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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 3-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-residéeamyloid peptide that is associated with Alzheimer’s disease.

Amylin, also called islet amyloid polypeptide or IAPP of the disease5—7). Studies with transgenic mice that
is a 37-residue peptide that is co-secreted with insulin by express human amylin suggest that amyloid could develop
the -cells of the pancreas. The normal biological effects of uniformly throughout the islets of the pancreas from an early
amylin include inhibition of glucagon secretion and stage of the diseas8)(In a mouse model for type 2 diabetes,
reduction of the rate of gastric emptying, effects that the development of persistent hyperglycemia and insulin
contribute to the maintenance of postprandial glucose ho-deficiency was found to require expression of human amylin
meostasis 1). Amylin is the major peptide or protein  and to correlate positively with islet amyloid formatio).(
component of the islet amyloid found in the pancreas of Knowledge of the detailed molecular structure of amylin
approximately 90% of type 2 (or non-insulin-dependent) fibrils may contribute to the development of drugs to prevent
diabetes patient2( 3). Fibrillar amylin has been shown to  the formation of islet amyloid and to an understanding
be toxic to cultureds-cells @) and has been proposed to of their cytotoxic properties.
play a significant role in the pathogenesis of type 2 diabetes Amyloid fibrils are self-
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Table 1: Isotopic Labeling Patterns and Synthesis Strategies for Amylin Samples

isotopically labeled residues

sample (uniform >N and*3C labeling except in AMY04) pseudo-proline dipeptide positions N-FmocHmb-protected position
AMY04 13CH;z-Alal3,3C0O-Phe23 Ser19/Ser20, Ser28/Ser29 none

AMYO05 Ala5, Leul6, Phe23, lle26, Val32, Gly33 Serl19/Ser20 none

AMYO06 Argll, Alal3, Phelb5, Vall7, lle26, Ser28 Ser19/Ser20 none

AMYO07 Thr9, GIn10, Leul2, Asn21, Gly24, Ala25, Ser34 Ser19/Ser20 none

AMY08 Ala8, Ser20, Phe23, Gly24, Leu27, Asn35, Thr36 none Alal3

AMY09 Leul?2, Alal3, Hisl18, Serl9, Thr30, Asn31 Ser28/Ser29 Gly24

AMY10 Alal3, Asnl4, Phel5, lle26, Leu27, Ser29, Thr30 Ser19/Ser20 none

AMY11 Asn22, Phe23, Ala25, lle26, Gly33, Ser34, Tyr37 Ser19/Ser20, Ser28/Ser29 none

In vitro, amylin readily forms amyloid fibrils with a variety

stown, NJ). Amylin was synthesized on a 0.1 mmol scale

of morphologies as seen in transmission electron microscopyby solid-phase peptide synthesis on an Applied Biosystems

(TEM) and atomic force microscopy (AFM) image¥)(41)
and with typical crosg-diffraction patternsg3). Early solid-
state NMR studies by Giriffiths et al. focused on fibrils
formed by a peptide representing residues 29 of amylin.
These studies provided evidence for a distorfestrand
backbone conformation in residues-226 and an antiparallel
f-sheet structure25). More recent EPR studies of spin-
labeled, full-length amylin fibrils by Jayasinghe and Langen

433A synthesizer. For most residues, coupling reactions were
performed for 20 min using Fmoc amino acids (10 equiv)
activated with 2-(H-benzotriazol-l-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HBTU, 10 equiv) axdN-
diisopropylethylamine (DIEA, 10 equiv). Coupling times of

6 h were used for Thr9 and GInl0. Isotopically labeled
residues (3 equiv) were activated with HBTU (3 equiv) and
DIEA (3 equiv) and coupled for 45 min. Capping of free

indicate a parallel arrangement of the peptides within the amino groups with acetic anhydride was performed after each
pB-sheets and demonstrate that amino acid side chainscoupling step.

throughout the peptide are immobilized in the fibrils, but
with less rigidity at the N-terminus3g).

One amylin sample, called AMY04, was synthesized with
13C labels at the methyl carbon of Alal3 and the carbonyl

Structural studies of peptides and proteins generally requirecarbon of Phe23 to permit measurements of intermolecular
homogeneous sample preparations. Studies by Petkova et al*C—*C dipole—dipole couplings using the constant-time

of fibrils formed by the 40-residugs-amyloid peptide
associated with Alzheimer’s disease{A4) have clearly
shown that amyloid fibrils with distinct morphologies possess
distinct molecular structure2y, 22). As compared to other
amyloid-forming peptides (such asff.4 or fragments

finite-pulse radiofrequency-driven recoupling (fpPRFDR-CT)
technique %4). Seven samples were prepared with uniform
15N and*3C labeling of selected residues, as summarized in
Table 1. Labeled residues in each sample were chosen to
minimize overlap in3C NMR spectra, permitting measure-

thereof), full-length amylin is difficult to synthesize and ments of'3C NMR chemical shifts, signal intensities, and
purify, has a poor initial solubility in aqueous solution, and linewidths throughout the amylin sequence. In certain cases,
forms fibrils relatively rapidly in aqueous solution, factors uniform labeling of consecutive pairs of residues also
that complicate the preparation of structurally homogeneous permitted measurements of intramolecufd—15N dipole
amylin fibrils. In this paper, we report a protocol that couplings that serve as constraints on peptide backbone
generates amylin fibrils with uniform morphology and conformation. Duplication of certain labeled residues in
molecular structure, in quantities that are sufficient for solid- different samples (e.g., 1le26 in AMY05 and AMYO06)
state NMR or other structural measurements. We use solid-permitted confirmation of the reproducibility of amylin fibril
state NMR techniques to obtain constraints on the peptideformation with the protocol described next.

conformation and supramolecular organization within these  Synthesis of full-length amylin from standard Fmoc-

amy"n fibrils and combine these constraints with information protected amino acids was found to be inefficient due to poor
from TEM, AFM, and scanning transmission electron couplings after Argll and GInl10. Yields of full-length
microscopy (STEM) to develop preliminary models for the  amylin were improved significantly by incorporation of either
molecular structure of amylin fibrils. Finally, we compare the pseudo-proline dipeptide derivative Fmoc-&Rarj-Ser-

the solid-state NMR data and preliminary structural models (yMeMepro)-OH, as described by Abedini and Raleii)(

with reported results from earlier investigations of amylin  or N-FmocHmb-protected residues at certain sites. Locations
fibril structure and related issues. 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 d 3 h for the pseudo-proline dipeptide derivative and
the subsequent residue (His18 or Leu27) were u$éed.

Fmoc-(FmocHmb)Ala-OH, and Fmoc-(FmocHmb)Gly-OH FmocHmb-protected residues were coupled for 3 h, and the
were purchased from Novabiochem (San Diego, CA). Subsequent residue (Phe23 or Leul2) was activated with
Unlabeled Fmoc amino acids were from Anaspec (San Jose O-(7-azabenzotriazol--yl)-1,1,3,3-tetramethyluronium hexaflu-
CA); isotopically labeled Fmoc amino acids were from Orophosphate and coupled for 12 h.

