SOC. 9 VOL. 132, NO. 26, 2010

A R T I C L E S Brender et al.



Zinc Binding Causes Localized Disruption of the Secondary
Structure Near His-18. To gain structural insight into this process,
we solved the atomic-level resolution structure of hIAPP in an
organic solvent solution (22% HFIP, 8%TFE) which strongly
promotes the formation of R-helices in the presence and absence
of a 10-fold excess of ZnCl2 (Figure 7) using NMR experiments.
This solvent mixture was used to both minimize the rapid
aggregation of IAPP at neutral pH and to capture some features
of the helical intermediate proposed as a critical step in the
progression of the largely unstructured hIAPP monomer to
amyloid fibers.64,65 Helix-formation is frequently thermody-
namically linked to aggregation,64,65 possibly because of the
smaller conformational space that must be searched to bring
two aggregation-prone regions together for peptides that are
initially partially helical as opposed to completely unstruc-
tured.8,66,67 In hIAPP, this relationship has been shown by the
dramatic decrease in the length of the lag-phase by the addition
of cosolvents which favor the formation of the helical conforma-
tion,68-70 the rapid onset of aggregation after the conformational
transition to the helical state that occurs upon binding to
phospholipid membranes,5,71,8,70 and by the effect of mutations
that are expected to alter the intermolecular interfaces likely to

be present in helical oligomers but not in the �-sheet conforma-
tion of the amyloid fiber.72,73

The structure of hIAPP in the absence of zinc is defined by
a kinked helix from R11 to T30 (Figure 8, statistics are reported
in Table 1). The kink is most likely stabilized by a clustering
of hydrophobic residues on one side of the helix. The N- and
C-terminal regions beyond these residues are disordered,
consistent with previously determined structures of hIAPP.74-76

As expected, it strongly resembles the structure of hIAPP in
35% HFIP .74 Significantly, the structure is also a relatively
close match to the crystal structure of the hIAPP dimer fused
to maltose-binding protein (MBP) as it preserves the helix-kink-
helix architecture that is the central motif in both structures.72

The similarity in this respect is likely significant, as previous
studies have shown that the helix-kink-helix motif detected here
is very likely an early on-pathway intermediate to aggregation.72

Mutations that destabilized the N-terminal helix or disrupted
the packing interface between helices resulted in severely
disrupted amyloid formation.72,73 Conformational changes in the
NMR structure after zinc binding can therefore reasonably be
interpreted as a conformational change in early intermediates
in hIAPP aggregation.

The structure of IAPP in the presence of zinc has similarities
but important differences from the zinc-free structure (Figure
8). The structural differences are localized around His18, and
can be correlated with the chemical shift changes observed (a
plot of the changes in HR and HN chemical shifts is provided in

(64) Abedini, A.; Raleigh, D. P. Protein Eng., Des. Sel. 2009, 22, 453–
459.

(65) Abedini, A.; Raleigh, D. P. Phys. Biol. 2009, 6, 15005.
(66) Hall, D.; Hirota, N.; Dobson, C. M. J. Mol. Biol. 2005, 351, 195–

205.
(67) Nanga, R. P.; Brender, J. R.; Vivekanandan, S.; Popovych, N.;

Ramamoorthy, A. J. Am. Chem. Soc. 2009, 131, 17972–17979.
(68) Higham, C. E.; Jaikaran, E.; Fraser, P. E.; Gross, M.; Clark, A. FEBS

Lett. 2000, 470, 55–60.
(69) Williamson, J. A.; Loria, J. P.; Miranker, A. D. J. Mol. Biol. 2009,

393, 383–396.
(70) Saraogi, I.; Hebda, J. A.; Becerril, J.; Estroff, L. A.; Miranker, A. D.;

Hamilton, A. D. Angew. Chem., Int. Ed. 2010, 49 (4), 736–739.
(71) Jayasinghe, S. A.; Langen, R. Biochemistry 2005, 44, 12113–12119.

(72) Wiltzius, J. J.; Sievers, S. A.; Sawaya, M. R.; Eisenberg, D. Protein
Sci. 2009, 18, 1521–1530.

(73) Koo, B. W.; Hebda, J. A.; Miranker, A. D. Protein Eng., Des. Sel.
2008, 21, 147–154.

(74) Cort, J. R.; Liu, Z.; Lee, G. M.; Huggins, K. N.; Janes, S.; Prickett,
K.; Andersen, N. H. Protein Eng., Des. Sel. 2009, 22, 497–513.

