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ABSTRACT: The 37-residue amylin peptide, also known as islet amyloid polypeptide, forms fibrils that are
the main peptide or protein component of amyloid that develops in the pancreas of type 2 diabetes
patients. Amylin also readily forms amyloid fibrils in vitro that are highly polymorphic under typical
experimental conditions. We describe a protocol for the preparation of synthetic amylin fibrils that exhibit
a single predominant morphology, which we call a striated ribbon, in electron microscopy and atomic
force microscopy images. Solid-state nuclear magnetic resonance (NMR) measurements on a series of
isotopically labeled samples indicate a single molecular structure within the striated ribbons. We use
scanning transmission electron microscopy and several types of one- and two-dimensional solid-state
NMR techniques to obtain constraints on the peptide conformation and supramolecular structure in these
amylin fibrils and to derive molecular structural models that are consistent with the experimental data.
The basic structural unit in amylin striated ribbons, which we call the protofilament, contains four layers
of parallel â-sheets, formed by two symmetric layers of amylin molecules. The molecular structure of
amylin protofilaments in striated ribbons closely resembles the protofilament in amyloid fibrils with a
similar morphology formed by the 40-residueâ-amyloid peptide that is associated with Alzheimer’s disease.

Amylin, also called islet amyloid polypeptide or IAPP11,
is a 37-residue peptide that is co-secreted with insulin by
theâ-cells of the pancreas. The normal biological effects of
amylin include inhibition of glucagon secretion and
reduction of the rate of gastric emptying, effects that
contribute to the maintenance of postprandial glucose ho-
meostasis (1). Amylin is the major peptide or protein
component of the islet amyloid found in the pancreas of
approximately 90% of type 2 (or non-insulin-dependent)
diabetes patients (2, 3). Fibrillar amylin has been shown to
be toxic to culturedâ-cells (4) and has been proposed to
play a significant role in the pathogenesis of type 2 diabetes
by contributing to the destruction ofâ-cells in the later stages

of the disease (5-7). Studies with transgenic mice that
express human amylin suggest that amyloid could develop
uniformly throughout the islets of the pancreas from an early
stage of the disease (8). In a mouse model for type 2 diabetes,
the development of persistent hyperglycemia and insulin
deficiency was found to require expression of human amylin
and to correlate positively with islet amyloid formation (9).
Knowledge of the detailed molecular structure of amylin
fibrils may contribute to the development of drugs to prevent
the formation of islet amyloid and to an understanding
of their cytotoxic properties.

Amyloid fibrils are self-assembled,â-sheet-rich aggregates
that are formed by a large class of peptides and proteins (10-
12). Amyloid fibrils typically exhibit diameters in the 5-15
nm range and lengths in the 0.1-10 µm range. From the
standpoint of molecular structure, the defining feature of an
amyloid fibril is the presence of cross-â-supramolecular
structure, meaning that theâ-sheets within the fibril are
formed byâ-strand segments that run approximately per-
pendicular to the long axis of the fibril and are linked by
hydrogen bonds that run approximately parallel to this axis
(11-13). Although determination of the molecular structures
of amyloid fibrils is made difficult by their inherent non-
crystallinity and insolubility, techniques such as solid-state
nuclear magnetic resonance (NMR) (12, 14-33), electron
paramagnetic resonance (EPR) (34-36), electron microscopy
(37-43), hydrogen/deuterium exchange (29, 44-47), scan-
ning mutagenesis (48), chemical cross-linking (27, 49, 50),
and X-ray diffraction of amyloid-like crystals (51, 52) have
recently shed substantial light on these structures.
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In vitro, amylin readily forms amyloid fibrils with a variety
of morphologies as seen in transmission electron microscopy
(TEM) and atomic force microscopy (AFM) images (40, 41)
and with typical cross-â-diffraction patterns (53). Early solid-
state NMR studies by Griffiths et al. focused on fibrils
formed by a peptide representing residues 20-29 of amylin.
These studies provided evidence for a distortedâ-strand
backbone conformation in residues 24-26 and an antiparallel
â-sheet structure (25). More recent EPR studies of spin-
labeled, full-length amylin fibrils by Jayasinghe and Langen
indicate a parallel arrangement of the peptides within the
â-sheets and demonstrate that amino acid side chains
throughout the peptide are immobilized in the fibrils, but
with less rigidity at the N-terminus (36).

Structural studies of peptides and proteins generally require
homogeneous sample preparations. Studies by Petkova et al.
of fibrils formed by the 40-residueâ-amyloid peptide
associated with Alzheimer’s disease (Aâ1-40) have clearly
shown that amyloid fibrils with distinct morphologies possess
distinct molecular structures (21, 22). As compared to other
amyloid-forming peptides (such as Aâ1-40 or fragments
thereof), full-length amylin is difficult to synthesize and
purify, has a poor initial solubility in aqueous solution, and
forms fibrils relatively rapidly in aqueous solution, factors
that complicate the preparation of structurally homogeneous
amylin fibrils. In this paper, we report a protocol that
generates amylin fibrils with uniform morphology and
molecular structure, in quantities that are sufficient for solid-
state NMR or other structural measurements. We use solid-
state NMR techniques to obtain constraints on the peptide
conformation and supramolecular organization within these
amylin fibrils and combine these constraints with information
from TEM, AFM, and scanning transmission electron
microscopy (STEM) to develop preliminary models for the
molecular structure of amylin fibrils. Finally, we compare
the solid-state NMR data and preliminary structural models
with reported results from earlier investigations of amylin
fibril structure and related issues.

MATERIALS AND METHODS

Synthesis and Purification of Amylin.Rink amide MBHA
Resin (0.69 mmol/g), Fmoc-Ser(tBu)-Ser(ψMe,Mepro)-OH,
Fmoc-(FmocHmb)Ala-OH, and Fmoc-(FmocHmb)Gly-OH
were purchased from Novabiochem (San Diego, CA).
Unlabeled Fmoc amino acids were from Anaspec (San Jose,
CA); isotopically labeled Fmoc amino acids were from
Cambridge Isotope Laboratories (Andover, MA) and from
Spectra Stable Isotopes (Columbia, MD). All other reagents
were obtained from Applied Biosystems (Foster City, CA),
Sigma-Aldrich (St. Louis, MO), and EMD Chemicals (Gibb-

stown, NJ). Amylin was synthesized on a 0.1 mmol scale
by solid-phase peptide synthesis on an Applied Biosystems
433A synthesizer. For most residues, coupling reactions were
performed for 20 min using Fmoc amino acids (10 equiv)
activated with 2-(1H-benzotriazol-l-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HBTU, 10 equiv) andN,N-
diisopropylethylamine (DIEA, 10 equiv). Coupling times of
6 h were used for Thr9 and Gln10. Isotopically labeled
residues (3 equiv) were activated with HBTU (3 equiv) and
DIEA (3 equiv) and coupled for 45 min. Capping of free
amino groups with acetic anhydride was performed after each
coupling step.

One amylin sample, called AMY04, was synthesized with
13C labels at the methyl carbon of Ala13 and the carbonyl
carbon of Phe23 to permit measurements of intermolecular
13C-13C dipole-dipole couplings using the constant-time
finite-pulse radiofrequency-driven recoupling (fpRFDR-CT)
technique (54). Seven samples were prepared with uniform
15N and13C labeling of selected residues, as summarized in
Table 1. Labeled residues in each sample were chosen to
minimize overlap in13C NMR spectra, permitting measure-
ments of13C NMR chemical shifts, signal intensities, and
linewidths throughout the amylin sequence. In certain cases,
uniform labeling of consecutive pairs of residues also
permitted measurements of intramolecular15N-15N dipole
couplings that serve as constraints on peptide backbone
conformation. Duplication of certain labeled residues in
different samples (e.g., Ile26 in AMY05 and AMY06)
permitted confirmation of the reproducibility of amylin fibril
formation with the protocol described next.