Cambridge Isotope Laboratories (Andover, MA) and from  Crude peptide obtained by standard trifluoracetic acid
Spectra Stable Isotopes (Columbia, MD). All other reagents (TFA) cleavage and ether precipitation was purified by high-
were obtained from Applied Biosystems (Foster City, CA), performance liquid chromatography (HPLC) using a prepara-
Sigma-Aldrich (St. Louis, MO), and EMD Chemicals (Gibb- tive C4 reversed-phase column (Grace Vydac, Hesperia, CA)

MATERIALS AND METHODS

Synthesis and Purification of AmyliRink amide MBHA
Resin (0.69 mmol/g), Fmoc-S&Bu)-SerfyMeMepro)-OH,
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and a water/acetonitrile gradient containing 0.1% TFA and  For comparison, polymorphic amylin fibrils were prepared
running from 25 to 45% acetonitrile over 30 min. Purified by dissolving oxidized amylin (purified by HPLC and
amylin was then lyophilized and stored -aR0 °C. Yields lyophilized as described previously) twice in neat hexaflu-
of purified amylin were approximately #B0% of the oroisopropyl alcohol (HFIP) and drying under nitrogen gas.
theoretical maximum, depending on the isotopic labeling HFIP-treated amylin was then dissolved ag®0 in the same
pattern and the locations of pseudo-proline BREmocHmMb phosphate buffer described previously and allowed to fibrilize
derivatives. Before preparation of fibrils, the peptide was for 1 week.
solubilized at 1.3 mM in 30% dimethyl sulfoxide and 3% Other methods for preparing structurally homogeneous
acetic acid and allowed to form intramolecular disulfide amylin fibrils were unsuccessful. For example, we tried to
bonds (between Cys2 and Cys7) overnight. A second HPLC dissolve the peptide at approximately 50@ concentration
purification using a & column was performed after disulfide in dimethyl sulfoxide, HFIP, 07 M guanidine hydrochloride
formation. Oxidized amylin was collected, frozen in liquid prior to dilution into aqueous buffer that contained seeds.
nitrogen, lyophilized, and used immediately. Mass spec- AFM images of the resulting fibrils indicated a high degree
trometry was utilized after each HPLC purification to confirm of polymorphism. In addition, FPLC traces of amylin
the correct assembly of synthetic amylin and the disulfide dissolved in dimethyl sulfoxide indicated a nonmonomeric
bond formation. HPLC chromatograms for reduced and state.
oxidized amylin are shown in Figure S1 of the Supporting  Electron Microscopy and AFMAfter 1 week of incuba-
Information. tion, amylin fibrils were diluted by a factor of 10 with
Preparation of Amylin Fibrilsimmediately prior to fibril deionized water for TEM and STEM measurements. For
formation, monomeric amylin was prepared by gel filtration TEM, diluted solutions were applied to glow-discharged
as follows. Lyophilized, oxidized amylin was dissolved in 7 carbon films on 300 mesh copper grids with lacey carbon
M guanidine hydrochloride at a concentration of 400 supports. After adsorption for 2 min and blotting, grids were
(verified by absorption at 280 nm using an extinction washed with deionized water, blotted, negatively stained with
coefficient of 1400 M* cm™). A 500 uL aliquot was 3% uranyl acetate for 1 min, blotted, and dried in air. TEM
injected at 0.25 mL/min on a Superdex Peptide Column 10/ images were recorded using a FEI CM120 microscope
300 (GE Healthcare, Piscataway, NJ), which had been (Amsterdam, The Netherlands) operating at 120 kV. Grids
equilibrated in 10 mM sodium phosphate, 15 mM sodium for STEM measurements were prepared similarly, but
chloride, pH 7.4. Monomeric amylin was collected with a tobacco mosaic virus (TMV) was first deposited on grids,
dilution factor between 8 and 10 (final concentration of40 and the staining step was omitted. STEM images were
50 uM). About 30% of the amylin was lost in this gel recorded with a VG Microscopes HB501 field-emission
filtration purification, probably due to aggregation. The STEM as previously described%) and were analyzed with
column was therefore cleaned with 70% formic acid and re- ImageJ software (available at http://rsb.info.nih.gov/ij/).
equilibrated with buffer before the next injection. Fast protein ~ For AFM, fibril solutions were diluted by a factor of 10
liquid chromatography (FPLC) traces for human amylin and with 1% acetic acid and immediately applied to freshly

rodent amylin (which does not aggrege®,(57)), verifying cleaved mica. The mica was washed twice with deionized
the monomeric state prepared, are shown in Figure S2 ofwater and air-dried after blotting. Images were acquired in
the Supporting Information. tapping mode using a MultiMode AFM and Nanoscope IV

