
The Molecular Basis of Distinct Aggregation Pathways of Islet
Amyloid Polypeptide*□S

Received for publication, July 20, 2010, and in revised form, December 9, 2010 Published, JBC Papers in Press, December 10, 2010, DOI 10.1074/jbc.M110.166678

Lei Wei‡, Ping Jiang‡, Weixin Xu‡, Hai Li§, Hua Zhang§, Liangyu Yan¶, Mary B. Chan-Park¶, Xue-Wei Liu�, Kai Tang‡,
Yuguang Mu‡1, and Konstantin Pervushin‡2

From the Schools of ‡Biological Sciences, §Materials Science and Engineering, ¶Chemical and Biomedical Engineering, and
�Physical and Mathematical Sciences, Nanyang Technological University, Singapore 639798

Abnormal aggregation of islet amyloid polypeptide (IAPP)
into amyloid fibrils is a hallmark of type 2 diabetes. In this
study, we investigated the initial oligomerization and subse-
quent addition of monomers to growing aggregates of human
IAPP at the residue-specific level using NMR, atomic force
microscopy, mass spectroscopy, and computational simula-
tions. We found that in solution IAPPs rapidly associate into
transient low-order oligomers such as dimers and trimers via
interactions between histidine 18 and tyrosine 37. This initial
event is proceeded by slow aggregation into higher-order
spherical oligomers and elongated fibrils. In these two mor-
phologically distinct types of aggregates IAPPs adopt struc-
tures with markedly different residual flexibility. Here we
show that the anti-amyloidogenic compound resveratrol in-
hibits oligomerization and amyloid formation via binding to
histidine 18, supporting the finding that this residue is crucial
for on-pathway oligomer formation.

A number of progressive diseases, including Alzheimer and
Parkinson diseases, spongiform encephalopathy, and type 2
diabetes (T2D),3 are directly associated with aggregation of
specific proteins (1). Despite their diverse sequences and na-
tive structures, the aggregated proteins all become disordered
and assemble into similar linear, unbranched fibrils, which are
commonly referred to as amyloid (2). A characteristic x-ray
diffraction pattern of amyloid fibrils suggests they all com-
monly share a core cross-� structure consisting of a helical
array of �-sheets parallel to the fibril long axis and with
strands perpendicular to the axis (3–4). Amyloid formation is
generally described by a self-replicating nucleation-dependent
polymerization model in which the assembly pathway in-
cludes a nucleation step and subsequent fibril growth (5–6).
In the nucleated conformational conversion model, spherical,

fluid-like oligomeric complexes appear to be crucial interme-
diates in amyloid nucleus formation (7). Increasing evidence
suggests, rather than mature amyloid fibrils, the formation of
these intermediate aggregates mediates high cytotoxicity (7–
11). Additionally, amyloid growth may also occur in the ab-
sence of oligomeric intermediates through direct monomer
addition. This suggests that an alternative amyloid growth
pathway exists, which is distinct from and competes with the
nucleation-dependent model for formation of potentially
toxic oligomeric intermediates (12). Despite great interest in
the distinct amyloid formation pathways, a comprehensive
understanding of the underlying mechanisms of amyloid for-
mation, especially at the residue specific level, is impeded by
fast aggregation and co-existing oligomeric intermediates and
fibrils.
Human IAPP (13), the main component of extracellular

amyloid deposits found in the pancreas of most T2D patients
(14), is a 37-amino acid polypeptide hormone secreted to-
gether with insulin by pancreatic � cells participating in regu-
lating glucose metabolism. Whereas IAPP is largely unstruc-
tured and nontoxic in monomeric form, it shows high
cytotoxicity when aggregated into �-sheet-rich amyloids. The
relationship between IAPP amyloid formation and T2D pro-
gression is further highlighted by the observation that trans-
genic mice, which have the non-amyloidogenic IAPP variant
will still develop T2D when fed a high-fat diet (15–16). Syn-
thetic IAPP will form amyloid fibrils in vitro which are mor-
phologically similar to pancreatic amyloid deposits. The
kinetics of in vitro amyloid formation follows the nucleation-
dependent polymerization mechanism with a distinctive lag
time before fibrillogenesis (17). Two distinct phases, oligomer
growth followed by fibril elongation, are reported in amyloid
formation (18). During oligomer growth molten globule-like
oligomers mediate a conformational transition of IAPP from
nearly random coil to �-sheet for subsequent amyloid forma-
tion (17). Because early oligomers might be the most cyto-
toxic species that induce �-cell apoptosis (19) it is of high im-
portance to determine the molecular mechanisms of
oligomerization in the prefibrillar stage.
In this study, we combined NMR spectroscopy, atomic