Synthesis of full-length amylin from standard Fmoc-
protected amino acids was found to be inefficient due to poor
couplings after Arg11 and Gln10. Yields of full-length
amylin were improved significantly by incorporation of either
the pseudo-proline dipeptide derivative Fmoc-Ser(tBu)-Ser-
(ψMe,Mepro)-OH, as described by Abedini and Raleigh (55),
or N-FmocHmb-protected residues at certain sites. Locations
of these amino acid derivatives (which were converted to
standard amino acids after cleavage from the synthesis resin)
were varied according to the isotopic labeling patterns in
each amylin sample, as summarized in Table 1. Coupling
times of 3 h for the pseudo-proline dipeptide derivative and
the subsequent residue (His18 or Leu27) were used.N-
FmocHmb-protected residues were coupled for 3 h, and the
subsequent residue (Phe23 or Leu12) was activated with
O-(7-azabenzotriazol-l-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate and coupled for 12 h.

Crude peptide obtained by standard trifluoracetic acid
(TFA) cleavage and ether precipitation was purified by high-
performance liquid chromatography (HPLC) using a prepara-
tive C4 reversed-phase column (Grace Vydac, Hesperia, CA)

Table 1: Isotopic Labeling Patterns and Synthesis Strategies for Amylin Samples

sample
isotopically labeled residues

(uniform 15N and13C labeling except in AMY04) pseudo-proline dipeptide positions N-FmocHmb-protected position

AMY04 13CH3-Ala13,13CO-Phe23 Ser19/Ser20, Ser28/Ser29 none
AMY05 Ala5, Leu16, Phe23, Ile26, Val32, Gly33 Ser19/Ser20 none
AMY06 Arg11, Ala13, Phe15, Val17, Ile26, Ser28 Ser19/Ser20 none
AMY07 Thr9, Gln10, Leu12, Asn21, Gly24, Ala25, Ser34 Ser19/Ser20 none
AMY08 Ala8, Ser20, Phe23, Gly24, Leu27, Asn35, Thr36 none Ala13
AMY09 Leu12, Ala13, His18, Ser19, Thr30, Asn31 Ser28/Ser29 Gly24
AMY10 Ala13, Asn14, Phe15, Ile26, Leu27, Ser29, Thr30 Ser19/Ser20 none
AMY11 Asn22, Phe23, Ala25, Ile26, Gly33, Ser34, Tyr37 Ser19/Ser20, Ser28/Ser29 none
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and a water/acetonitrile gradient containing 0.1% TFA and
running from 25 to 45% acetonitrile over 30 min. Purified
amylin was then lyophilized and stored at-20 °C. Yields
of purified amylin were approximately 10-30% of the
theoretical maximum, depending on the isotopic labeling
pattern and the locations of pseudo-proline andN-FmocHmb
derivatives. Before preparation of fibrils, the peptide was
solubilized at 1.3 mM in 30% dimethyl sulfoxide and 3%
acetic acid and allowed to form intramolecular disulfide
bonds (between Cys2 and Cys7) overnight. A second HPLC
purification using a C18 column was performed after disulfide
formation. Oxidized amylin was collected, frozen in liquid
nitrogen, lyophilized, and used immediately. Mass spec-
trometry was utilized after each HPLC purification to confirm
the correct assembly of synthetic amylin and the disulfide
bond formation. HPLC chromatograms for reduced and
oxidized amylin are shown in Figure S1 of the Supporting
Information.

Preparation of Amylin Fibrils.Immediately prior to fibril
formation, monomeric amylin was prepared by gel filtration
as follows. Lyophilized, oxidized amylin was dissolved in 7
M guanidine hydrochloride at a concentration of 400µM
(verified by absorption at 280 nm using an extinction
coefficient of 1400 M-1 cm-1). A 500 µL aliquot was
injected at 0.25 mL/min on a Superdex Peptide Column 10/
300 (GE Healthcare, Piscataway, NJ), which had been
equilibrated in 10 mM sodium phosphate, 15 mM sodium
chloride, pH 7.4. Monomeric amylin was collected with a
dilution factor between 8 and 10 (final concentration of 40-
50 µM). About 30% of the amylin was lost in this gel
filtration purification, probably due to aggregation. The
column was therefore cleaned with 70% formic acid and re-
equilibrated with buffer before the next injection. Fast protein
liquid chromatography (FPLC) traces for human amylin and
rodent amylin (which does not aggregate (56, 57)), verifying
the monomeric state prepared, are shown in Figure S2 of
the Supporting Information.

Amylin fibrils with a uniform morphology were prepared
initially by collecting monomeric amylin in a polypropylene
tube and allowing fibrils to form overnight in a sonicator
bath that was automatically turned on for 10 s every 30 min.
This intermittent sonication ensured the formation of short
fibrils and may favor the propagation of fibril morphologies
that are more susceptible to fragmentation. On the second
day, a small aliquot (2.5% v/v) of these fibrils was placed
in a new polypropylene tube (to act as seeds), and another
batch of monomeric amylin was collected directly in this
tube, while gently being swirled by hand. Fibrillization was
then allowed to proceed overnight under the same intermit-
tent sonication. On the third day, a third generation of amylin
fibrils was prepared by repeating this seeding procedure. The
third generation fibrils were investigated by TEM and AFM
and found to be highly uniform in morphology. Subsequent
samples of isotopically labeled amylin fibrils were prepared
by seeding with the same third generation fibrils, with the
addition of fresh monomeric amylin to the polypropylene
tube over the course of several days. After incubation for 1
week at room temperature, amylin fibrils for solid-state NMR
measurements were collected by centrifugation, washed once
with deionized water, and lyophilized. Final yields of amylin
fibrils were 40% relative to the peptide obtained from the
initial HPLC purification.

For comparison, polymorphic amylin fibrils were prepared
by dissolving oxidized amylin (purified by HPLC and
lyophilized as described previously) twice in neat hexaflu-
oroisopropyl alcohol (HFIP) and drying under nitrogen gas.
HFIP-treated amylin was then dissolved at 50µM in the same
phosphate buffer described previously and allowed to fibrilize
for 1 week.

Other methods for preparing structurally homogeneous
amylin fibrils were unsuccessful. For example, we tried to
dissolve the peptide at approximately 500µM concentration
in dimethyl sulfoxide, HFIP, or 7 M guanidine hydrochloride
prior to dilution into aqueous buffer that contained seeds.
AFM images of the resulting fibrils indicated a high degree
of polymorphism. In addition, FPLC traces of amylin
dissolved in dimethyl sulfoxide indicated a nonmonomeric
state.

Electron Microscopy and AFM.After 1 week of incuba-
tion, amylin fibrils were diluted by a factor of 10 with
deionized water for TEM and STEM measurements. For
TEM, diluted solutions were applied to glow-discharged
carbon films on 300 mesh copper grids with lacey carbon
supports. After adsorption for 2 min and blotting, grids were
washed with deionized water, blotted, negatively stained with
3% uranyl acetate for 1 min, blotted, and dried in air. TEM
images were recorded using a FEI CM120 microscope
(Amsterdam, The Netherlands) operating at 120 kV. Grids
for STEM measurements were prepared similarly, but
tobacco mosaic virus (TMV) was first deposited on grids,
and the staining step was omitted. STEM images were
recorded with a VG Microscopes HB501 field-emission
STEM as previously described (15) and were analyzed with
ImageJ software (available at http://rsb.info.nih.gov/ij/).

For AFM, fibril solutions were diluted by a factor of 10
with 1% acetic acid and immediately applied to freshly
cleaved mica. The mica was washed twice with deionized
water and air-dried after blotting. Images were acquired in
tapping mode using a MultiMode AFM and Nanoscope IV
controller (Veeco, Santa Barbara, CA), with either standard
silicon nitride probes (5-6 nm tip radius, 40 N/m force
constant) or microactuated silicon probes for faster scanning
(nominal 10 nm tip radius, 3 N/m force constant). Similar
images were obtained in both cases.