Amylin fibrils with a uniform morphology were prepared controller (Veeco, Santa Barbara, CA), with either standard
initially by collecting monomeric amylin in a polypropylene silicon nitride probes (56 nm tip radius, 40 N/m force
tube and allowing fibrils to form overnight in a sonicator constant) or microactuated silicon probes for faster scanning
bath that was automatically turned on for 10 s every 30 min. (nominal 10 nm tip radius, 3 N/m force constant). Similar
This intermittent sonication ensured the formation of short images were obtained in both cases.
fibrils and may favor the propagation of fibril morphologies Solid-State NMRMeasurements were performed using 9.4
that are more susceptible to fragmentation. On the secondand 14.1 T magnets (100.4 and 150.7 MHZ NMR
day, a small aliquot (2.5% v/v) of these fibrils was placed frequencies), InfinityPlus NMR spectrometers (Varian, Inc.,
in a new polypropylene tube (to act as seeds), and anotherPalo Alto, CA), and triple-channel magic-angle spinning
batch of monomeric amylin was collected directly in this (MAS) probes from Varian or the National Institute of
tube, while gently being swirled by hand. Fibrillization was Chemical Physics and Biophysics (Tallinn, Estonia). Ly-
then allowed to proceed overnight under the same intermit- ophilized fibrils in quantities up to 3.5 mg were packed in
tent sonication. On the third day, a third generation of amylin 3.2 or 2.1 mm MAS rotors with Teflon spacers. After
fibrils was prepared by repeating this seeding procedure. Thestudying the dry samples, the rotors were opened, and the
third generation fibrils were investigated by TEM and AFM fibrils were hydrated with deionized water (abouill per
and found to be highly uniform in morphology. Subsequent mg of dry peptide, added directly into the rotor). AMYQ7
samples of isotopically labeled amylin fibrils were prepared and AMY10 fibrils were studied only in the hydrated state.
by seeding with the same third generation fibrils, with the In all solid-state NMR experiments, cross-polarization was
addition of fresh monomeric amylin to the polypropylene used to enhancEC and*N NMR sensitivity 68), with a
tube over the course of several days. After incubation for 1 linearly ramped radiofrequency (rf) field amplitude of £0
week at room temperature, amylin fibrils for solid-state NMR 8 kHz on the'*C or >N channel and a corresponding rf field
measurements were collected by centrifugation, washed oncematching then = +1 Hartmann-Hahn condition on théH
with deionized water, and lyophilized. Final yields of amylin channel. Continuous-wave or two-pulse phase-modulated
fibrils were 40% relative to the peptide obtained from the proton decouplingg9) was employed in all experiments,
initial HPLC purification. with *H rf field amplitudes of approximately 110 kHz.
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Two types of two-dimensional (20FC NMR measure-  ff99SB force field 1) using the LEaP program7Q),
ments were performed on samples with uniformly labeled consisting of five copies of amylin in an extended conforma-
residues. In 2D finite-pulse radiofrequency-driven recoupling tion (including the amidated C-terminus and the disulfide
(foRFDR) measurements, the foRFDR sequetéeq0) was bond between Cys2 and Cys7), placed 20 A apart in a
applied during exchange periods of 1.5 or 2.2 ms betweendirection perpendicular to the peptide backbones. Four types
t; andt, dimensions, with3C x pulse lengths set to 30% of  of experimentally based restraints were used: (i) residues
the MAS rotation period. Strong cross-peaks in the 2D 8—18 and residues 2837 were forced to form parallel, in-
fpRFDR spectra conne¢iC NMR lines of directly bonded  register-sheets by imposing harmonic potentials between
carbon sites. In 2D radiofrequency-assisted diffusion (RAD) the N and O backbone atoms of all even-numbered residues
measurements, exchange periods ranging from 500 to(2j) of a given peptide and the O and N backbone atoms of
1000 ms were used, during which a rf field amplitude equal residues P— 1 and 2 + 1 of an adjacent peptide. The well
to the MAS frequency was applied to protosd,(62). With of these harmonic potentials was set between 2.75 and
long exchange periods, strong cross-peaks in 2D RAD 3.15 A with a force constant of 20 kcal/moPAThese
spectra connect a®C NMR lines arising from a single  restraints represent backbone hydrogen bonds and are sup-
labeled residue or from pairs of labeled residues that occurported by the*C fpRFDR-CT and chemical shift data
sequentially (i.e., consecutively in the amylin sequence). presented next. (iij)p andy backbone torsion angles for
Weaker inter-residue cross-peaks arising from contactsresidues 818 and 28-37 were constrained te130 £ 20
between nonsequential residue pairs provide constraints orand 130+ 20°, respectively, based on the observation of
peptide conformation. One-dimensional (1D) RAD measure- -strand-like chemical shifts for most residues in these
ments were also performed on AMY10 fibrils to confirm segments. Severgl angles were constrained to the values
the 2D results. In the 1D RAD measurements, a frequency-shown in Table S1 (see Supporting Information), based on
selective!3C /2 pulse following cross-polarization was used *°N fpRFDR-CT data. A force constant of 100 kcal/mol/
to prepare longitudinal spin polarization on the Phel5 racf was used for these restraints. (iii) Side chains of either
aromatic carbons, which could then be transferred to otherAsn14 and lle26 or Phel5 and Leu27 were kept in proximity
13C-labeled sites during the exchange period prior to signal by imposing harmonic potentials betweepadd G, atoms,
detection after a hard/2 pulse. with wells between 3 ah 7 A and force constants of 10

Measurements dfC—23C and™*N—15N nuclear magnetic kcal/mol/A2. These restraints were based on the observation

dipole—dipole couplings (which are proportional to the of nonsequential spin.polarization transfers in _2D and 1D
inverse cube of internuclear distances) were carried out with RAD measurements. (iv){atoms from residue pairs AIa{B

: : Val32, GIn1G-Thr30, and Leulz2Ser28 or residue pairs
the constant-time fpRFDR (fpRFDR-CT) technique, as Ala8—Ser34. GInleval32 LeulzTh q
previously described5d) and applied to other amyloid- ac—sersa, Lin al32, LeulZ-Thr30, and Asnl4

; : ; : Ser28 in each molecule were restrained to be in proximity
forming peptides and proteing®, 18, 21, 63), using 20 kHz ; ; .
MAS f?ezuzncies andp]ﬁs prKFDRn puls)es. Ing—,N_lsN by a special potential with a well between 9 and 11 A and

distance measurements, designed to probe the peptid%force constant of 10 kcal/mol?Awhich flattens out for

backbone conformation at sites where uniformly labeled rgbe dev!at|ons d (756 g,j.mger h9t c:oc%r]nentatm? ".itt http://
residues occurred sequentially, spin polarization was trans-2MPEr-SCrpps.edu/docs/index. mi). These restraints serve

ferred from backboné®N nuclei to directly bonded*C, to bring thep-sheets formed by residues-88 and 28-37
nuclei for signal detection using a transferred echo double In contact W'Fh one another, as required by the _experlmental
resonance (TEDOR) sequenéd,(65) after the'sN fpRFDR- fibril dimensions observed in TEM and AFM images. In

CT period, as previously describegB. In “C—XC distance additipn, thg trans conformation of peptide bonds and the
measurerﬁents on AMY04, designed to probe the organiza—Ch'ra“ty of side chains were preserved by torsional potentials

tion of 5-sheets in the fibrils, pulsed spin locked detection with 100 kcal/mql/raéi force congtgnt_s. . .
was used to improve sensitivitgT). After unrestrained energy minimization of the starting

B} ] _ _ structure to relieve strain (especially in the disulfide bond),
*C chemical shifts were referfznced to tetramethylsilane, restrained Langevin dynamics simulations were performed
using the carboxylate signal of ¥€-L-alanine powder as using a generalized Born continuum solvef2,(73). The
an external standard at 177.95 ppm. 2D data were processeghitia| temperature was set to 100 K, and random velocities
with nmrPipe and plotted with nmrDraw6§). Numerical  \yere generated for this temperature. The system was then
simulations of fpRFDR-CT measurements were performed peated to 1000 K over 20 ps, while the restraints were
using the SIMPSON program69) or specific Fortran |inearly scaled from 0 to 10%. At 1000 K, the constraints
programs, using the follgwmg spin systems: () Ilngar qhams were further scaled to 100% over 20 ps, and Langevin
of five equally spacedC nuclei, with spin polarization  gynamics were continued for an additional 20 ps. The system
initially on the central nucleus to minimize end effects and \y5s then cooled to 100 K over 20 ps andtK over 20 ps.
thereby approximate the behavior of an infinite chain and A total of 100 trajectories was calculated under this protocol,
(i) two N nuclei with the same separation as backbone and pentameric structures with the lowest potential energies
nitrogen atoms in sequential residues for a giyetorsion  \yere selected.