force microscopy (AFM), mass spectrometry (MS), and com-
puter simulations of molecular dynamics (MD) to investigate
the self-association mechanism of IAPP in the initial oligo-
merization stage as well as the subsequent aggregation mech-
anisms at residue-specific resolution. Distinct aggregation
processes resulting in high-order spherical oligomers or fibrils
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were monitored by NMR with the corresponding morpholo-
gies analyzed by AFM. We demonstrated that both the phe-
nolic compound resveratrol and insulin could inhibit IAPP
aggregation by blocking the critical residues involved in IAPP
self-association, which might represent a natural mechanism
for IAPP amyloid inhibition.

EXPERIMENTAL PROCEDURES

Expression and Purification of Unlabeled and Uniformly
Labeled IAPP—The amino acid sequence of human IAPP is:
1KCNTA 6TCATQ 11RLANF 16LVHSS 21NNFGA 26ILSST
31NVGSN 36TY. Recombinant IAPP was expressed and puri-
fied according to the protocol described by Lopes et al. (20–
21) with the following modifications: DNA oligonucleotide
containing coding sequences of an enterokinase (Ek) cleavage
site and IAPP was synthesized and cloned into pBluescriptII
SK(�) plasmid vector between KpnI and SalI restriction sites.
The coding sequence of IAPP was optimized for expression in
Escherichia coli. The sequence was then ligated into a pET32a
vector, which was previously dephosphorylated and digested
with KpnI and SalI (New England Biolabs, Inc). The plas-
mid was subsequently cloned into DH5� E. coli cells and veri-
fied by sequencing. The pET32a construct was then trans-
formed into BL21 competent cells and grown in LB medium
(for an unlabeled peptide) or M9 minimal medium (for an
uniformly isotopically labeled peptide) with 100 �g/ml ampi-
cillin at 37 °C. Expression was induced was by the addition of
1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) when the
culture reached an A600 of 0.8, and the cells were harvested
after 6 h.
The harvested cells were centrifuged at 7,000 � g at 4 °C for

30 min, and resuspended in lysis buffer (20 mM Tris-HCl, pH
7.4, 500 mM NaCl, 1 mM imidazole,) and lysed using a French
press. The suspension was centrifuged at 40,000 � g at 4 °C
for 40 min and the inclusion bodies containing IAPP were
collected as a pellet. The pellet was resuspended in the same
buffer containing 6 M urea and sonicated to solubilize the in-
clusion bodies. After removing the insoluble material by cen-
trifugation, the sample was purified using a 5 ml HisTrapTM
FF column according to the steps described by Dahabada et
al. (20). The IAPP was eluted from the column with lysis
buffer containing 6 M urea and purified by reverse-phase
HPLC on a C18 column using 0–70% acetronitrile (ACN)/
water gradient with 0.045% trifluoroacetic acid (TFA) over 70
min. Matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) was used to assess the purity and ver-
ify the size of IAPP.
Thioflavin T Assay—Lyophilized IAPP was first dissolved in

100% hexafluoroisopropanol (HFIP) at a concentration of 1
mM, 30-�l aliquots were dried and lyophilized and individual
aliquots were redissolved in 150 �l of buffer (10 mM sodium
phosphate pH 6, 20 mM NaCl, 1 mM ThT) in the presence and
absence of 100 �M resveratrol. The resulting fluorescence
signal was measured immediately at excitation and emission
wavelengths of 420 nm and 487 nm, respectively.
NMR Spectroscopy—All NMR experiments were performed

using Bruker spectrometers operating at proton Larmor fre-
quencies of either 600.13 or 700.25 MHz 25 °C. Uniformly

15N- or 13C, 15N-labeled IAPP were dissolved in 100% HFIP
and dried for the subsequent use. [1H,15N]TROSY spectra
were acquired to monitor initial oligomerization and subse-
quent aggregation processes. The IAPP chemical shifts as
function of peptide concentration, pH, resveratrol, and insulin
were monitored in a series of [1H,13C]-HSQC and [1H,15N]-
HMQC experiments. Three-dimensional 15N-resolved
NOESY-HSQC (�mix � 200 ms) was used to obtain {1H,1H}-
NOEs. [1H,15N]-HMQC spectra of insoluble IAPP aggregates
were acquired under high-resolution magic angle spinning
(HR-MAS) using a Bruker 4-mm HR-MAS probe with the
sample spinning at a rate of 10 kHz. The chemical shifts were
referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS) directly for 1H and indirectly for 13C and 15N channels.
Structural Modeling of IAPP in Fibrils using Molecular Dy-