Solid-State NMR.Measurements were performed using 9.4
and 14.1 T magnets (100.4 and 150.7 MHz13C NMR
frequencies), InfinityPlus NMR spectrometers (Varian, Inc.,
Palo Alto, CA), and triple-channel magic-angle spinning
(MAS) probes from Varian or the National Institute of
Chemical Physics and Biophysics (Tallinn, Estonia). Ly-
ophilized fibrils in quantities up to 3.5 mg were packed in
3.2 or 2.1 mm MAS rotors with Teflon spacers. After
studying the dry samples, the rotors were opened, and the
fibrils were hydrated with deionized water (about 1µL per
mg of dry peptide, added directly into the rotor). AMY07
and AMY10 fibrils were studied only in the hydrated state.
In all solid-state NMR experiments, cross-polarization was
used to enhance13C and15N NMR sensitivity (58), with a
linearly ramped radiofrequency (rf) field amplitude of 50(
8 kHz on the13C or 15N channel and a corresponding rf field
matching then ) +1 Hartmann-Hahn condition on the1H
channel. Continuous-wave or two-pulse phase-modulated
proton decoupling (59) was employed in all experiments,
with 1H rf field amplitudes of approximately 110 kHz.
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Two types of two-dimensional (2D)13C NMR measure-
ments were performed on samples with uniformly labeled
residues. In 2D finite-pulse radiofrequency-driven recoupling
(fpRFDR) measurements, the fpRFDR sequence (16, 60) was
applied during exchange periods of 1.5 or 2.2 ms between
t1 andt2 dimensions, with13C π pulse lengths set to 30% of
the MAS rotation period. Strong cross-peaks in the 2D
fpRFDR spectra connect13C NMR lines of directly bonded
carbon sites. In 2D radiofrequency-assisted diffusion (RAD)
measurements, exchange periods ranging from 500 to
1000 ms were used, during which a rf field amplitude equal
to the MAS frequency was applied to protons (61, 62). With
long exchange periods, strong cross-peaks in 2D RAD
spectra connect all13C NMR lines arising from a single
labeled residue or from pairs of labeled residues that occur
sequentially (i.e., consecutively in the amylin sequence).
Weaker inter-residue cross-peaks arising from contacts
between nonsequential residue pairs provide constraints on
peptide conformation. One-dimensional (1D) RAD measure-
ments were also performed on AMY10 fibrils to confirm
the 2D results. In the 1D RAD measurements, a frequency-
selective13C π/2 pulse following cross-polarization was used
to prepare longitudinal spin polarization on the Phe15
aromatic carbons, which could then be transferred to other
13C-labeled sites during the exchange period prior to signal
detection after a hardπ/2 pulse.

Measurements of13C-13C and15N-15N nuclear magnetic
dipole-dipole couplings (which are proportional to the
inverse cube of internuclear distances) were carried out with
the constant-time fpRFDR (fpRFDR-CT) technique, as
previously described (54) and applied to other amyloid-
forming peptides and proteins (17, 18, 21, 63), using 20 kHz
MAS frequencies and 15µs fpRFDRπ pulses. In15N-15N
distance measurements, designed to probe the peptide
backbone conformation at sites where uniformly labeled
residues occurred sequentially, spin polarization was trans-
ferred from backbone15N nuclei to directly bonded13CR

nuclei for signal detection using a transferred echo double
resonance (TEDOR) sequence (64, 65) after the15N fpRFDR-
CT period, as previously described (66). In 13C-13C distance
measurements on AMY04, designed to probe the organiza-
tion of â-sheets in the fibrils, pulsed spin locked detection
was used to improve sensitivity (67).

13C chemical shifts were referenced to tetramethylsilane,
using the carboxylate signal of 1-13C-L-alanine powder as
an external standard at 177.95 ppm. 2D data were processed
with nmrPipe and plotted with nmrDraw (68). Numerical
simulations of fpRFDR-CT measurements were performed
using the SIMPSON program (69) or specific Fortran
programs, using the following spin systems: (i) linear chains
of five equally spaced13C nuclei, with spin polarization
initially on the central nucleus to minimize end effects and
thereby approximate the behavior of an infinite chain and
(ii) two 15N nuclei with the same separation as backbone
nitrogen atoms in sequential residues for a givenψ torsion
angle, with spin polarization on both nuclei. In the latter case,
the15N-13C TEDOR transfer was omitted from the simula-
tions, as it has a negligible effect on the results (66).

Construction of Molecular Models.Models for amylin
fibrils were constructed within the Amber 9 suite (70) in
two steps. First, a starting structure was generated using the

ff99SB force field (71) using the LEaP program (70),
consisting of five copies of amylin in an extended conforma-
tion (including the amidated C-terminus and the disulfide
bond between Cys2 and Cys7), placed 20 Å apart in a
direction perpendicular to the peptide backbones. Four types
of experimentally based restraints were used: (i) residues
8-18 and residues 28-37 were forced to form parallel, in-
registerâ-sheets by imposing harmonic potentials between
the N and O backbone atoms of all even-numbered residues
(2j) of a given peptide and the O and N backbone atoms of
residues 2j - 1 and 2j + 1 of an adjacent peptide. The well
of these harmonic potentials was set between 2.75 and
3.15 Å with a force constant of 20 kcal/mol/Å2. These
restraints represent backbone hydrogen bonds and are sup-
ported by the13C fpRFDR-CT and chemical shift data
presented next. (ii)φ and ψ backbone torsion angles for
residues 8-18 and 28-37 were constrained to-130 ( 20
and 130( 20°, respectively, based on the observation of
â-strand-like chemical shifts for most residues in these
segments. Severalψ angles were constrained to the values
shown in Table S1 (see Supporting Information), based on
15N fpRFDR-CT data. A force constant of 100 kcal/mol/
rad2 was used for these restraints. (iii) Side chains of either
Asn14 and Ile26 or Phe15 and Leu27 were kept in proximity
by imposing harmonic potentials between Cγ and Cδ1 atoms,
with wells between 3 and 7 Å and force constants of 10
kcal/mol/Å2. These restraints were based on the observation
of nonsequential spin polarization transfers in 2D and 1D
RAD measurements. (iv) CR atoms from residue pairs Ala8-
Val32, Gln10-Thr30, and Leu12-Ser28 or residue pairs
Ala8-Ser34, Gln10-Val32, Leu12-Thr30, and Asn14-
Ser28 in each molecule were restrained to be in proximity
by a special potential with a well between 9 and 11 Å and
a force constant of 10 kcal/mol/Å2, which flattens out for
large deviations (see Amber 9 documentation at http://
amber.scripps.edu/doc9/index.html). These restraints serve
to bring theâ-sheets formed by residues 8-18 and 28-37
in contact with one another, as required by the experimental
fibril dimensions observed in TEM and AFM images. In
addition, the trans conformation of peptide bonds and the
chirality of side chains were preserved by torsional potentials
with 100 kcal/mol/rad2 force constants.

After unrestrained energy minimization of the starting
structure to relieve strain (especially in the disulfide bond),
restrained Langevin dynamics simulations were performed
using a generalized Born continuum solvent (72, 73). The
initial temperature was set to 100 K, and random velocities
were generated for this temperature. The system was then
heated to 1000 K over 20 ps, while the restraints were
linearly scaled from 0 to 10%. At 1000 K, the constraints
were further scaled to 100% over 20 ps, and Langevin
dynamics were continued for an additional 20 ps. The system
was then cooled to 100 K over 20 ps and to 0 K over 20 ps.
A total of 100 trajectories was calculated under this protocol,
and pentameric structures with the lowest potential energies
were selected.