angle, with spin polarization on both nuclei. In the latter case, | the second step, two copies of a pentamer (i.e., a final
the N—*3C TEDOR transfer was omitted from the simula-  g¢rycture from the first step) were manually rotated and

tions, as it has a negligible effect on the resu@)( displaced such that thg-sheet segments comprised of
Construction of Molecular Modelsviodels for amylin residues 2837 were antiparallel and about 20 A apart,
fibrils were constructed within the Amber 9 suitédf in producing a 2-fold symmetric structure consistent with

two steps. First, a starting structure was generated using theexperimental STEM data and solid-sta€ NMR spectra.
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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 fibril3').
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 densitieg6]. 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
= o < Fa" - segments, after subtraction of background intensities deter-
o RS . o SR | N mined by integration over empty rectangular regions. The
Ficure 1. TEM images of negatively stained amylin fibrils from constant of proportionality between mass density and image

polymorphic (A and B) and morphologically homogeneous (C and intensity was determined for each STEM image from similar
D) preparations. Red and blue arrows indicate fibrils with apparent measurements on TMV particles. For fibrils with striated
periodic twists. YeIIovy arrows indi.cate striate.d ribbons. Double- ribbon morphologies, determination of the MPL value of
headed yellow arrow indicates a single protofilament that appears ,gtqfilaments is complicated by their tendency to associate
to be the building block of striated ribbons. Homogeneous samples . - .
prepared by the gel filtration protocol described in the text are 'aterally into ribbons and bundles of ribbons. Measurements
primarily striated ribbons. of MPL values were therefore deliberately restricted to fibrils
that appeared as thin, single lines in the STEM images.
In addition to the restraints within each pentamer, intermo- Because of the low resolution and contrast in the STEM
lecular restraints between,Gtoms of the Leu2#Val32 images, single protofilaments could not always be distin-
pairs were added to attract the two pentamers to one anotherguished from laterally associated pairs of protofilaments or
Langevin dynamics were then simulated for the decamer, from fibrils with other morphologies, which represent a small
with heating from 0 to 1000 K and scaling of all constraints fraction of the total material but are less prone to lateral
from O to 100% over 5 ps, equilibration for 25 ps at 1000 association.

K, and final cooling © 0 K over 5 ps. The resulting structural Figure 3A shows a histogram of MPL values extracted
models were visualized, and images were produced usingfrom 16 STEM images. Assuming an ideal crgsstructure
the VMD software 74). for amylin fibrils, the MPL value for a single layer of

molecules would be 8.1 kDa/nm, corresponding to the

RESULTS quotient of the 3.91 kDa molecular weight and the 0.48 nm

Characterization of Amylin Fibril Morphology and MPL.  spacing betweef-strands in ideal, plangs-sheets. MPL
Representative TEM images of amylin fibrils are shown in values below 10 kDa/nm are not observed, but values in the
Figure 1. A polymorphic fibril sample (Figure 1A), prepared 13—19 kDa/nm range represent 24% of the total number of
with HFIP pretreatment as described previously, contains MPL values. Uncertainty in each value is expected to be
fibrils with an apparent axial twist and fibrils that appear to approximately+ 3 kDa/nm, due to background noise and
be comprised of untwisted, rod-like protofilaments that carbon film thickness variation4%). We therefore conclude
associate laterally into ribbons. We refer to fibrils with the that the protofilament consists of two crgssnolecular
latter morphology as striated ribbons. Twisted fibrils have layers, with an ideal MPL value of 16.2 kDa/nm. We attribute
apparent twist periods (i.e., distances between the apparenhigher MPL values in Figure 3B to lateral association of
maxima in fibril width) between 50 and 250 nm and width protofilaments and to a minority fraction of other fibril
maxima of 9+ 1 nm. Protofilaments in striated ribbons have morphologies. Examples of MPL values for individual
widths of 4.5-5.0 nm and commonly associate in groups of amylin fibrils are given in Figure 3B.
2—8. In contrast, amylin fibrils prepared with the gel filtration Goldsbury et al. have reported STEM data for amylin
protocol described previously are predominantly striated fibrils with a variety of morphologies, including morphol-
ribbons (Figure 1B). Striated ribbons can be as long as 50 ogies similar to our striated ribbon4k). A minimum MPL
um. The very high level of morphological homogeneity in value of approximately 15 kDa/nm was reported. The MPL
amylin fibrils prepared with the gel filtration protocol leads data were fit to three Gaussian distributions, centered at 19.9,
to high-quality solid-state NMR spectra and permits the 29.0, and 40.3 kDa/nm. Goldsbury et al. interpreted their
development of molecular structural models, as describeddata as evidence for a protofibril with MPL of approximately
next. 10 kDa/nm. In contrast, we interpret the approximate 10 kDa/

Figure 2 shows topographic AFM images of polymorphic nm MPL increment as the MPL of one molecular layer and
and morphologically homogeneous amylin fibril samples. conclude that the protofilament contains two molecular
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Ficure 2: Topographic AFM images of amylin fibrils absorbed to mica from (A) polymorphic and (B) morphologically homogeneous
preparations. Image areas ar@r x 2 um. Height profiles for selected fibrils (indicated by arrows of corresponding colors) are shown
to the right.

layers. We attribute the observation of MPL values around amyloid fibrils when comparing lyophilized and hydrated
30 kDa/nm to polymorphism, as supported by our studies states of the same sample(19, 22, 77, 78). Line-narrowing
of Af1-40fibrils in which distinct polymorphs (with distinct  in the hydrated state is attributed to increased molecular
molecular structures) were found to have minimum MPL motions, which partially average out the inhomogeneous
values corresponding to either two molecular layers or three broadening of NMR chemical shifts that is present in all
molecular layersZ1). noncrystalline solids. Surprisingly, the; Chemical shift of
Characterization of Secondary Structure B&C NMR. Ala5 changes significantly in the lyophilized state. All other
Figure 4A,B shows 20°C NMR spectra of polymorphic  chemical shifts are unchanged, indicating that the fibril
amylin fibrils and morphologically homogeneous fibrils, structure is not dependent on hydration. The anomalous
respectively. Both samples were prepared from AMYO05 and behavior of Ala5 is consistent with conformational flexibility
were hydrated in these measurememi6. chemical shifts in the disulfide-linked loop between Cys2 and Cys7. EPR
at the positions of maximum cross-peak intensity are similar studies of spin-labeled amylin fibrils also indicate mobility
in the two spectra, with the exception of chemical shifts for in the N-terminal segment, although the native disulfide
Alab, for which the G chemical shifts differ by 8 ppm, and  linkage was not present in the EPR studig6)(
lle26, for which the @ chemical shifts differ by 2 ppm. 13C NMR signals of all residues from Ala8 to Tyr37 were
However, linewidths in the spectrum of polymorphic fibrils investigated in morphologically homogeneous samples of
are greater than 2.5 ppm (full width at half-maximum, AMY05—AMY11 fibrils. 1D '3C NMR spectra of all
determined from cross-peaks in the 2D spectra), while samples in hydrated and lyophilized states are given in
linewidths in the spectrum of morphologically homogeneous Figures S3-S5 of the Supporting Information. 2BC NMR
fibrils range from 1.0 to 2.0 ppm and are typically less than spectra are shown in Figures 5 and 6. AssignmentS®f
1.5 ppm. The greater linewidths in the polymorphic case NMR signals were based on the characteristic chemical shift
reflect the presence of a distribution of structures, which ranges for each amino acid residue type and on the patterns
produces a range of chemical shifts for individtfa-labeled of cross-peak connectivities in the 2D spectra. Residues
sites. In morphologically homogeneous samples (Figureslabeled in multiple samples displayed identical chemical
4—6), nearly all residues exhibit a single sef-#t chemical shifts within experimental errors in all casé¥ chemical
shifts, indicating a single molecular structure. Only Gly33 shifts are summarized in Table S1 of the Supporting
exhibits resolved major and mindfC NMR signals, with Information.
intensity ratios of approximately 4:1, which we attribute to ~ 3C NMR linewidths in the 1.6-2.0 ppm range indicate
the existence of a minor population of an alternative peptide that the entire segment from Ala8 to Tyr37 is structured and
backbone conformation at Gly33. part of the fibril core. Cross-peak signals from Argll were
Figure 4C shows the 2EFC NMR spectrum of morpho-  missing in spectra of AMYO06 (Figure 5C), and cross-peaks
logically homogeneous AMYO05 fibrils in the dry, lyophilized  from neighboring residues (i.e., Ala8, Thr9, GIn10, Leul2,
state. Cross-peaks in Figure 4C are broader than in Figureand Alal3) were found to be weak when compared to cross-
4B, as observed in previous solid-state NMR studies of other peaks from other residues within the same sample. These
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] ' : ' ' i within commong-strand ranges (i.e¢4 = —140+ 30° and