(75) Patil, S. M.; Xu, S.; Sheftic, S. R.; Alexandrescu, A. T. J. Biol. Chem.
2009, 284, 11982–11991.

(76) Nanga, R. P.; Brender, J. R.; Xu, J.; Hartman, K.; Subramanian, V.;
Ramamoorthy, A. J. Am. Chem. Soc. 2009, 131, 8252–8261.

Figure 7. The fingerprint region of 2D 1H-1H NOESY spectra of hIAPP in the absence (A) and presence (B) of 10 mM ZnCl2 showing the connectivities
among HR nuclei and resonance assignment.
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Figure 9). A significant change in the chemical shift of the Hε
and Hδ atoms on the imidazole side chain of His-18 by 0.208
and 0.106 ppm, respectively, was observed. These values are
similar in magnitude to values previously reported for the change
in chemical shift upon Zn2+ binding to the imidazoles of A�.77

By contrast, the Asn14 and Tyr37 residues of hIAPP, which
are infrequent but possible ligands for zinc,78 did not show
significant chemical shift differences when compared to the zinc-
free spectra. The loss of the F15-H18 and L16-S19 dRHN(i,i+3)
NOEs and the F15-S19 dRHN (i,i+4) (Figure 10) indicates zinc
binding disrupts the backbone conformation in the immediate
vicinity of His-18, causing an unwinding of the helix from
residues V17-S19. The remainder of the peptide outside of this
region is unaffected by the presence of zinc.

Discussion

The most significant finding in this paper is the inhibition of
hIAPP aggregation by zinc at concentrations typical for the
extracellular space where amyloidosis occurs (10-25 µM).79

At pH 7.5, zinc was found to adversely affect the kinetics of
the aggregation reaction by increasing the length of the lag phase
and decreasing the cooperativity of the transition. An extracel-
lular concentration of 25 µM ZnCl2 leads to an approximate
25% increase in the length of the lag phase and a 50% reduction
in the elongation rate (Figure 4B,D). While the reduction at 25
µM is significant, it is important to remember that the distribu-
tion of zinc is neither spatially homogeneous nor static in time.
Zinc is concentrated near the plasma membrane which is both
a catalyst for aggregation and the likely target for many of

hIAPP’s toxic effects. The temporal dynamics of zinc distribu-
tion, particularly the spike in zinc concentration that occurs upon
the exocytosis of the insulin/hIAPP granule, may also contribute
to a magnified effect of zinc on hIAPP aggregation. When the
secretory granule is exocytosed, the fusion of the secretory
granule with the beta cell plasma membrane releases the entire
contents of the secretory granule into the extracellular space
(see a cartoon depiction in Figure 11). Since the concentration
of zinc within the granule is much higher than in the extracellular
environment (mM vs µM),36,79 emptying the granule therefore
causes a brief spike in the zinc concentration near the site of
exocytosis.80 This is important because the release of the granule
contents does not occur simultaneously with the opening of the
granule fusion pore; typically, 1-2 s elapse before the granule
contents are fully released, but in some cases, the process takes
minutes to complete.81,82 The acidic pH of the granule, on the
other hand, is neutralized immediately upon the opening of
the fusion pore and the exposure of the granule contents to the
extracellular matrix. During this time, hIAPP is both highly
concentrated and at a pH very favorable for aggregation. It is
also in close proximity to the plasma membrane which is both
a target for attack and a dramatic facilitator of aggregation.5,71,83

The simultaneous release of zinc with hIAPP may allow hIAPP
to safely diffuse away from the plasma membrane and be diluted
in the bloodstream before it can aggregate on the cell surface.

In contrast to the micromolar inhibition of aggregation seen
at neutral pH, zinc is not likely to directly contribute to the
observed stability of hIAPP in the secretory granule. The acidic
environment of the secretory granule considerably reduces the
rate of aggregation (Figure 6 vs Figure 4), similar to the results
of previously reported groups.56,84 We found that, contrary to
its effects at neutral pH (7.5), zinc enhances rather than retards
aggregation. However, it is unlikely that zinc contributes to
pathological aggregation in the secretory granule in this manner,
even at the zinc concentrations present in the secretory granule.
First, the effect is diminished by the reduced affinity of the
protonated His18 residue for zinc. Moreover, aggregation in the
secretory granule is diminished to a much greater extent first
by the acidic pH and further by the strong inhibitory action of
insulin.12,56,85-88 The combined action of these two strong
inhibiting effects is likely to suppress aggregation to a point
beyond the lifetime of the secretory granule. It should be
mentioned, however, that zinc may have a strong indirect effect
on hIAPP fibrillogenesis by modulating the monomer to
hexamer equilibrium of insulin,89 since the hexameric and
monomeric forms of insulin likely display different affinities
for hIAPP.72,87