In the second step, two copies of a pentamer (i.e., a final
structure from the first step) were manually rotated and
displaced such that theâ-sheet segments comprised of
residues 28-37 were antiparallel and about 20 Å apart,
producing a 2-fold symmetric structure consistent with
experimental STEM data and solid-state13C NMR spectra.
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In addition to the restraints within each pentamer, intermo-
lecular restraints between CR atoms of the Leu27-Val32
pairs were added to attract the two pentamers to one another.
Langevin dynamics were then simulated for the decamer,
with heating from 0 to 1000 K and scaling of all constraints
from 0 to 100% over 5 ps, equilibration for 25 ps at 1000
K, and final cooling to 0 K over 5 ps. The resulting structural
models were visualized, and images were produced using
the VMD software (74).

RESULTS

Characterization of Amylin Fibril Morphology and MPL.
Representative TEM images of amylin fibrils are shown in
Figure 1. A polymorphic fibril sample (Figure 1A), prepared
with HFIP pretreatment as described previously, contains
fibrils with an apparent axial twist and fibrils that appear to
be comprised of untwisted, rod-like protofilaments that
associate laterally into ribbons. We refer to fibrils with the
latter morphology as striated ribbons. Twisted fibrils have
apparent twist periods (i.e., distances between the apparent
maxima in fibril width) between 50 and 250 nm and width
maxima of 9( 1 nm. Protofilaments in striated ribbons have
widths of 4.5-5.0 nm and commonly associate in groups of
2-8. In contrast, amylin fibrils prepared with the gel filtration
protocol described previously are predominantly striated
ribbons (Figure 1B). Striated ribbons can be as long as 50
µm. The very high level of morphological homogeneity in
amylin fibrils prepared with the gel filtration protocol leads
to high-quality solid-state NMR spectra and permits the
development of molecular structural models, as described
next.

Figure 2 shows topographic AFM images of polymorphic
and morphologically homogeneous amylin fibril samples.

Twisted and striated ribbon fibrils can be distinguished in
the AFM image of the polymorphic sample (Figure 2A).
Twisted fibrils vary between 4.0 and 10.0 nm in height, with
a modulation that reveals twist periods of 25 and 50 nm in
most cases. Striated ribbons have heights between 2.5 and
5.0 nm and do not exhibit periodic height modulation. In
AFM images of morphologically homogeneous fibrils (Figure
2B), only striated ribbons are observed. The two classes of
apparent heights for striated ribbons (roughly 2.5 and
5.0 nm) are identical to heights observed by Goldsbury et
al. in earlier AFM studies of polymorphic amylin fibrils (75).

STEM measurements were performed on a morphologi-
cally homogeneous amylin fibril sample to determine the
protofilament MPL, based on the principle that intensities
in STEM images of unstained samples are directly propor-
tional to projected mass densities (76). A representative
STEM image is shown in Figure 3B. As previously described
(15), MPL values were determined from integrated image
intensities within rectangular regions that enclose fibril
segments, after subtraction of background intensities deter-
mined by integration over empty rectangular regions. The
constant of proportionality between mass density and image
intensity was determined for each STEM image from similar
measurements on TMV particles. For fibrils with striated
ribbon morphologies, determination of the MPL value of
protofilaments is complicated by their tendency to associate
laterally into ribbons and bundles of ribbons. Measurements
of MPL values were therefore deliberately restricted to fibrils
that appeared as thin, single lines in the STEM images.
Because of the low resolution and contrast in the STEM
images, single protofilaments could not always be distin-
guished from laterally associated pairs of protofilaments or
from fibrils with other morphologies, which represent a small
fraction of the total material but are less prone to lateral
association.

Figure 3A shows a histogram of MPL values extracted
from 16 STEM images. Assuming an ideal cross-â-structure
for amylin fibrils, the MPL value for a single layer of
molecules would be 8.1 kDa/nm, corresponding to the
quotient of the 3.91 kDa molecular weight and the 0.48 nm
spacing betweenâ-strands in ideal, planarâ-sheets. MPL
values below 10 kDa/nm are not observed, but values in the
13-19 kDa/nm range represent 24% of the total number of
MPL values. Uncertainty in each value is expected to be
approximately( 3 kDa/nm, due to background noise and
carbon film thickness variations (15). We therefore conclude
that the protofilament consists of two cross-â-molecular
layers, with an ideal MPL value of 16.2 kDa/nm. We attribute
higher MPL values in Figure 3B to lateral association of
protofilaments and to a minority fraction of other fibril
morphologies. Examples of MPL values for individual
amylin fibrils are given in Figure 3B.

Goldsbury et al. have reported STEM data for amylin
fibrils with a variety of morphologies, including morphol-
ogies similar to our striated ribbons (41). A minimum MPL
value of approximately 15 kDa/nm was reported. The MPL
data were fit to three Gaussian distributions, centered at 19.9,
29.0, and 40.3 kDa/nm. Goldsbury et al. interpreted their
data as evidence for a protofibril with MPL of approximately
10 kDa/nm. In contrast, we interpret the approximate 10 kDa/
nm MPL increment as the MPL of one molecular layer and
conclude that the protofilament contains two molecular

FIGURE 1: TEM images of negatively stained amylin fibrils from
polymorphic (A and B) and morphologically homogeneous (C and
D) preparations. Red and blue arrows indicate fibrils with apparent
periodic twists. Yellow arrows indicate striated ribbons. Double-
headed yellow arrow indicates a single protofilament that appears
to be the building block of striated ribbons. Homogeneous samples
prepared by the gel filtration protocol described in the text are
primarily striated ribbons.
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layers. We attribute the observation of MPL values around
30 kDa/nm to polymorphism, as supported by our studies
of Aâ1-40 fibrils in which distinct polymorphs (with distinct
molecular structures) were found to have minimum MPL
values corresponding to either two molecular layers or three
molecular layers (21).

Characterization of Secondary Structure by13C NMR.
Figure 4A,B shows 2D13C NMR spectra of polymorphic
amylin fibrils and morphologically homogeneous fibrils,
respectively. Both samples were prepared from AMY05 and
were hydrated in these measurements.13C chemical shifts
at the positions of maximum cross-peak intensity are similar
in the two spectra, with the exception of chemical shifts for
Ala5, for which the Câ chemical shifts differ by 8 ppm, and
Ile26, for which the Cδ chemical shifts differ by 2 ppm.
However, linewidths in the spectrum of polymorphic fibrils
are greater than 2.5 ppm (full width at half-maximum,
determined from cross-peaks in the 2D spectra), while
linewidths in the spectrum of morphologically homogeneous
fibrils range from 1.0 to 2.0 ppm and are typically less than
1.5 ppm. The greater linewidths in the polymorphic case
reflect the presence of a distribution of structures, which
produces a range of chemical shifts for individual13C-labeled
sites. In morphologically homogeneous samples (Figures
4-6), nearly all residues exhibit a single set of13C chemical
shifts, indicating a single molecular structure. Only Gly33
exhibits resolved major and minor13C NMR signals, with
intensity ratios of approximately 4:1, which we attribute to
the existence of a minor population of an alternative peptide
backbone conformation at Gly33.

Figure 4C shows the 2D13C NMR spectrum of morpho-
logically homogeneous AMY05 fibrils in the dry, lyophilized
state. Cross-peaks in Figure 4C are broader than in Figure
4B, as observed in previous solid-state NMR studies of other

amyloid fibrils when comparing lyophilized and hydrated
states of the same sample (18, 19, 22, 77, 78). Line-narrowing
in the hydrated state is attributed to increased molecular
motions, which partially average out the inhomogeneous
broadening of NMR chemical shifts that is present in all
noncrystalline solids. Surprisingly, the Câ chemical shift of
Ala5 changes significantly in the lyophilized state. All other
chemical shifts are unchanged, indicating that the fibril
structure is not dependent on hydration. The anomalous
behavior of Ala5 is consistent with conformational flexibility
in the disulfide-linked loop between Cys2 and Cys7. EPR
studies of spin-labeled amylin fibrils also indicate mobility
in the N-terminal segment, although the native disulfide
linkage was not present in the EPR studies (36).