A 4 ATINRE ' ’ 1 = 140+ 30°) for all residues except Leul6, His18, Ser20,

: o (LR ; ; Asn21, Asn22, Phe23, Leu27, and Asn35. Of the 10 best
' - : " | matches to the TALOS database, at least nine were in the
p-strand region for all residues except Ser20, Asn21, Asn22,
Gly24, Leu27, Ser28, and Gly33.

Quantitatve Constraints on Backbone Conformation.
When two consecutive residuksndk + 1 are isotopically
labeled, a quantitative constraint on the backbone torsion
: : : : angle y of residuek can be obtained by measuring the
0 A S magnetic dipole-dipole coupling between consecutive back-

mass-per-length (kD/nm) bone amide'>N nuclei. The strength of this coupling is
proportional toR™3, whereR is the internuclear distance,
which is in turn a function ofy. Assuming standard chemical
bonding geometryR ranges between 2.70 A gt = +£30°
to 3.65 A atyy = £18C, corresponding to coupling constants
(defined asyA/27R®, whereh is Planck’s constant ang is
the nuclear magnetogyric ratio) between 25 and 63 Hz. The
15N—15N dipole—dipole coupling can be measured with the
fpPRFDR-CT recoupling technique54), which has been
shown to give accurate data for this range of coupling
strengths17—19). Note that thé>N—N distance, and hence
the fpRFDR-CT data, is independent of the sign vof
assuming ideal bonding geometry. In samples where more
'8 P than two residues are isotopically labeled, it is advantageous
& N - TaWw. to detect the!>N fpRFDR-CT curves through®C NMR
FiGure 3: (A) Histogram of MPL values extracted from STEM Slgnals_ of_dlrectly bonded (Csnes_ because th_e spectral
images of amylin fibrils. Vertical dashed lines indicate the ideal resolution in the*C NMR spectrum is generally higher than
MPL values of integral numbers of molecular layers with cross- in the®>N NMR spectrum. This is accomplished by transfer-
B-structures. (B) Representative STEM image (50-008agnifica- ring spin polarization from®N nuclei to directly bondeéfC,
tion). Approximate MPL values of individual fibrils are indicated sites after the fpRFDR-CT period, using a frequency-selective
in units of the MPL of one molecular layer. Double-headed arrows TEDOR oul - . | hd3C
indicate tobacco mosaic virus particles used to determine the ratio puise Se_quencél( _66)' As ong as t o NMR
of MPL to image intensity. line of either residudk or residuek + 1 is at least partially
resolved in the 10°C NMR spectrum, a constraint ap
observations suggest that residues18 have somewhat of residuek can be obtained.
greater amplitudes of motion or different time scales for  Figure 8A compares experimentafC,-detected 1°N
motion than residues +37. fpRFDR-CT data for amylin fibrils with simulated curves

Secondary*C chemical shifts, defined akecondary™ Oexp for various values ofy. Figure 8B shows examples of the
— Ocoil, Wheredey, is the chemical shift for a given site in  3C NMR spectra from which the data in Figure 8A were
amylin fibrils andd.; is the chemical shift for the same site obtained by measurement of peak areas after least-squares
in a random coil peptide, are plotted in Figure 7, using fitting to a sum of Gaussian lineshapes with fixed positions
random coil shifts determined by Wishart et a19), The and widths but variable amplitudes. Of the 10 residues (and
majority of residues exhibit secondary shifts consistent with seveny angles) for which data could be obtained, only the
p-strand conformations (i.e., positive secondary shifts for C labeled Phe23/Gly24 pair in AMYO08 yielded data that are
sites and negative secondary shifts for CO apaites (L6, clearly inconsistent with #-strand conformation. Data for
80)). Deviations from this pattern are observed at His18 (for AMYO8 fibrils indicate |y| ~ 60° for Phe23, but for other
Co), Ser20 (for CO), Asn21 (for Cand G), Leu27 (for G, residuesy| > 100°.
and G), Ser28 (for @), and Asn3l (for ¢). The large A non-3-strand conformation at Phe23 is consistent with
positive CO secondary shift for Tyr37 is a consequence of the existence of a bend in residues—2¥. Although the
Tyr37 being the C-terminal residue. Qualitatively, the TALOS analysis suggests that Asn22 has a fAestrand
secondary shifts support the existence of t#strand conformation,|y| ~ 100° for Asn22 according to the data
segments, comprised approximately of residued B and in Figure 8. Of course, theséN fpRFDR-CT data do not
28—37 and separated by a bend or loop segment comprisedplace constraints on backbogdorsion angles, and the value
of residues 1827. of y alone does not fully determine the backbone conforma-

Experimentally determinefiC NMR chemical shifts were  tion.
used as input to the TALOS program, which provides Identification of Side Chain ContactBSigure 9A shows a
predictions of backbone torsion angles based on comparison2D RAD spectrum of AMY10 fibrils, in which relatively
with a chemical shift database for proteins of known structure weak nonsequential, inter-residue cross-peaks are observed
(81). TALOS predictions (i.e., average backbone torsion between aromati®C NMR lines of Phel5 and aliphatiéC
angles for the 10 best matches to the TALOS database,NMR lines of 1le26 and Leu27. Spin polarization transfer
containing 186 proteins with known structures and chemical from Phel5 to lle26 and Leu27 is confirmed by the 1D RAD
shifts; see Table S1 of the Supporting Information) were spectrum in Figure 9B. The simplest interpretation of these
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Ficure 4: Selected regions from 2BC fpRFDR spectra of polymorphic (A) and morphologically homogeneous (B and C) amylin fibrils
with the AMYO05 labeling pattern. Fibrils are rehydrated after lyophilization in panels A and B but lyophilized without rehydration in panel
C. Chemical shift assignment paths for uniformit},3C-labeled residues are shown in panel B, with dashed lines extending to panels A
and C to permit comparisons &¥C 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/ 70WHMR 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.