(77) Gaggelli, E.; Janicka-Klos, A.; Jankowska, E.; Kozlowski, H.;
Migliorini, C.; Molteni, E.; Valensin, D.; Valensin, G.; Wieczerzak,
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(78) Alberts, I. L.; Nadassy, K.; Wodak, S. J. Protein Sci. 1998, 7, 1700–
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(79) Aspinwall, C. A.; Brooks, S. A.; Kennedy, R. T.; Lakey, J. R. T.
J. Biol. Chem. 1997, 272, 31308–31314.

(80) Qian, W. J.; Gee, K. R.; Kennedy, R. T. Anal. Chem. 2003, 75, 3468–
3475.
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Medhin, S.; Renstrom, E.; Rorsman, P. Neuron 2002, 33, 287–299.
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55, 600–607.
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1772.
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45, 6476–6480.
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17, 1850–1856.
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Pervushin, K. Biochemistry 2009, 48 (11), 2368–2376.

Figure 8. Zinc binding causes a local disruption of the secondary structure
in the vicinity of His-18. High-resolution NMR structures of hIAPP in the
absence (A) and presence of 10 mM ZnCl2 (B).
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While the action of zinc on hIAPP fibrillogenesis at pH 5.5
is probably not directly physiologically relevant, it is useful in
illuminating the mechanism of zinc inhibition of fibrillogenesis.
Zinc exhibits both inhibitory and catalytic effects on the
aggregation rate at pH 7.5, with the inhibitory effect being
dominant at lower concentrations (Figure 4). The propensity
for a protein to form amyloid is determined by a variety of
factors similar to those that influence protein folding including
a favorable potential for hydrogen bonding, favorable hydro-
phobic interactions, and favorable electrostatics. From an
exclusively electrostatic point of view, the binding of zinc should
strongly disfavor the amyloid state, as His18 is located in the

hydrophobic interior of the fiber near a turn between strands 1
and 2.56,90 Charged residues in amyloid fibers are intrinsically
disfavored unless stabilized by salt bridges as the parallel
stacking of the �-sheets brings the charges on each monomer
unit close in space in the final structure.91,92 This is particularly
true of charged residues in the low dielectric environment of
the interior of the fiber. At pH 5.5, this effect is mitigated as
His18 already carries a positive charge. In contrast to pH 7.5,
zinc enhances the rate of fibrillogenesis uniformly and nearly
linearly with concentration at pH 5.5 indicating the inhibitory
effect is indeed largely electrostatic in origin and related to

(89) Lemaire, K.; Ravier, M. A.; Schraenen, A.; Creemers, J. W.; Van de
Plas, R.; Granvik, M.; Van Lommel, L.; Waelkens, E.; Chimienti, F.;
Rutter, G. A.; Gilon, P.; in’t Veld, P. A.; Schuit, F. C Proc. Natl.
Acad. Sci. U.S.A. 2009, 106, 14872–14877.

(90) Luca, S.; Yau, W. M.; Leapman, R.; Tycko, R. Biochemistry 2007,
46, 13505–13522.

(91) Richardson, J. S.; Richardson, D. C. Proc. Natl. Acad. Sci. U.S.A.
2002, 99, 2754–2759.

(92) Reumers, J.; Maurer-Stroh, S.; Schymkowitz, J.; Rousseau, F. Hum.
Mutat. 2009, 30, 431–437.

Table 1. Statistical Information for the hIAPP and hIAPP-Zn+2 Structural Ensembles

IAPP IAPP + Zn2+

Distance constraints Total 435 460
Intraresidual 156 171
Interresidual 279 289
Sequential (i - j ) 1) 135 153
Medium (i - j ) 2-4) 144 136

Structural statistics Violated distance constraints 0 4
Violated angle constraints 0 0
rmsd of all backbone atoms (Å)
Q10-L27 0.47 ( 0.19
Q10-T30 0.33 ( 0.12
rmsd of all heavy atoms (Å)
Q10-L27 1.15 ( 0.34
Q10-T30 1.21 ( 0.26

Ramachandran plot Residues in most favored region (%) 72.1 64.5
Residues in additionally allowed region (%) 22.4 29.4
Residues in generously allowed region (%) 5.5 6.1

Figure 9. Alpha proton chemical shift indexes (CSI) for hIAPP (A) and hIAPP in the presence of 10 mM zinc (B). The CSI was calculated by subtracting
the appropriate random coil shifts reported in the literature. A CSI e 0.1 is considered indicative of helical conformations. Changes in HR (C) and HN (D)
chemical shifts upon binding to zinc.
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destabilization of the amyloid fiber by the addition of a charge
in an unfavorable position.