13C NMR signals of all residues from Ala8 to Tyr37 were
investigated in morphologically homogeneous samples of
AMY05-AMY11 fibrils. 1D 13C NMR spectra of all
samples in hydrated and lyophilized states are given in
Figures S3-S5 of the Supporting Information. 2D13C NMR
spectra are shown in Figures 5 and 6. Assignments of13C
NMR signals were based on the characteristic chemical shift
ranges for each amino acid residue type and on the patterns
of cross-peak connectivities in the 2D spectra. Residues
labeled in multiple samples displayed identical chemical
shifts within experimental errors in all cases.13C chemical
shifts are summarized in Table S1 of the Supporting
Information.

13C NMR linewidths in the 1.0-2.0 ppm range indicate
that the entire segment from Ala8 to Tyr37 is structured and
part of the fibril core. Cross-peak signals from Arg11 were
missing in spectra of AMY06 (Figure 5C), and cross-peaks
from neighboring residues (i.e., Ala8, Thr9, Gln10, Leu12,
and Ala13) were found to be weak when compared to cross-
peaks from other residues within the same sample. These

FIGURE 2: Topographic AFM images of amylin fibrils absorbed to mica from (A) polymorphic and (B) morphologically homogeneous
preparations. Image areas are 2µm × 2 µm. Height profiles for selected fibrils (indicated by arrows of corresponding colors) are shown
to the right.
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observations suggest that residues 8-13 have somewhat
greater amplitudes of motion or different time scales for
motion than residues 14-37.

Secondary13C chemical shifts, defined asδsecondary) δexp

- δcoil, whereδexp is the chemical shift for a given site in
amylin fibrils andδcoil is the chemical shift for the same site
in a random coil peptide, are plotted in Figure 7, using
random coil shifts determined by Wishart et al. (79). The
majority of residues exhibit secondary shifts consistent with
â-strand conformations (i.e., positive secondary shifts for Câ

sites and negative secondary shifts for CO and CR sites (16,
80)). Deviations from this pattern are observed at His18 (for
CR), Ser20 (for CO), Asn21 (for CR and Câ), Leu27 (for CR

and Câ), Ser28 (for CR), and Asn31 (for CR). The large
positive CO secondary shift for Tyr37 is a consequence of
Tyr37 being the C-terminal residue. Qualitatively, the
secondary shifts support the existence of twoâ-strand
segments, comprised approximately of residues 8-17 and
28-37 and separated by a bend or loop segment comprised
of residues 18-27.

Experimentally determined13C NMR chemical shifts were
used as input to the TALOS program, which provides
predictions of backbone torsion angles based on comparisons
with a chemical shift database for proteins of known structure
(81). TALOS predictions (i.e., average backbone torsion
angles for the 10 best matches to the TALOS database,
containing 186 proteins with known structures and chemical
shifts; see Table S1 of the Supporting Information) were

within commonâ-strand ranges (i.e.,φ ) -140( 30° and
ψ ) 140( 30°) for all residues except Leu16, His18, Ser20,
Asn21, Asn22, Phe23, Leu27, and Asn35. Of the 10 best
matches to the TALOS database, at least nine were in the
â-strand region for all residues except Ser20, Asn21, Asn22,
Gly24, Leu27, Ser28, and Gly33.

QuantitatiVe Constraints on Backbone Conformation.
When two consecutive residuesk andk + 1 are isotopically
labeled, a quantitative constraint on the backbone torsion
angle ψ of residuek can be obtained by measuring the
magnetic dipole-dipole coupling between consecutive back-
bone amide15N nuclei. The strength of this coupling is
proportional toR-3, whereR is the internuclear distance,
which is in turn a function ofψ. Assuming standard chemical
bonding geometry,R ranges between 2.70 Å atψ ) (30°
to 3.65 Å atψ ) (180°, corresponding to coupling constants
(defined asγp/2πR3, wherep is Planck’s constant andγ is
the nuclear magnetogyric ratio) between 25 and 63 Hz. The
15N-15N dipole-dipole coupling can be measured with the
fpRFDR-CT recoupling technique (54), which has been
shown to give accurate data for this range of coupling
strengths (17-19). Note that the15N-15N distance, and hence
the fpRFDR-CT data, is independent of the sign ofψ,
assuming ideal bonding geometry. In samples where more
than two residues are isotopically labeled, it is advantageous
to detect the15N fpRFDR-CT curves through13C NMR
signals of directly bonded CR sites because the spectral
resolution in the13C NMR spectrum is generally higher than
in the15N NMR spectrum. This is accomplished by transfer-
ring spin polarization from15N nuclei to directly bonded13CR

sites after the fpRFDR-CT period, using a frequency-selective
TEDOR pulse sequence (64-66). As long as the13CR NMR
line of either residuek or residuek + 1 is at least partially
resolved in the 1D13C NMR spectrum, a constraint onψ
of residuek can be obtained.

Figure 8A compares experimental13CR-detected 15N
fpRFDR-CT data for amylin fibrils with simulated curves
for various values ofψ. Figure 8B shows examples of the
13C NMR spectra from which the data in Figure 8A were
obtained by measurement of peak areas after least-squares
fitting to a sum of Gaussian lineshapes with fixed positions
and widths but variable amplitudes. Of the 10 residues (and
sevenψ angles) for which data could be obtained, only the
labeled Phe23/Gly24 pair in AMY08 yielded data that are
clearly inconsistent with aâ-strand conformation. Data for
AMY08 fibrils indicate |ψ| ≈ 60° for Phe23, but for other
residues|ψ| > 100°.

A non-â-strand conformation at Phe23 is consistent with
the existence of a bend in residues 18-27. Although the
TALOS analysis suggests that Asn22 has a non-â-strand
conformation,|ψ| ≈ 100° for Asn22 according to the data
in Figure 8. Of course, these15N fpRFDR-CT data do not
place constraints on backboneφ torsion angles, and the value
of ψ alone does not fully determine the backbone conforma-
tion.

Identification of Side Chain Contacts.Figure 9A shows a
2D RAD spectrum of AMY10 fibrils, in which relatively
weak nonsequential, inter-residue cross-peaks are observed
between aromatic13C NMR lines of Phe15 and aliphatic13C
NMR lines of Ile26 and Leu27. Spin polarization transfer
from Phe15 to Ile26 and Leu27 is confirmed by the 1D RAD
spectrum in Figure 9B. The simplest interpretation of these

FIGURE 3: (A) Histogram of MPL values extracted from STEM
images of amylin fibrils. Vertical dashed lines indicate the ideal
MPL values of integral numbers of molecular layers with cross-
â-structures. (B) Representative STEM image (50 000× magnifica-
tion). Approximate MPL values of individual fibrils are indicated
in units of the MPL of one molecular layer. Double-headed arrows
indicate tobacco mosaic virus particles used to determine the ratio
of MPL to image intensity.
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data, as discussed in similar studies of Aâ1-40 fibrils (22), is
that the phenyl ring of Phe15 is in close proximity (ap-
proximately 6 Å or less) to side chain methyl carbons of
either Ile26 or Leu27. However, because Asn14 is also
uniformly 15N,13C-labeled in AMY10, the observed cross-
peaks and polarization transfer may also result from proxim-
ity between the Asn14 side chain and the Ile26 side chain
or the Asn14 side chain and the Leu27 side chain. This
uncertainty is due to the long exchange periods employed
in the RAD measurements, which produce near equilibration
of spin polarizations for sequential labeled residues. Although
the precise side chain contact indicated by the RAD data

cannot be determined, these data do support the existence
of non-â-strand conformations at certain sites in residues 18-
27, leading to an overall bend that can bring residues 14-
15 close to residues 26-27.