data, as discussed in similar studies @ Ay fibrils (22), is cannot be determined, these data do support the existence
that the phenyl ring of Phel5 is in close proximity (ap- of nong-strand conformations at certain sites in residues 18
proximatey 6 A or less) to side chain methyl carbons of 27, leading to an overall bend that can bring residues 14
either lle26 or Leu27. However, because Asnl4 is also 15 close to residues 287.

uniformly '5N,**C-labeled in AMY10, the observed cross- i -
peaks and polarization transfer may also result from proxim-  Figure 9C shows a 2D RAD spectrum of AMYO08 fibrils,

ity between the Asn14 side chain and the 1le26 side chainin Which cross-peaks between Phe23 and Gly24, but no
or the Asnl4 side chain and the Leu27 side chain. This Nonsequential cross-peaks, are observed. The absence of
uncertainty is due to the long exchange periods employednonsequential cross-peaks in this spectrum demonstrates the
in the RAD measurements, which produce near equilibration structural specificity of 2D RAD measurements. 2D RAD

of spin polarizations for sequential labeled residues. Although measurements were also performed on AMY05, AMY06,
the precise side chain contact indicated by the RAD data AMYQ7, AMY09, and AMY11 fibrils, without detection of
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Ficure 5: Same as Figure 3B, for morphologically homogeneous amylin fibrils with the AMY06, AMY07, and AMYO08 labeling patterns

(A—C, respectively). Measurements were performed at 100.4 MEANMR frequency, with a 1.6 ms foRFDR exchange period and a
20.00 kHz MAS frequency.

cross-peaks that place constraints on the amylin conforma-chemical shift difference between th€-labeled methyl site
tion. of Alal3 and the carbonyl site of Phe23 allowed intermo-
Evidence for In-Register Parallgd-SheetsAs originally lecular distances for Alal3 methyls and Phe23 carbonyls to
demonstrated by Lynn et aRk®, 27), the 5-sheet structures  be measured separately with a single AMYO04 fibril sample.
in amyloid fibrils can be investigated by applying dipolar Assuming aj-strand conformation for residues-87, the
recoupling techniques to samples that are prepared fromintramolecular distance between the labeled methyl and the
peptides in which a single site {8C-labeled. With single  labeled carbonyl sites must exceed 10 A (even if residues
site labeling, the dipolar recoupling data represent measure-18—27 are in a loop that folds back on residuesig, as
ments of intermolecular distances, which can readily distin- can be seen by examination of molecular models), making
guish parallel from antiparallgb-sheets and establish the intramolecular dipole-dipole couplings insignificant. For
precise registry of backbone hydrogen bonds within the both labeled sites, the fpRFDR-CT data indicate nearest-
p-sheets. We have previously us€€ fpRFDR-CT mea- neighbor intermolecular distances between 5.0 and 5.5 A.
surements to investigafesheet structures in fibrils formed  In an ideal in-register parall@-sheet, these distances would
by p-amyloid peptides X7, 19, 21) and by yeast prion be 4.8 A. A one-residue shift from in-register alignment
proteins (8, 63). would produce nearest-neighbor distances of approximately
Figure 10 compares experimentdC foRFDR-CT data 5.3 A for a backbone carbonyl label but nearest-neighbor
for AMYO04 fibrils with simulations for ideal linear chains  distances of approximately 6.7 A for g @bel (18). Thus,
of 2C nuclei with various internuclear spacings. The large although the Phe23 carbonyl data are consistent with either
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(A—C, respectively). Measurements were performed at 150.7 MEIAMR frequency, with a 2.2 ms fpRFDR exchange period and MAS
frequencies of 25.00, 30.00, and 15.00 kHz{@, respectively).
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in-register or shifted parallg¥-sheet structures, the Alal3 DISCUSSION

methyl data rule out a shiftgétsheet structure. The fact that o

the experimental foRFDR-CT data decay more slowly than  Development of Molecular Models for Amylin Fibrils.
simulated data for a 4.8 A distance is attributable to effects Although the solid-state NMR and electron microscopy data

of transverse nuclear spin relaxation on the experimental dataPTeSented previously are not sufficient to determine the
7. molecular structure of amylin fibrils uniquely, it is nonethe-