namic Simulations—Structural models of IAPP in solution
were reconstructed by MD simulations of monomeric and
dimeric human IAPP with the AMBER 9 package (22) using a
Generalized Born (GB) implicit solvent model (23) con-
strained by 13C�, 13C� chemical shifts and {1H,1H}-NOEs. In
20 MD simulations (10 for monomeric and 10 for dimeric
IAPP) the system was initially heated up to 600 K and cooled
down to 300 K within the first 600 ps, and then maintained at
300 K for 20 ns. At 300 K, 217 NOE constraints were added to
both monomeric and dimeric IAPP forms as intramolecular
distance-restrained potentials. For the dimeric form addi-
tional constraints between inter-strand His-18 and Tyr-37
were applied. The trajectories from the last 10 ns of each run
were concatenated and the root mean square deviation
(RMSD) based on a structural clustering scheme was imposed
on the ensemble to obtain the dominant structural cluster.
Seven conformers of IAPP from the dominant cluster with the
lowest total energy (supplemental Table S1) were selected to
represent IAPP structure in solution.
Residual structural flexibility of IAPP in fibrils was modeled

by MD simulations using the GROMACS suite of programs
(24). A fibril subunit was extracted from the 2-fold symmetric
model of the protofibrils (25). It consists of two antiparallel
�-sheet layers, with each layer containing 5 peptides (see Fig.
7A). Each polypeptide chain was arranged in a �-strand-loop-
�-strand fold: an N-terminal �-strand (residues 6–19), a loop
(residues 20–23) and a C-terminal �-strand (residues 24–36).
The fibril subunit was modeled by an all-atom OPLS force
field (26) and solvated by explicit SPC water molecules in a
dodecahedron box. The final simulation systems contained 10
hIAPP1–37 peptides and 17833 water molecules with 30 chlo-
ride anions.
Atomic Force Microscopy—At predefined time points dur-

ing the aggregation experiments (see above), 10-�l aliquots of
the hIAPP samples were collected and added to a freshly
cleaned silicon wafer and dried. The samples were rinsed with
deionized water, dried again and imaged at the room temper-
ature. Images were acquired in the tapping mode using a
MultiMode AFM andNanoscope IV controller (Veeco, Santa
Barbara, CA), with a PP-NCH silicon tip fromNanosensorsTM,
NanoWorld AG, Switzerland.
Mass Spectrometry—Lyophilizied IAPP was dissolved in 10

mM ammonium acetate (pH 6.8) to reach concentration of
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300�400 �M. The solution was directly infused into a quadru-
pole-Time-of-Flight (Q-TOF Premier, Waters) instrument
using a syringe pump at a flow rate of 5 �l/min. ESI spectra
were acquired using a spray voltage of 2.5 kV and source tem-
perature of 80 °C.

RESULTS

Residues Involved in Initial Oligomerization—[1H,15N]-
TROSY spectra of freshly prepared IAPP show well resolved
narrow lines together with narrowly dispersed amide proton
chemical shifts, indicative of a globally unfolded structure in
solution, similar to that previously observed for rat IAPP (27–
28) (Fig. 1A). In contrast to non-amyloidogenic rIAPP, which
does not display concentration dependence (5, 29), chemical
shift changes were observed here for hIAPP as a function of
concentration (Fig. 1, A and B). This indicates that IAPP
monomers were associating with each other in solution under
the conditions investigated. With increasing peptide concen-
trations perturbations of 1H and 15N chemical shifts were
mainly observed in the central region between residues
His-18 and Phe-23, with maximum changes observed at
His-18 and Ser-19, as well as Tyr-37 suggesting that low-order
oligomerization might involve these residues.
To investigate the topology of IAPP association, pH-depen-

dent chemical shift changes were monitored. The topology of
the most populated dimeric oligomers can be gleaned from

the observation that the spins in spatial proximity to protona-
table sites often show correlated chemical shift changes as a
function of pH (30–31). In the detectable pH range from 1 to
6 (limited by rapid precipitation at higher pH), 1H,13C, and
15N chemical shifts of His-18 and Tyr-37, but no other resi-
dues, are systematically perturbed as shown in Fig. 1C (sup-
plemental Fig. S1 for overlaid two-dimensional HSQC). For
aromatic 1H chemical shifts of His-18 and Tyr-37 two transi-
tions with apparent pKa values of 6.2 and 3 corresponding to
protonation of the imidazole ring of His-18 and the carboxyl
group of Tyr-37, respectively, were detected. As no intra-mo-
lecular long-range NOEs were detected beyond the range of
four consecutive residues, these data are suggestive of a tran-
sient close proximity of His-18 and Tyr-37 side chains from
the adjacent monomers in the low-order oligomeric assembly.
The detectable but significantly reduced amplitude of the
chemical shift perturbation of His-18 side chain protons due
to protonation of the C-terminal carboxyl group might indi-
cate wider separation of His-18 and Tyr-37 and point to the
dissociation of transient low-order oligomers at acidic pH.
This is in line with an earlier observation that oligomerization
and aggregation of hIAPP is suppressed at low pH (32).
Low-order Oligomeric States Resolved byMass Spectrometry—