Figure 9C shows a 2D RAD spectrum of AMY08 fibrils,
in which cross-peaks between Phe23 and Gly24, but no
nonsequential cross-peaks, are observed. The absence of
nonsequential cross-peaks in this spectrum demonstrates the
structural specificity of 2D RAD measurements. 2D RAD
measurements were also performed on AMY05, AMY06,
AMY07, AMY09, and AMY11 fibrils, without detection of

FIGURE 4: Selected regions from 2D13C fpRFDR spectra of polymorphic (A) and morphologically homogeneous (B and C) amylin fibrils
with the AMY05 labeling pattern. Fibrils are rehydrated after lyophilization in panels A and B but lyophilized without rehydration in panel
C. Chemical shift assignment paths for uniformly15N,13C-labeled residues are shown in panel B, with dashed lines extending to panels A
and C to permit comparisons of13C chemical shifts in the three samples. 1D slices from each spectrum at the indicated chemical shift
positions are shown directly underneath. Measurements were performed at 150.7 MHz13C NMR frequency, with a 2.2 ms fpRFDR exchange
period and a 25.00 kHz MAS frequency. Gaussian line broadening of 150 Hz was applied in both dimensions. In the 2D plots, the lowest
contour levels are slightly above the noise level and increase by successive factors of 1.7.
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cross-peaks that place constraints on the amylin conforma-
tion.

EVidence for In-Register Parallelâ-Sheets.As originally
demonstrated by Lynn et al. (26, 27), theâ-sheet structures
in amyloid fibrils can be investigated by applying dipolar
recoupling techniques to samples that are prepared from
peptides in which a single site is13C-labeled. With single
site labeling, the dipolar recoupling data represent measure-
ments of intermolecular distances, which can readily distin-
guish parallel from antiparallelâ-sheets and establish the
precise registry of backbone hydrogen bonds within the
â-sheets. We have previously used13C fpRFDR-CT mea-
surements to investigateâ-sheet structures in fibrils formed
by â-amyloid peptides (17, 19, 21) and by yeast prion
proteins (18, 63).

Figure 10 compares experimental13C fpRFDR-CT data
for AMY04 fibrils with simulations for ideal linear chains
of 13C nuclei with various internuclear spacings. The large

chemical shift difference between the13C-labeled methyl site
of Ala13 and the carbonyl site of Phe23 allowed intermo-
lecular distances for Ala13 methyls and Phe23 carbonyls to
be measured separately with a single AMY04 fibril sample.
Assuming aâ-strand conformation for residues 8-17, the
intramolecular distance between the labeled methyl and the
labeled carbonyl sites must exceed 10 Å (even if residues
18-27 are in a loop that folds back on residues 8-17, as
can be seen by examination of molecular models), making
intramolecular dipole-dipole couplings insignificant. For
both labeled sites, the fpRFDR-CT data indicate nearest-
neighbor intermolecular distances between 5.0 and 5.5 Å.
In an ideal in-register parallelâ-sheet, these distances would
be 4.8 Å. A one-residue shift from in-register alignment
would produce nearest-neighbor distances of approximately
5.3 Å for a backbone carbonyl label but nearest-neighbor
distances of approximately 6.7 Å for a Câ label (18). Thus,
although the Phe23 carbonyl data are consistent with either

FIGURE 5: Same as Figure 3B, for morphologically homogeneous amylin fibrils with the AMY06, AMY07, and AMY08 labeling patterns
(A-C, respectively). Measurements were performed at 100.4 MHz13C NMR frequency, with a 1.6 ms fpRFDR exchange period and a
20.00 kHz MAS frequency.
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in-register or shifted parallelâ-sheet structures, the Ala13
methyl data rule out a shiftedâ-sheet structure. The fact that
the experimental fpRFDR-CT data decay more slowly than
simulated data for a 4.8 Å distance is attributable to effects
of transverse nuclear spin relaxation on the experimental data
(17).

EPR data for spin-labeled amylin fibrils also indicate a
parallelâ-sheet structure (36). The EPR measurements were
carried out on samples that were polymorphic, based on the
reported TEM images (36), and were prepared from peptides
that lacked the native disulfide bond. The solid-state NMR
data in Figure 10 therefore strengthen the existing evidence
for in-register parallelâ-sheets in amylin fibrils, particularly
for fibrils with the striated ribbon morphology and the native
disulfide bond.

DISCUSSION

DeVelopment of Molecular Models for Amylin Fibrils.
Although the solid-state NMR and electron microscopy data
presented previously are not sufficient to determine the
molecular structure of amylin fibrils uniquely, it is nonethe-
less useful to develop tentative structural models based on
these data, both as a means of summarizing the information
content of the experimental data and as a guide for future
experiments. Models for amylin decamers in configurations
that represent a segment of the amylin protofilament were
developed as described previously (see Materials and Meth-
ods), using restrained Langevin dynamics to identify low-
energy structures that are consistent with the experimental
data. Restraints included (i) backbone torsion angle restraints
for â-strand segments identified from13C chemical shifts

FIGURE 6: Same as Figure 3B, for morphologically homogeneous amylin fibrils with the AMY09, AMY10, and AMY11 labeling patterns
(A-C, respectively). Measurements were performed at 150.7 MHz13C NMR frequency, with a 2.2 ms fpRFDR exchange period and MAS
frequencies of 25.00, 30.00, and 15.00 kHz (A-C, respectively).

13514 Biochemistry, Vol. 46, No. 47, 2007 Luca et al.



(Figure 7) and supported by15N fpRFDR-CT data (Figure
10) and for the non-â-strand ψ angle of Phe23; (ii)
intermolecular distance restraints between backbone amide
nitrogen and carbonyl oxygen sites inâ-strand segments, to
produce an in-register parallel alignment of neighboring
peptide chains that is consistent with13C fpRFDR-CT data
(Figure 10) and the earlier EPR data; (iii) intramolecular
distance restraints between side chains of Asn14 and Ile26
(model in Figure 11C) or Phe15 and Leu27 (model in Figure
11D), supported by nonsequential polarization transfers in
1D and 2D RAD spectra (Figure 9); and (iv) intramolecular
distance restraints between certain pairs of CR sites in the
â-strand segments, to produce a reversal of the peptide chain
direction by the bend in residues 18-27, as supported by
the amylin protofilament diameter observed in TEM images
(Figure 1). In addition, the models were constructed as two
layers of amylin pentamers withC2 rotational symmetry
about the fibril axis (i.e., about the direction approximately
perpendicular to theâ-strands and approximately parallel to
the interstrand hydrogen bonds). The double-layered structure
is consistent with MPL measurements (Figure 3). TheC2

symmetry is consistent with the observation of relatively
narrow13C NMR lines with a single set of chemical shifts,
which indicates that all amylin molecules have nearly
identical conformations and are in nearly identical structural
environments (although the conformations and environments
are not strictly identical, due to the noncrystallinity of
amyloid fibrils).