_ o e less useful to develop tentative structural models based on
EPR data for spin-labeled amylin fibrils also indicate a these data, both as a means of summarizing the information
parallel-sheet structure3g). The EPR measurements were content of the experimental data and as a guide for future
carried out on samples that were polymorphic, based on theexperiments. Models for amylin decamers in configurations
reported TEM images36), and were prepared from peptides  that represent a segment of the amylin protofilament were
that lacked the native disulfide bond. The solid-state NMR developed as described previously (see Materials and Meth-
data in Figure 10 therefore strengthen the existing evidenceods), using restrained Langevin dynamics to identify low-
for in-register paralleB-sheets in amylin fibrils, particularly ~ energy structures that are consistent with the experimental
for fibrils with the striated ribbon morphology and the native data. Restraints included (i) backbone torsion angle restraints
disulfide bond. for g-strand segments identified froMC chemical shifts
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4] e NN of amylin molecules with theC, symmetry discussed
] = go ) previously. Protofilament models witB, symmetry and with
-CEl - two f-strands per molecule, separated by a chain-reversing
bend in residues 1827, 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 1921, 24, and 25, resulting in different sets of
side chain contacts betweg@rsheet layers. In Figure 11C,
— side chains of GIn10, Leul2, Asnl4, and Leul6 make
PP A con;acts to th@-sheet formed by residues 287, while siqe
Residue number chains of Argll, Alal3, and Phel5 are on the exterior of
human amylin: KCNTATCATORLANFLVHSSNNFGATLSSTNVGSNTY-NH, the protofilament. In Figure 11D, side chains of Argll,
rat amylin:  KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH, Alal3, and Phel5 make contacts to theheet formed by
B-amyloid: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV residues 2837, while side chains of GIn10, Leul2, Asnl4,
FIGURE 7: 13C NMR secondary chemical shifts for carbonyl,C ~ @nd Leul6 are on the exterior of the protofilament. In Figure
and G sites in amylin fibrils with the morphology in Figure 1C,D, ~ 11C, side chains of Leu27, Ser29, and Asn31 are located in
determined from spectra in Figures@. Light blue arrows indicate  the interface between the two layers of amylin molecules,
'('\',‘Vi'%/ ﬁl;ztlra”dsfg%@se%s-“Arf]Tt‘ig‘IJ 2)Cidr gggrl:tegﬁfsngf (wma: nﬁg‘g”“ while side chains of Leu26, Ser 28, Thr30, and Val32 are in
acid differ}e/né:esin red), arﬁg}amyILcj)idl(with previOl)J/st determined the interior of each layer. In Figure 11D, S.Ide Ch.ams of
pB-strands 20—22) in light blue) are shown. Leu26, Ser 28, Thr30, and Val32 are located in the interface
between the two layers of amylin molecules, while side
(Figure 7) and supported ByN foRFDR-CT data (Figure  chains of Leu27, Ser29, and Asn31 are in the interior of each
10) and for the norf-strand v angle of Phe23; (i) layer. We interpret the qualitative observation that cross-
intermolecular distance restraints between backbone amidepeaks for residues-813 in 2D fpRFDR spectra of hydrated
nitrogen and carbonyl oxygen sites@rstrand segments, to  amylin fibrils are relatively weak as support for structural
produce an in-register parallel alignment of neighboring models in whichj-sheets formed by residues-&7 are
peptide chains that is consistent wific fpRFDR-CT data located on the exterior of the protofilament, rather than
(Figure 10) and the earlier EPR data; (iii) intramolecular participating in the interface between molecular layers. Side
distance restraints between side chains of Asn14 and lle26chains on the exterior are likely to have greater amplitudes
(model in Figure 11C) or Phel5 and Leu27 (model in Figure of motion, leading to a reduction of motionally averaged
11D), supported by nonsequential polarization transfers in *C—*C dipole—dipole couplings and possibly a reduction
1D and 2D RAD spectra (Figure 9); and (iv) intramolecular in °C T, relaxation times for these residues. Both effects
distance restraints between certain pairs gfs@@es in the ~ would reduce the cross-peak intensities in 2D fpRFDR
[-strand segments, to produce a reversal of the peptide chairspectra.
direction by the bend in residues 287, as supported by We attribute the observation of 2.5 nm fibril heights in
the amylin protofilament diameter observed in TEM images AFM images of striated ribbons (Figure 2) to disassembly
(Figure 1). In addition, the models were constructed as two of the two molecular layers within the amylin protofilament
layers of amylin pentamers witk, rotational symmetry  under AFM scanning conditions. Fibrils with 5.0 nm heights
about the fibril axis (i.e., about the direction approximately represent intact protofilaments.
perpendicular to thg-strands and approximately parallel to Comparison with B;—4o Fibril Structure.Models in Figure
the interstrand hydrogen bonds). The double-layered structurell are remarkably similar to models developed by Petkova
is consistent with MPL measurements (Figure 3). The et al. for AB1—40fibrils (22), especially for the protofilaments
symmetry is consistent with the observation of relatively in Ap1-4ofibrils that are grown with gentle agitation, which
narrow*C NMR lines with a single set of chemical shifts, also have morphologies that closely resemble striated ribbons
which indicates that all amylin molecules have nearly (21). In AB1-4 fibrils, residues +9 are most strongly
identical conformations and are in nearly identical structural disordered (although not disulfide-linked), residues-22
environments (although the conformations and environmentsand 36-40 form-strands, and residues-229 form a chain-
are not strictly identical, due to the noncrystallinity of reversing bend. The protofilament is comprised of two layers
amyloid fibrils). of Af1—40 molecules, withC, rotational symmetry about the
Figure 11A shows the ribbon representation of a typical fibril axis and with the C-terminaB-strands forming the
structure for one pentameric layer of amylin molecules after interface between molecular layers. Figure 7 shows an
simulated annealing with experimentally based restraints, alignment of the amylin and /-4 sequences based on
starting from well-separated molecules with extended con- structural similarity. This alignment differs slightly from a
formations. The N-terminal segment includes the Cy8gs7 previously proposed alignment that was based on sequence
disulfide bond but is otherwise unrestrained, leading to similarity (82), in that the FGAIL segment of amylin
substantial disorder consistent with the NMR observations (residues 2327) aligns with residues 2630 of AB1-40 in
for Ala5. Figure 11B shows a cross-sectional view of a pair Figure 7, rather than with residues 282 of ABi—4.

Secondary shift (ppm)
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FiIGURE 8: (A) Experimental (symbols) and simulated (solid and dashed litls¥pRFDR-CT data for amylin fibrils with AMYO07,
AMYO08, AMY09, and AMY11 isotopic labeling patterns, detected throd&® NMR signals of G sites in the indicated residues. The
experimental data serve as constraints on the backipaioesion angles of residues in parentheses. Simulations ang ¥@lues ranging
from £30° (most rapidly decreasing solid line) t6170° (least rapidly decreasing dashed line)#80° steps. Data for AMY07, AMYO08,

and AMY09 were obtained at 100.8 MHZC 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 NMR spectra from which AMYO08 (left) and AMY11 (right) data were
obtained, with'>N dipolar evolution periods and assignments'#, lines indicated.

Nonetheless, our evidence that the peptide conformations inthe core of the amylin protofilament (Figure 11C,D) contains
amylin and AB:1—4 fibrils are similar supports the earlier both hydrophobic and polar side chains. Hydrophobic side
proposal that the two peptides have similar secondary chains of residues 2327 interact with hydrophobic side
structure patterns in the fibrillar statdq). chains of residues 1517 and 32. Simultaneously, polar side
Although the protofilament structures in amylin striated chains of residues 2831 in one molecular layer may interact
ribbons and in agitated A4 fibrils are apparently very  favorably with side chains of the same residues in the other
similar, differences in amino acid sequence imply that the molecular layer. Additional experimental constraints on side
interactions that stabilize the two structures are different. The chain contacts are required before these interactions can be
hydrophobic nature of thé-strand segments infA—4o fibrils determined definitively. However, it appears that amylin
implies that side chain interactions within and between fibrils are stabilized by a mixture of hydrophobic and polar
B-sheet layers are predominantly hydrophobic. In the models interactions.
of Petkova et al., the only nonhydrophobic side chains in  Gazit and co-workers have proposed that side chain
the AB1—4 protofilament core are oppositely charged Asp interactions among aromatic residues have important stabiliz-
and Lys side chains, which form salt bridg@&)( In contrast, ing effects on amyloid structures83 84). The role of
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Ficure 9: (A) 2D RAD spectrum of AMY10 fibrils, obtained at 150.7 MHZC NMR frequency with MAS at 21.00 kHz and a 1000 ms
exchange period. Arrows indicate cross-peaks bet@#2INMR signals of Phel5 aromatic carbons and lle26/Leu27 methyl carbons (solid
lines), Asnl4 G carbons (dashed lines), and Phelsadd G carbons (dotted lines). (B) 1D RAD spectrum of AMY10 fibrils, obtained

at 150.7 MHZz!3C NMR frequency with MAS at 25.00 kHz and a 1000 ms exchange period after selective preparation of longitudinal spin
polarization on Phel5 aromatic carbons. Assignments of alipFid\MR signals that arise from polarization transfer from the Phel5
aromatic carbons are shown. (C) 2D RAD spectrum of AMYO08 fibrils, obtained at 150.7 MHXMR frequency with MAS at 18.00

kHz and a 500 ms exchange period. Arrows indicate cross-peaks beti@e&iMR signals of Phe23 aromatic carbons and Gly24 C
carbons (dashed lines) and Phe23a@d G 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.