The presence of dimers and trimers in equilibrium with
monomers in freshly dissolved IAPP sample was established

FIGURE 1. Initial self-association of IAPP. A, superimposed [1H,15N]-TROSY spectra of IAPP at concentrations of 25 �M (black), 100 �M (green), 200 �M

(cyan), and 500 �M (red). Residues with evident concentration-dependent chemical shift changes such as His-18, Ser-19, and Tyr-37 are highlighted by rec-
tangular boxes. All IAPP samples were prepared in 5 mM sodium phosphate, 5 mM NaCl, 3% D2O, pH 5.5. The IAPP sample at 500 �M was prepared in the
presence of 30 �M resveratrol to prevent excessively fast oligomerization. B, concentration-dependent chemical shift perturbations (�� in ppm) were calcu-
lated as �� � [(��H)2 � (0.1��N)2]1/2, where ��H and ��N were obtained by comparing backbone 1H and 15N chemical shifts of IAPP at 100 �M (green), 200
�M (cyan), and 500 �M (red) with those at 25 �M in the [1H,15N]-TROSY spectra. C, pH-dependent chemical shifts of His-18 and Tyr-37 aromatic protons. The
chemical shifts were monitored using [1H,13C]-HSQC spectra of 200 �M IAPP in 1 mM sodium formate buffer, pH was adjusted in steps using HCl. The pH
titration curves were fitted according to the 1H chemical shifts (ppm) measured at pH range 1.35 to 5.62. No chemical shifts were measured at relatively
high pH (shaded region) due to aggregation of IAPP. The extracted pKa values of 3 and 6.2 correspond to the titratable carboxyl group of Tyr-37 and the
imidazole ring of His-18, respectively. D, mass spectra of dimers and trimers were detected in freshly prepared IAPP sample using Q-TOF ESI-MS. The spac-
ing of 0.2 and 0.143 in the isotope patterns indicates particles with 5 and 7 charges, respectively.
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directly through Q-TOF ESI mass spectrometry. The ESI set-
tings used here usually destabilize non-covalent complexes so
that the monomeric IAPP species in different charge states
are detected as dominant peaks in the spectra. However, even
under these unfavorable conditions, peaks carrying 5� and
7� charges (with neighboring isotope peaks differing by 0.20
Da and 0.14 Da, respectively) were observed (Fig. 1D). The
peak with am/z ratio equal to 1561.74 Da gives a monoiso-
topic mass of 7803.69 Da, corresponding well to the dimeric
form of IAPP (expected mass of 7803.69 Da). The monoiso-
topic peak of trimeric IAPP could not be distinguished from
the background noise due to its low abundance. The average
experimentalm/z ratio of 1674.27 Da is identical to the theoreti-
calm/z ratio of the trimer carrying 7� charges (1674.27 Da).
Theoretical Structural Models Based on NMR Constraints—

Three-dimensional models of monomeric IAPP were recon-
structed using NMR constrained molecular dynamics (MD)
simulations. Although the clustering analysis showed a widely
dispersed distribution of the resulting conformers, �70% of
the monomers exhibited structural similarities between resi-
dues 9 and 19 with RMSD of backbone atoms smaller than 2
Å. Fig. 2A shows 7 representative conformers superimposed
using backbone atoms in this region. Averaged violations of
the NOE constraints are found below 0.25 Å (supplemental
Fig. S2). The distribution of the backbone � and � angles
(supplemental Fig. S3) indicates that residues 10–14 are the
most structurally constrained and form a distorted (presum-
ably only transiently populated) �-helix. Because of the disul-
fide bridge between Cys-2 and -7 a highly constrained turn at
the N terminus is present. In contrast at the C terminus (resi-
dues 20–37) all conformers diverge with no residual structure
similarity detected.
We attempted to reconstruct IAPP dimers by imposing