Figure 11A shows the ribbon representation of a typical
structure for one pentameric layer of amylin molecules after
simulated annealing with experimentally based restraints,
starting from well-separated molecules with extended con-
formations. The N-terminal segment includes the Cys2-Cys7
disulfide bond but is otherwise unrestrained, leading to
substantial disorder consistent with the NMR observations
for Ala5. Figure 11B shows a cross-sectional view of a pair

of amylin molecules with theC2 symmetry discussed
previously. Protofilament models withC2 symmetry and with
two â-strands per molecule, separated by a chain-reversing
bend in residues 18-27, have overall widths of approxi-
mately 5 nm, consistent with the apparent protofilament
widths in TEM images of striated ribbons. All-atom repre-
sentations are shown in Figure 11C,D for the final structural
models from two independent modeling runs. These two
models are shown to illustrate the range of amylin protofila-
ment structures that is consistent with existing data. The main
differences in peptide conformation in the two models are
in residues 19-21, 24, and 25, resulting in different sets of
side chain contacts betweenâ-sheet layers. In Figure 11C,
side chains of Gln10, Leu12, Asn14, and Leu16 make
contacts to theâ-sheet formed by residues 28-37, while side
chains of Arg11, Ala13, and Phe15 are on the exterior of
the protofilament. In Figure 11D, side chains of Arg11,
Ala13, and Phe15 make contacts to theâ-sheet formed by
residues 28-37, while side chains of Gln10, Leu12, Asn14,
and Leu16 are on the exterior of the protofilament. In Figure
11C, side chains of Leu27, Ser29, and Asn31 are located in
the interface between the two layers of amylin molecules,
while side chains of Leu26, Ser 28, Thr30, and Val32 are in
the interior of each layer. In Figure 11D, side chains of
Leu26, Ser 28, Thr30, and Val32 are located in the interface
between the two layers of amylin molecules, while side
chains of Leu27, Ser29, and Asn31 are in the interior of each
layer. We interpret the qualitative observation that cross-
peaks for residues 8-13 in 2D fpRFDR spectra of hydrated
amylin fibrils are relatively weak as support for structural
models in whichâ-sheets formed by residues 8-17 are
located on the exterior of the protofilament, rather than
participating in the interface between molecular layers. Side
chains on the exterior are likely to have greater amplitudes
of motion, leading to a reduction of motionally averaged
13C-13C dipole-dipole couplings and possibly a reduction
in 13C T2 relaxation times for these residues. Both effects
would reduce the cross-peak intensities in 2D fpRFDR
spectra.

We attribute the observation of 2.5 nm fibril heights in
AFM images of striated ribbons (Figure 2) to disassembly
of the two molecular layers within the amylin protofilament
under AFM scanning conditions. Fibrils with 5.0 nm heights
represent intact protofilaments.

Comparison with Aâ1-40 Fibril Structure.Models in Figure
11 are remarkably similar to models developed by Petkova
et al. for Aâ1-40 fibrils (22), especially for the protofilaments
in Aâ1-40 fibrils that are grown with gentle agitation, which
also have morphologies that closely resemble striated ribbons
(21). In Aâ1-40 fibrils, residues 1-9 are most strongly
disordered (although not disulfide-linked), residues 12-21
and 30-40 formâ-strands, and residues 22-29 form a chain-
reversing bend. The protofilament is comprised of two layers
of Aâ1-40 molecules, withC2 rotational symmetry about the
fibril axis and with the C-terminalâ-strands forming the
interface between molecular layers. Figure 7 shows an
alignment of the amylin and Aâ1-40 sequences based on
structural similarity. This alignment differs slightly from a
previously proposed alignment that was based on sequence
similarity (82), in that the FGAIL segment of amylin
(residues 23-27) aligns with residues 26-30 of Aâ1-40 in
Figure 7, rather than with residues 28-32 of Aâ1-40.

FIGURE 7: 13C NMR secondary chemical shifts for carbonyl, CR,
and Câ sites in amylin fibrils with the morphology in Figure 1C,D,
determined from spectra in Figures 4-6. Light blue arrows indicate
likely â-strand segments. Amino acid sequences of human amylin
(with likely â-strands in light blue), rodent amylin (with amino
acid differences in red), andâ-amyloid (with previously determined
â-strands (20-22) in light blue) are shown.
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Nonetheless, our evidence that the peptide conformations in
amylin and Aâ1-40 fibrils are similar supports the earlier
proposal that the two peptides have similar secondary
structure patterns in the fibrillar state (36).

Although the protofilament structures in amylin striated
ribbons and in agitated Aâ1-40 fibrils are apparently very
similar, differences in amino acid sequence imply that the
interactions that stabilize the two structures are different. The
hydrophobic nature of theâ-strand segments in Aâ1-40 fibrils
implies that side chain interactions within and between
â-sheet layers are predominantly hydrophobic. In the models
of Petkova et al., the only nonhydrophobic side chains in
the Aâ1-40 protofilament core are oppositely charged Asp
and Lys side chains, which form salt bridges (22). In contrast,

the core of the amylin protofilament (Figure 11C,D) contains
both hydrophobic and polar side chains. Hydrophobic side
chains of residues 23-27 interact with hydrophobic side
chains of residues 15-17 and 32. Simultaneously, polar side
chains of residues 28-31 in one molecular layer may interact
favorably with side chains of the same residues in the other
molecular layer. Additional experimental constraints on side
chain contacts are required before these interactions can be
determined definitively. However, it appears that amylin
fibrils are stabilized by a mixture of hydrophobic and polar
interactions.

Gazit and co-workers have proposed that side chain
interactions among aromatic residues have important stabiliz-
ing effects on amyloid structures (83, 84). The role of

FIGURE 8: (A) Experimental (symbols) and simulated (solid and dashed lines)15N fpRFDR-CT data for amylin fibrils with AMY07,
AMY08, AMY09, and AMY11 isotopic labeling patterns, detected through13C NMR signals of CR sites in the indicated residues. The
experimental data serve as constraints on the backboneψ torsion angles of residues in parentheses. Simulations are forψ values ranging
from (30° (most rapidly decreasing solid line) to(170° (least rapidly decreasing dashed line), in(20° steps. Data for AMY07, AMY08,
and AMY09 were obtained at 100.8 MHz13C NMR frequency and 20.00 kHz MAS frequency. Data for AMY11 were obtained at 150.7
MHz 13C NMR frequency and 15.00 kHz MAS frequency. (B)13C NMR spectra from which AMY08 (left) and AMY11 (right) data were
obtained, with15N dipolar evolution periods and assignments of13CR lines indicated.
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interactions among aromatic side chains in amylin fibril
formation has also been addressed by Marek et al. (85). In
the absence of higher resolution restraints on side chain
conformations, the models in Figure 11 do not permit an
assessment of the significance of these interactions.

Solid-state NMR studies of Aâ1-40 fibrils have shown that
fibrils with different morphologies in TEM images have
different underlying molecular structures. Data acquired to
date indicate that Aâ1-40 polymorphs have similar secondary
structures (i.e., similar locations ofâ-strand, non-â-strand,
and conformationally disordered segments) and tertiary
structures (i.e., the same in-register parallelâ-sheet organiza-
tion) but different quaternary structures (i.e., different
protofilament MPL values, symmetry, and contacts between
â-sheets). Similar structural differences among amylin poly-
morphs may be uncovered in future experiments.

Comparison with Earlier Studies of Amylin Fibrils.Figure
7 also compares the human and rodent amylin sequences
(86, 87). Rodent amylin does not form amyloid fibrils under
typical in vitro conditions (57) or in vivo conditions (56),
nor do diabetic mice that express rodent (rather than human)
amylin develop pancreatic amyloid (9). In light of the models
in Figure 11, the critical difference between the two
sequences seems to be the proline substitutions at Ser28 and
Ser29, which would disrupt the C-terminalâ-sheets. Bio-

physical studies by Abedini and Raleigh (88) have shown
that amyloid formation by human amylin can also be
inhibited by simultaneous proline substitutions at residues
17, 19, and 30, without changing the sequence in residues
20-29, a segment that has been suggested (89) and
subsequently discussed (56, 83, 90, 91) as the core for amylin
fibril formation. According to our data, residues 17 and 30
are in the C- and N-terminalâ-strands in amylin fibrils,
respectively.