interactions among aromatic side chains in amylin fibril physical studies by Abedini and Raleig88f have shown
formation has also been addressed by Marek eB8). (n that amyloid formation by human amylin can also be
the absence of higher resolution restraints on side chaininhibited by simultaneous proline substitutions at residues
conformations, the models in Figure 11 do not permit an 17, 19, and 30, without changing the sequence in residues
assessment of the significance of these interactions. 20—29, a segment that has been suggest®®d @nd
Solid-state NMR studies of A 40 fibrils have shown that ~ subsequently discussesy 83, 90, 91) as the core for amylin
fibrils with different morphologies in TEM images have fibril formation. According to our data, residues 17 and 30
different underlying molecular structures. Data acquired to are in the C- and N-termingl-strands in amylin fibrils,
date indicate that B4—40 polymorphs have similar secondary respectively.
structures (i.e., similar locations @fstrand, nor3-strand, Identification of residues 2029 as the core amyloid-
and conformationally disordered segments) and tertiary forming segment of amylin seems erroneous, particularly if
structures (i.e., the same in-register pargilsheet organiza-  one expects the core segment to fg#raheets in the mature
tion) but different quaternary structures (i.e., different fibrils. In light of current knowledge that the ability to form
protofilament MPL values, symmetry, and contacts between amyloid fibrils is not an unusual property for a peptid€)(
p-sheets). Similar structural differences among amylin poly- the fact that short peptides representing residues22dorm
morphs may be uncovered in future experiments. fibrils (56, 89) does not imply that this segment constitutes
Comparison with Earlier Studies of Amylin FibrilBigure the core of full-length amylin fibrils. In fact, the molecular
7 also compares the human and rodent amylin sequencestructures of fibrils formed by short peptides can be
(86, 87). Rodent amylin does not form amyloid fibrils under qualitatively different from the structures of the correspond-
typical in vitro conditions $7) or in vivo conditions §6), ing segments in the context of full-length peptide fibrils, as
nor do diabetic mice that express rodent (rather than human)demonstrated by findings that certgiramyloid fragments
amylin develop pancreatic amyloi€l)( In light of the models form antiparalle|s-sheets in amyloid fibrils6, 19, 24, 78),
in Figure 11, the critical difference between the two while other fragmentsi®, 26, 27) and full-lengths-amyloid
sequences seems to be the proline substitutions at Ser28 an(l5, 17, 21) form parallelg-sheets. Evidence from Griffiths
Ser29, which would disrupt the C-termingisheets. Bio- et al. for antiparalles-sheets in fibrils formed by residues
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N ' T by amylin fragments need not reflect the molecular structure
——40A of full-length amylin fibrils.
NN ----- 6.0A Scrocchi et al. have reported that peptides representing
VO o residues 2625 and 24-29 can act as inhibitors of fibril

! o Aat3 ] formation by full-length amylin, while a peptide representing
8 residues 2227 accelerates fibril formatior®(). 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

N
=)
T

13C NMR signal (arbitrary units)

20+ _TO_:P' that residues-817 and 28-37 comprise thg-sheet core of
A A full-length amylin fibrils as indicated by our data, it appears
oL that interactions outside thg-sheet core can affect fibril
0 10 ” 20 30 40 50 60 70 formation. Efforts to design fibrillization inhibitors need
C dipolar evolution time (ms) not focus exclusively on thg-sheet-forming segments of

FiGURE 10: Experimental and simulaté&C fpRFDR-CT data for amylin.

amylin fibrils with the AMYO04 labeling pattern. Separate measure- . .
ments were performed on the labeled Phe23 carbony! (triangles) Gréen et al. have shown that rodent amylin with R18H,
and Ala13 methyl (circles) sites. Experimental data are corrected L23F, and V26! substitutions (producing an amylin variant

for signal contributions from natural-abundan&€ nuclei by that differs from the human form only by proline substitutions
e ot e oo o o ooy sy 2L esidies 25, 26, and 29) s capable of forming amyloi
gilmulat?ons z(slre for linear chains &iC nuclei V\)/Iith the indigated ) fibrils but with ”.“’Ch lower y!gld than human amylin under
nearest-neighbor spacings. the same experimental conditior®2). The structural models

in Figure 11 do not provide a simple rationalization for the
20—29 of human amylinZ5) indicates that, as in the case effect of these substitutions. One possibility, which would
of f-amyloid fibrils, the molecular structures in fibrils formed require additional solid-state NMR data to verify, is that the

50 A

M
v

H
v

59 A

5
v

59 A
Ficure 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 ong-anotseular layer, with N- and C-terminal
p-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 approximag symmetry about the fibril axis, is supported by the STEM data in Figure 3
and the observation of a single set of chemical shift$*@& 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 interesting to compare the molecular structures of amylin

p-strand locations than fibrils formed by human amylin. oligomers with the structures of amylin fibrils, as has been
An alternative 5-serpentine model for amylin fibrils has done recently in the case offA 40 (97).

been proposed by Kajava et a@0f, based on analysis of

the amylin sequence, experimental data on fibril formation ACKNOWLEDGMENT

by amylin fragments, evidence for parajiekheets from EPR

(36), STEM data from Goldsbury et ald{), and analogies  .,nriputions to our initial efforts to synthesize, purify, and

to known structures ofi-helical proteins. The model of  .paracterize the fibrillar structure of human amylin and Dr.

Kajava et al. contains thre@strands, formed by residues  anant paravastu for assistance with electron microscopy and
12-17, 22-27, and 3137 and separated by short chain- ,,merous scientific discussions.

reversing bends in which His18, Asn21, and Thr30 have non-

p-strand backbone conformations. The details of this model SUPPORTING INFORMATION AVAILABLE

are inconsistent with ou®™N fpRFDR-CT data for Phe23 o

and Thr30 and with our interpretation of the STEM data, as HPLC chromatograms from the purification of both
discussed previously. Nonetheless, the possibility exists that@duced and oxidized amylin by reversed-phase chromatog-
the model of Kajava et al. may apply to amylin fibrils with ~ "aphy (Figure S1); FPLC chromatograms from the purifica-
morphologies that differ from the striated ribbons examined tion of both human and rodent amylin by size-exclusion
in our experiments. chromatography (Figure S2); 1'BC spectra of amylin fibrils

Padrick and Miranker have used fluorescence spectroscopy/Vith various isotopic labeling patterns, in lyophilized and
as a probe of amylin fibril structure and structural changes rehydrated conditions (Figures $85);**C NMR chemical
that accompany fibril formation9@). Their data indicate ~ Shifts in amylin fibrils, TALOS predictions of backbone
reduced solvent accessibility and mobility for the Tyr37 side forsion angles based on these shifts, and torsion angles
chain upon fibril formation and proximity of the Tyr37 side determined fromtN fpRFDR-CT measurements (Table S1).
chain to side chains of Phel5 and/or Phe23 (estimatedTh'S material is available free of charge via the Internet at
distances less than 11 A). Although Tyr37 is not buried in NttP://pubs.acs.org.
the protofilament core in the models in Figure 11, solvent

We thank Dr. Aneta Petkova and Erin Reese for important

accessibility and side chain mobility are restricted by REFERENCES
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