weak inter-strand constraints between side-chains of His-18
and Tyr-37. This resulted in stable dimers with antiparallel
orientation of monomers stabilized by stacking of aromatic
side chains of His-18 and Tyr-37. Fig. 2B shows a representa-
tive model derived from constrained MD simulations. It is
interesting to note that association of monomers mediated by
hydrogen bonding and ring stacking of His-18 and Tyr-37
side chains impose only a few additional contacts in the back-
bone region. This results in significant structural flexibility in
the dimer and is consistent with NMR measurements, which
indicated only small chemical shift perturbations all residues
in this region aside from His-18 and Tyr-37. As illustrated in
Fig. 2C, this antiparallel arrangement of the dimer can be re-
garded as a nascent form on the pathway to a cross-� struc-
ture (25). We hypothesize that stacking of these two pivotal
side-chains in the C-terminal segment might provide a struc-
tural platform for formation of turns flanking residues 19–24.
These turns may be further stabilized by intra-molecular con-
tacts between residues in the N-terminal part. Thus, a layer of
cross-� structure may develop in the subsequent conforma-
tional consolidation and rearrangement (Fig. 2C).
Residues Involved in Distinct Aggregation Pathways—To

elucidate residues which interact with growing oligomers, the
formation of high-order aggregates was monitored in real-
time by measuring a series of [1H,15N]-TROSY spectra of ag-

gregating IAPP. At room temperature and pH 6.5 all of our
samples showed a time-dependent decrease of cross-peak
intensities likely due to the slow sequestering of soluble IAPP
into insoluble aggregates. However, due to pseudo-equilib-
rium between the association and dissociation of IAPP to and
from aggregates, excessive transverse relaxation of spins at
the binding interface might ensue (33–34). Thus, using the
concomitant relative decrease in intensities of the corre-
sponding cross-peaks, preferential binding of individual resi-
dues to growing surfaces of aggregates may be established
(33–34).
In a variety of tested samples a mixture of two distinct ag-

gregation processes can be discerned which result in either

FIGURE 2. Models of monomeric and dimeric IAPP derived from NMR
and constrained MD simulations. A, seven representative conformers of
monomeric IAPP superimposed using the backbone atoms of residues 9 –19
are shown in red. The N-terminal segment comprising residues 1– 8 is high-
lighted in green. The conformations of the C-terminal residues shown in
cyan are divergent. B, representative conformer of IAPP dimer. The short
residual helical fragments are highlighted as red cylinders. The residues
His-18 and Tyr-37 are shown as sticks (magenta). C, sketch diagram of po-
tential conversion from dimers to higher level aggregates. The structured
helical regions are highlighted in red, and nonstructural parts are shown as
dashed lines. Side chains of His-18 and Tyr-37 mediating interactions be-
tween individual strands are shown.
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FIGURE 3. Aggregation of IAPP into spherical oligomers as moniotored by NMR and AFM. A, loss of signal in a series of [1H,15N]-TROSY spectra of 200
�M IAPP recorded after 0, 15, and 21 h after initiation of aggregation. The aggregation process was monitored on the same 200 �M IAPP sample described
in Fig. 1. B, plot of volumes of cross-peaks versus residue number as a function of time. All peak volumes in the [1H,15N]-TROSY spectra were normalized to
the corresponding volumes at time 0 h. C, AFM topographic image of the resulting aggregates (left panel), and vertical elevation slices taken at the positions
1 and 2 (right panel). The image size is 5 �m � 5 �m.
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amorphous or filamentous aggregates respectively. These two
types of aggregation are found in the most pure forms in two
of our tested samples containing 200 �M and 500 �M IAPP in
the same buffer. In a series of TROSY spectra of the sample of
200 �M IAPP freshly dissolved in the buffer at room tempera-
ture, the signals of all residues across the peptide decreased
homogenously, indicating a lack of specific interactions with
the expanding surface of aggregates, with the notable excep-
tion of His-18 (Fig. 3, A and B). The latter observation is in
line with the finding that His-18 can mediate initial transient
oligomerization of IAPP (Fig. 1) and might drive the subse-
quent oligomerization and aggregation as well. After 21 h of
aggregation, almost all soluble peptide material assembled
into insoluble oligomers as indicated by complete loss of sig-
nal in [1H,15N]-TROSY (Fig. 3, A and B). In the resulting pre-
cipitate variably-sized spherical oligomers were observed by
AFM (Fig. 3C). The dominant species were spherical particles
with a height of 6�12 nm (supplemental Fig. S4A). A few
short nascent fibrils were associated with the largest particles
of the height of 20�25 nm (Fig. 3C).
In the 500 �M IAPP sample, which was pre-incubated for 2

weeks at 4 °C before the aggregation trial, a process of fibril
growth by direct monomer addition was observed. The
freshly prepared sample was found to be stable in solution for
2 weeks at 4 °C as shown by nearly identical 1H spectra re-