While the origin of zinc inhibition is relatively clear, the origin
of its catalytic effect is less certain and cannot be concretely
established from the data from this study. The pathway to
amyloid formation is complex and involves a variety of on-
and off-pathway intermediates. Stabilization of any on-pathway
intermediate would be expected to reduce the length of the lag-
phase and may also increase the fiber elongation rate through

either direct addition of the intermediate to the fiber or
interconversion to a plaque-competent species. Alternatively,
zinc may enhance both aspects of the fibrillogenesis rate by
breaking existing amyloid fibers into smaller fragments, which
then act as new sites for fiber growth.93 However, we did not
see significant fragmentation of the amyloid fibers by electron
microscopy, only a reduced amount of amyloid deposition was
observed (Figure 3). It therefore seems more likely that
stabilization of on-pathway intermediates, rather than increased
secondary nucleation, is responsible for the partial compensation
of zinc inhibition at high zinc concentrations.

While the exact binding constant of zinc to hIAPP was not
determined in this study, zinc’s effects are clearly noticeable in
the micromolar concentration range. Since this apparent binding
constant is too high for hIAPP to be attached to only a single
histidine,94 another residue is likely to act as a second ligand
which must be either a nonhistidine residue or another histidine
on an adjacent molecule. The NMR structure places Ser19 in
close proximity to the side chain of His 18, opening the
possibility that the zinc ion is chelated by the side chains of
both His18 and Ser19. While the hydroxyl group of serine is a
hard ligand and is less than ideal for zinc binding in comparison
to histidine, the favorable entropy change caused by the
chelating effect may overcome the less favorable enthalpy
contribution to binding. The backbone oxygen of Ser19, another

(93) Knowles, T. P.; Waudby, C. A.; Devlin, G. L.; Cohen, S. I.; Aguzzi,
A.; Vendruscolo, M.; Terentjev, E. M.; Welland, M. E.; Dobson, C. M.
Science 2009, 326, 1533–1537.

(94) Aruga, R. Transition Met. Chem. 1983, 8, 56–58.

Figure 10. (Top) Histogram of NOEs versus the amino acid residues for hIAPP (A) without ZnCl2 and (B) with ZnCl2, showing the number of intraresidue,
sequential (i - j ) 1), and medium range (i - j ) 2, 3, 4) NOEs. (Bottom) Summary of the sequential and medium range NOE connectivities for hIAPP
(C) without ZnCl2 and (D) with ZnCl2, The intensities of the observed NOEs are represented by the thickness of lines and are classified as strong, medium,
and weak, corresponding to upper bound constraints of 2.9, 4.5, and 6 Å, respectively.

Figure 11. Cartoon schematic of how zinc may influence IAPP aggregation
and toxicity.(A) In the secretory granule, IAPP is prevented from aggregation
by the acidic environment and the inhibitory action of insulin. (B) Exocytosis
of the secretory granule simultaneously releases IAPP and zinc into the
extracellular space. (C) A high local concentration of IAPP near the plasma
membrane is prevented from disrupting the �-cell by transient binding to
zinc. (D) Zinc dissociates from IAPP at the low equilibrium concentrations
found in the extracellular space; however, IAPP is now diluted past the
critical concentration for aggregation.
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possible but enthalpically unfavorable ligand, is exposed in the
zinc bound structure of IAPP and may be a possible binding
site.

Another possibility is that zinc bridges multiple molecules
of IAPP. There is some precedence for this type of bridging
interaction as zinc catalyzes the formation of hexamers of
insulin, which shares some sequence homology with hIAPP.
Each insulin hexamer is held together by two zinc molecules,
which each bind three insulin monomers by coordination to three
histidines.95 A similar structure may be present in the hIAPP-Zn

molecule, although the exact structure of the putative hIAPP-Zn
oligomers (if they exist) remains to be determined.
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