Identification of residues 20-29 as the core amyloid-
forming segment of amylin seems erroneous, particularly if
one expects the core segment to formâ-sheets in the mature
fibrils. In light of current knowledge that the ability to form
amyloid fibrils is not an unusual property for a peptide (10),
the fact that short peptides representing residues 20-29 form
fibrils (56, 89) does not imply that this segment constitutes
the core of full-length amylin fibrils. In fact, the molecular
structures of fibrils formed by short peptides can be
qualitatively different from the structures of the correspond-
ing segments in the context of full-length peptide fibrils, as
demonstrated by findings that certainâ-amyloid fragments
form antiparallelâ-sheets in amyloid fibrils (16, 19, 24, 78),
while other fragments (15, 26, 27) and full-lengthâ-amyloid
(15, 17, 21) form parallelâ-sheets. Evidence from Griffiths
et al. for antiparallelâ-sheets in fibrils formed by residues

FIGURE 9: (A) 2D RAD spectrum of AMY10 fibrils, obtained at 150.7 MHz13C NMR frequency with MAS at 21.00 kHz and a 1000 ms
exchange period. Arrows indicate cross-peaks between13C NMR signals of Phe15 aromatic carbons and Ile26/Leu27 methyl carbons (solid
lines), Asn14 CR carbons (dashed lines), and Phe15 CR and Câ carbons (dotted lines). (B) 1D RAD spectrum of AMY10 fibrils, obtained
at 150.7 MHz13C NMR frequency with MAS at 25.00 kHz and a 1000 ms exchange period after selective preparation of longitudinal spin
polarization on Phe15 aromatic carbons. Assignments of aliphatic13C NMR signals that arise from polarization transfer from the Phe15
aromatic carbons are shown. (C) 2D RAD spectrum of AMY08 fibrils, obtained at 150.7 MHz13C NMR frequency with MAS at 18.00
kHz and a 500 ms exchange period. Arrows indicate cross-peaks between13C NMR signals of Phe23 aromatic carbons and Gly24 CR
carbons (dashed lines) and Phe23 CR and Câ carbons (dotted lines). Short dotted arrows indicate cross-peaks that arise from MAS sidebands
of Phe23 carbonyl signals. Contour levels in 2D plots increase by successive factors of 1.5.
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20-29 of human amylin (25) indicates that, as in the case
of â-amyloid fibrils, the molecular structures in fibrils formed

by amylin fragments need not reflect the molecular structure
of full-length amylin fibrils.

Scrocchi et al. have reported that peptides representing
residues 20-25 and 24-29 can act as inhibitors of fibril
formation by full-length amylin, while a peptide representing
residues 22-27 accelerates fibril formation (91). Similarly,
Porat et al. have shown that a peptide representing residues
22-28, with a F23Y substitution, inhibits fibril formation
(83). Assuming that these amylin fragments interact with
the corresponding segments of the full-length sequence and
that residues 8-17 and 28-37 comprise theâ-sheet core of
full-length amylin fibrils as indicated by our data, it appears
that interactions outside theâ-sheet core can affect fibril
formation. Efforts to design fibrillization inhibitors need
not focus exclusively on theâ-sheet-forming segments of
amylin.

Green et al. have shown that rodent amylin with R18H,
L23F, and V26I substitutions (producing an amylin variant
that differs from the human form only by proline substitutions
at residues 25, 28, and 29) is capable of forming amyloid
fibrils but with much lower yield than human amylin under
the same experimental conditions (92). The structural models
in Figure 11 do not provide a simple rationalization for the
effect of these substitutions. One possibility, which would
require additional solid-state NMR data to verify, is that the

FIGURE 10: Experimental and simulated13C fpRFDR-CT data for
amylin fibrils with the AMY04 labeling pattern. Separate measure-
ments were performed on the labeled Phe23 carbonyl (triangles)
and Ala13 methyl (circles) sites. Experimental data are corrected
for signal contributions from natural-abundance13C nuclei by
subtraction of a constant baseline equal to 16.5 and 13.2% of the
initial signal (based on the number of carbonyl and methyl sites).
Simulations are for linear chains of13C nuclei with the indicated
nearest-neighbor spacings.

FIGURE 11: Molecular structural models for the protofilament in amylin fibrils with striated ribbon morphologies, generated using restrained
Langevin dynamics simulations as described in the text. (A) Ribbon representation of one cross-â-molecular layer, with N- and C-terminal
â-strand segments in red and blue, respectively. The black arrow indicates the fibril axis. (B) Cross-sectional view of two amylin molecules
in the protofilament. This configuration, with approximateC2 symmetry about the fibril axis, is supported by the STEM data in Figure 3
and the observation of a single set of chemical shifts in13C NMR spectra. The overall dimensions are consistent with TEM and AFM
images. (C and D) All-atom representations of two possible models, with hydrophobic residues in green, polar residues in magenta, positively
charged residues in blue, and disulfide-linked cysteine residues in yellow.
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fibrils observed by Green et al. have somewhat different
â-strand locations than fibrils formed by human amylin.

An alternative,â-serpentine model for amylin fibrils has
been proposed by Kajava et al. (90), based on analysis of
the amylin sequence, experimental data on fibril formation
by amylin fragments, evidence for parallelâ-sheets from EPR
(36), STEM data from Goldsbury et al. (41), and analogies
to known structures ofâ-helical proteins. The model of
Kajava et al. contains threeâ-strands, formed by residues
12-17, 22-27, and 31-37 and separated by short chain-
reversing bends in which His18, Asn21, and Thr30 have non-
â-strand backbone conformations. The details of this model
are inconsistent with our15N fpRFDR-CT data for Phe23
and Thr30 and with our interpretation of the STEM data, as
discussed previously. Nonetheless, the possibility exists that
the model of Kajava et al. may apply to amylin fibrils with
morphologies that differ from the striated ribbons examined
in our experiments.

Padrick and Miranker have used fluorescence spectroscopy
as a probe of amylin fibril structure and structural changes
that accompany fibril formation (93). Their data indicate
reduced solvent accessibility and mobility for the Tyr37 side
chain upon fibril formation and proximity of the Tyr37 side
chain to side chains of Phe15 and/or Phe23 (estimated
distances less than 11 Å). Although Tyr37 is not buried in
the protofilament core in the models in Figure 11, solvent
accessibility and side chain mobility are restricted by
interactions within parallelâ-sheets and betweenâ-sheet
layers and possibly by lateral association of protofilaments.
Intermolecular distances from the Tyr37 side chain to the
Phe23 side chain in the models in Figure 11 are roughly
5-12 Å, consistent with the fluorescence data. Tyr37-Phe15
distances are greater than 20 Å in Figure 11, although Padrick
and Miranker’s analysis of their fluorescence data suggests
that side chains of both Phe15 and Phe23 are close to Tyr37.
The source of this disagreement with the earlier analysis of
fluorescence data remains to be determined.

In conclusion, we have developed a protocol for the
preparation of morphologically homogeneous amylin fibrils
that leads to high-quality solid-state NMR data. We have
obtained structural constraints from solid-state NMR, electron
microscopy, and AFM that support the low-resolution
structural models shown in Figure 11. Additional constraints
that permit refinement of these models may be obtained in
future experiments. The current structural models apply to
amylin fibrils with striated ribbon morphologies. Variations
in molecular structure that underlie variations in fibril
morphology may also be identified in future experiments,
provided that protocols for the preparation of alternative
morphologies can be developed.

It has been suggested that the toxicity of human amylin
aggregates may be attributed to soluble oligomeric species
and not to fibrils, based in part on the findings that certain
transgenic mice (homozygous males that overexpress human
amylin) develop hyperglycemia and insulin deficits prior to
the appearance of detectable islet amyloid (94) and that
rifampicin (a drug that may inhibit fibril formation but not
oligomer formation) does not protect culturedâ-cells from
amylin-induced apoptosis (95). The interpretation of the
rifampicin studies is unclear, given that Tomiyama et al.
show that rifampicin binds to, but does not inhibit or
dissociate, amylin fibrils (96). In future work, it will be

interesting to compare the molecular structures of amylin
oligomers with the structures of amylin fibrils, as has been
done recently in the case of Aâ1-40 (97).
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chromatography (Figure S2); 1D13C spectra of amylin fibrils
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rehydrated conditions (Figures S3-S5);13C NMR chemical
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This material is available free of charge via the Internet at
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