corded before and after incubation (supplemental Fig. S5).
The aggregation of the peptide into fibrils was initiated by
increasing its temperature to 25 °C. In contrast to the spheri-
cal oligomer formation involving the majority of residues in
IAPP (Fig. 3), excessive transverse relaxation was extended to
residues 20, 24–28, and 30–37.Morphologically, the resulting
aggregates are composed primarily of fibrils as confirmed by
AFM (Fig. 4). This indicates that the direct binding of the mono-
mers to the fibril growing edge is mediated by the C-terminal
residues. The apparent diameter of the fibrils shows discrete
heights of 3.9 nm and 7.8 nm (supplemental Fig. S4B).
Residual Conformational Flexibility of IAPP in Spherical

Aggregates and Fibrils—To better understand the structural
organization of the polypeptide in oligomers and amyloid
fibrils we identified structurally flexible residues of IAPP that
remain in the insoluble aggregates and are detectable in HR-
MAS [1H,15N]-HMQC spectra of precipitated material. The
resulting NMR spectra of spherical aggregates and fibrils ex-
hibited different sets of cross-peaks indicating different struc-
tural organization of IAPP in these two types of aggregates
(Fig. 5). Although cross-peaks observed arising from insoluble
aggregates were shifted relative to their positions in the corre-
sponding solution spectrum, we unequivocally assigned the
observed peaks of the fibrils by retracing their positions to the
corresponding peaks in solution. The observed mobile resi-

FIGURE 4. Aggregation of IAPP into fibrils as moniotored by NMR and AFM. A, NMR signal loss in a series of [1H,15N]-TROSY spectra of 500 �M IAPP re-
corded at 0, 10, and 20 h after initiation of aggregation. The aggregation process was monitored on the same 500 �M IAPP sample shown in Fig. 1. B, plot of
volumes of cross-peaks versus residue number as a function of time. All peak volumes in the [1H,15N]-TROSY spectra were normalized to the corresponding
volumes at time 0 h. C, AFM topographic image of the resulting aggregates. The image size is 5 �m � 5 �m.
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dues are all localized at the N terminus extending to Thr-9
and including the HN� group of Arg-11, indicative of retained
flexibility at the N-terminal region of the peptide in fully
formed fibrils.
The significant conformational flexibility in the N terminus

as observed by NMR was confirmed by MD reconstruction of
atomic B-factors (root mean square fluctuations) (35) in a
model of IAPP fibril subunit (25). Fig. 6 shows simulated B-
factors at atomic positions in each of 10 �-strands consis-
tently demonstrating significantly increased B-factor values in

the first 9 residues of the IAPP sequence. Fluctuations of
atomic positions in residues 1–9 and the side-chain of Arg-11
are significantly larger than those in the middle layers in the
correspondence with the NMR data.
IAPP Amyloid Formation via Oligomeric Intermediates and

Inhibition by Resveratrol—Because different residues of IAPP
are involved in the processes of amorphous aggregation and
fibril formation, it is important to elucidate the regions of
IAPP targeted by known inhibitors of amyloidogenesis. IAPP
amyloid formation and the effect of resveratrol were moni-
tored by the Thioflavin T (ThT) binding assay (36–37). In the
absence of resveratrol, IAPP peptides are very amyloidogenic
and fully aggregate into ThT containing �-sheet-rich amyloid
fibrils in about 1 h under the experimental conditions used
(Fig. 7A). In contrast, formation of IAPP amyloid was sup-
pressed in the presence of resveratrol at a 1:2 molar ratio to
IAPP. ThT intensity only reached 50% and an apparent lag
time of fibril formation of �5 min was observed (Fig. 7A, right
panel).
We further investigated the effect of resveratrol on IAPP

amyloid formation using AFM. To avoid excessively fast ag-
gregation, the reaction was performed in pure water. In the
absence of resveratrol, IAPP predominately aggregates into
spherical species at 18h (Fig. 7B, top left). This species pre-
sumably serves as important intermediates for fibrils as they
are predominantly replaced with elongated fibrils after 96 h of
incubation (Fig. 7B, top right). Conversely, in the presence of
resveratrol the apparent density of oligomers was observa-
tively reduced at 18 h (Fig. 7B, low left) and never reach a sim-
ilar density of fibrils formed in non-resveratrol even after 96 h
(Fig. 7B, low right). These results suggest that the binding of
resveratrol suppresses IAPP amyloid formation by targeting
primarily amorphous spherical high-order oligomeric
intermediates.
Inhibition Mechanism of Resveratrol and Insulin on IAPP

Oligomerization—To understand the inhibition mechanism of
resveratrol, we measured a series of [1H,13C]-HSQC spectra
of IAPP with different concentrations of resveratrol (Fig. 8A).
The side chain of His-18, particularly the �2C-�2H and �1C-
�1H groups, showed significant chemical shift changes upon
resveratrol binding, indicating that resveratrol may inhibit
oligomerization via competition with other monomeric spe-
cies of IAPP for His-18 (Fig. 8A). This is consistent with the
finding that His-18 plays important role in initial transient
oligomer formation (Fig. 1) and subsequent oligomerization
(Fig. 3). In addition, the chemical shifts of Lys-1, especially
�C-�H, were also perturbed indicating the presence of the
second binding site for the compound (Fig. 8A).
The initial self-assembly of IAPP can also be inhibited by

insulin, which is reportedly able to prevent transition of IAPP
from random coil to �-sheet rich amyloid fibrils (38–40). We
monitored the titration of IAPP with insulin by [1H,15N]-
HMQC experiments (Fig. 8B). At pH 5.5, insulin binds to
IAPP mainly via residues His-18, Ser-19 and Tyr-37, which
are the identified sites of IAPP self-association (Fig. 1). The
protonation of both nitrogen atoms N�1, N�2 in the His-18
side chain plays an important role in the interaction as the
corresponding peaks are significantly less perturbed at pH

FIGURE 5. [1H,15N]-HMQC spectra observed for spherical aggregates (A)
and fibrils (B) using a high resolution MAS probe. The samples were pre-
pared by spinning down respective spherical and fibrils aggregates and
resuspending them in 50 �l of 5 mM sodium phosphate, pH 5.5, 5 mM NaCl,
3% D2O.

FIGURE 6. MD simulations of the IAPP fibril models. A, three-dimensional
structure of the fibril model (25) continuously colored according to the sim-
ulated B-factor values (35) in the range from 50 Å2 (blue) to 400 Å2 (red). The
residues with backbone amide moieties observed in the high resolution
MAS spectrum of hIAPP fibrils are shown in a full heavy atoms representa-
tion. B, simulated B-factors of individual monomers as calculated based on
all heavy atom positions after fitting to the initial structure. All residues of
ten monomers are plotted along the horizontal axis comprising 370 residues in
total. The vertical dotted lines indicate the N terminus of each monomer.
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above the pKa of histidine. At pH 7, insulin preferentially
binds to Arg-11 and its vicinal Gln-10, Leu-12, and Ala-13
instead of His-18 (supplemental Fig. S6). This suggests that
insulin might function as a competitive inhibitor for the initial
self-assembly of IAPP by blocking His-18 under acidic condi-
tions. This is consistent with the finding that insulin binds to
rat IAPP mainly by the positively charged side chains of
Arg-11 and Arg-18 (28).

DISCUSSION

Recombinant human IAPP exhibits similar amyloidogenic-
ity and cytotoxicity to synthetic IAPP and is suggested as a
suitable model for studies of mechanisms of amyloid forma-

tion (20). In the present study we analyzed the initial low-
order oligomerization of recombinant IAPP as well as the
progressive growth of insoluble high-order aggregates at resi-
due specific resolution. Low-order soluble oligomeric forms
including dimers, trimers, and tetramers have been found at
equilibrium with monomers in preaggregation solutions of
other amyloid proteins such as A�, �-synuclein, and �-2-mi-
croglobulin (41–43). However, low-order oligomers of IAPP
in solution were not detected in previous studies due to their
instability and low population (44–45). In this study, we ob-
served a clear concentration dependent self-association of
IAPP monomers during its initial oligomerization stage with
the presence of dimers and trimers as detected using mass-

FIGURE 7. Resveratrol inhibits IAPP amyloid formation. A, kinetics of IAPP aggregation and inhibition effect of resveratrol on IAPP fibrillogenesis as moni-
tored by ThT fluorescence. B, AFM topographic images of IAPP aggregates (top row) and resveratrol-treated IAPP (bottom row) visualized after 18 h (left pan-
els) and 96 h (right panels). 200 �M IAPP was dissolved in pure H2O in the absence and presence of 100 �M resveratrol and aliquots of the aggregation reac-
tions taken at specific time points were scanned by AFM. The image sizes are 3 �m � 3 �m.
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spectroscopy (Fig. 1). Our results suggest that the small olig-
omers of IAPP are at equilibrium with monomers in solution.
The amount of low-order oligomers increases with the pep-
tide concentration due to the self-association of monomers,
which is consistent with and explains the previous observa-
tion that the initial rate of amyloid formation is proportional
to the concentration of the peptide (46). Low-order oligomers
of IAPP are mainly formed through the interactions of His-18
and Tyr-37 (Fig. 1). This serves to reduce the entropic cost of
association of the intervening residues and thus facilitates
subsequent aggregation in a pH-dependent manner. Because
of the small interface between His-18 and Tyr-37, the tran-
sient low-order oligomers are not stable and could readily
dissociate into an equilibrium with the monomers in solution.

Our results suggest that IAPP amyloid fibrillogenesis can be
mediated by prefibrillar on-pathway oligomers (Fig. 7). Previ-
ous studies pointed out those oligomers that are responsible
for nucleated conformational conversion in amyloid forma-
tion of prion proteins (7, 47). Micelle-like oligomers were also
detected in A� and proposed to slowly convert into fibril nu-
clei (6, 48–50). For IAPP, molten globule-like self-associating
oligomers are also found to be populated just prior to fibril
formation (Fig. 7). These oligomers might mediate conforma-
tional transition of IAPP from nearly random coil to �-sheet
followed by subsequent amyloid formation and are the pri-
mary cause of IAPP cytotoxicity (17, 51–53). AFM studies
established that the growth of oligomers with estimated size
from 16 to �300 monomers precedes fibril elongation, sug-
gesting that mature fibrils are assembled directly via lateral
growth of oligomers followed by the longitudinal growth of
full-width oligomers (18). For two selected samples in our
study, we were able to monitor two distinctly different aggre-
gation processes in real time. These two processes involved
either the growth of predominantly amorphous spherical ag-
gregates or elongated fibrils (Fig. 3). The binding interface to
spherical aggregates significantly extends to residues of the
whole peptide with a special emphasis on His-18 and is not
exclusively localized to the previously identified amyloido-
genic regions (7–8, 40, 54–55). Further, we found that the
sizes of the prefibrillar oligomers are polydispersed and only
the largest oligomeric species can seed the growth of fibrils.
Smaller oligomers might either gather into the large seeding
nuclei or coalesce directly for fibril growth (56).
Although the amyloid could be formed by direct associa-

tion of oligomers, it might also be formed by fibril elongation
via direct binding of monomers at the growing surface (Fig.
4). This latter mode might be mediated by specific binding of
IAPP monomers via residues 20, 24–28, 30–37 (Fig. 5B).
These residues are localized at the C-terminal region with
high propensity to form �-structure and closely coincide with
two out of the three known amyloidogenic regions which are
localized to residues 8–20, 20–29, and 30–37 (40, 54–55).
The structural flexibility of IAPP in the spherical and fibril
aggregates is markedly different, as shown by HR-MAS NMR
spectroscopy (Fig. 5). Our results reveal that interactions driv-
ing formation of the spherical oligomers can be distinct from
those involved in the direct fibril elongation via monomer
binding, resulting in morphologically and structurally differ-
ent aggregated forms.
It was previously shown that a phenolic compound, res-

veratrol, which is abundant in red wine, can inhibit IAPP ag-
gregation on the surface of negatively charged membranes
(57). Here we demonstrated that resveratrol retards aggrega-
tion of IAPP by binding to His-18 and inhibiting early forma-
tion of oligomeric intermediates. Insulin, as a known natural
stabilizer of IAPP, also may share this mechanism with res-
veratrol by binding to His-18 and Tyr-37 under acidic condi-
tions. These data are consistent with the important role of
His-18 in oligomerization as identified in the previous studies.
Recently it was shown that the polyphenolic compound
EGCG could convert large, mature �-synuclein and amy-
loid-� fibrils into smaller, nontoxic amorphous aggregates

FIGURE 8. Analysis of resveratrol and insulin binding to IAPP with NMR.
A,[1H, 13C]-HSQC spectra of 50 �M IAPP alone (red) and in the presence of 40
�M (cyan) and 80 �M (green) resveratrol were recorded in pure H2O. His-18
and Lys-1 side-chains show distinct chemical shift changes upon resveratrol
titration. B, [1H, 15N]-HMQC spectra of 20 �M IAPP alone (red) and in the
presence of 10 �M (cyan), 25 �M (green), and 50 �M (blue) insulin were re-
corded in 5 mM sodium phosphate, pH 5.5, 5 mM NaCl, 3% D2O. His-18, Ser-
19, and Tyr-37, which show evident chemical shift changes upon insulin
titration are highlighted by rectangular boxes.
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(58). As a comparison, resveratrol blocks the self-binding sites
of IAPP and as such does not show this remodeling ability.
Considering the different chemical structures of resveratrol
and EGCG, it would be of interest to study the binding and
effect of EGCG on IAPP.
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