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Abstract: Rotational resonance (R2) solid-state NMR spectroscopy was used to measure six intercarbon distances in 
amyloid fibrils comprising 13C-labeled analogs of a peptide (AcHN-SNNFGAILSS-CONH2, IAPPH(20-29)) based 
on residues 20-29 of the human islet amyloid polypeptide (amylin, IAPPH). The intramolecular intercarbon distances, 
which constrain the peptide backbone dihedral angles (0, xp), suggest that IAPPH(20-29) adopts a highly pleated /3 
sheet structure in the amyloid fibril. This structure is more compact than the antiparallel /3 sheet model formulated 
by Pauling to describe the silk fibril. Exaggerated pleating may allow intrastrand van der Waals interactions between 
hydrophobic side chains. Interstrand interactions can be modeled using qualitative intermolecular R2 effects which 
are observed in label dilution experiments. An intermolecular R2 effect was observed between the Ca of Ala25 and 
the C=O of Ile26, suggesting their proximity in the amyloid /3 sheet. The R2 SSNMR measurements allow the 
refinement of our two-dimensional model of the IAPPH(20—29) amyloid /3 sheet. The refined model may facilitate 
the design of molecules that bind to pancreatic amyloid. Such molecules may be useful as diagnostics or therapeutics 
for type-II diabetes. 

Introduction 

The human islet amyloid polypeptide (amylin, IAPPH)''2 is 
the major component of amyloid deposits which are found in 
the pancreas of ca. 90% of persons with type-II (non-insulin-
dependent) diabetes mellitus.3 Although a causal role has not 
been proven, the deposition of pancreatic amyloid is strongly 
associated with the progression and severity of the disease,4-7 

and it is rarely found in non-type-II diabetics.8,9 A possible 
role for amyloid in type-II diabetes is suggested by the toxicity 
of IAPPH amyloid to pancreatic /3-cells.10 Amyloid fibrils are 
noncrystalline and have low solubility under physiological 
conditions. They are, therefore, not amenable to study by 
traditional structure elucidation techniques (e.g., multidimen
sional solution 1H NMR and X-ray crystallography).11 Solid-
state NMR is an ideal technique for the study of amyloid, since 
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insoluble noncrystalline solids can be analyzed. In this study, 
we use rotational resonance (R2) solid-state NMR12-13 to provide 
structural details of the amyloid formed by a ten amino acid 
peptide spanning residues 20—29 of IAPPH. The resultant 
structural model may be useful for the development of thera
peutics and diagnostics for type-II diabetes. 

The peptide IAPPH(20-29) (ACHN-SNNFGAJLSS-CONH2) 
forms unbranched fibrils with similar properties to full-length 
L\ppH 14-16 g o m fibrils exhibit green birefringence after Congo 
red staining.1718 The X-ray fiber diffraction pattern of IAPPH-
(20—29) shows reflections at 4.7 and 8.5 A which are 
characteristic of/3 structure (a diffraction pattern for IAPPH has 
not been reported).14'19,20 The presence of a strong absorption 
band at 1628 cm~' and a weak band at 1695 cm-1 in the Fourier 
transform infrared (FTIR) spectrum of IAPPH(20-29) suggests 
that the IAPPH(20-29) amyloid fibril contains antiparallel 
/3-sheet structure.21 On the basis of isotope-edited FTIR, we 
proposed a crude two-dimensional model of the IAPPH(20-
29) amyloid sheet.21 In our model, the region between Gly24 
and Leu27 forms a highly ordered antiparallel /3-sheet structure, 
whereas the termini of the peptide are less ordered. Residues 
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H?N-KCNTATCATQRLANFLVHSSNNFGAILS2STNVGSNTY-CONHg 

Figure 1. The primary structure of the human islet amyloid polypeptide (IAPPH). A disulfide bond exists between residues Cys2 and Cys7. The 
underlined residues (20—29) are modeled by the peptide studied herein.14'1516'21 

Ala25 and Ile26 are proximal to one another in the intermo-
lecular sense.21 A refined model of IAPPH(20—29), based on 
R2 SSNMR studies, is presented herein. 

Rotational resonance SSNMR spectroscopy is a technique 
that measures internuclear distances in solids. The physical 
basis of R2 is the measurement of the magnetic dipole—dipole 
interaction. The strength of this interaction is proportional to 
Ur3, where r is the distance between two nuclear spins. 
Although the direct dipole—dipole interaction is normally 
attenuated during magic angle spinning (MAS), it can be 
reintroduced under specific experimental conditions. For an 
isolated pair of 13C nuclei, accurate internuclear distances as 
great as 6.5 A can be measured to within 0.1 A.13,22-24 R2 has 
been applied to a broad variety of solid-state systems including 
membrane-bound a-helical peptides,25 the integral membrane 
protein bacteriorhodopsin,24-26 and an amyloid fibril comprising 
a peptide spanning the 9 C-terminal amino acids (/534—42) of 
the /3-amyloid protein of Alzheimer's disease.23,27 Because 
crystalline samples are not required, R2 is particularly well-
suited for structural studies of amyloid fibrils. 

Experimental Section 

Materials. N-Fmoc amino acids were purchased from Advanced 
Chemtech (Louisville, KY). 13C-labeled amino acids (99% enriched) 
were purchased from Cambridge Isotopes. All reagents, unless 
otherwise noted, were obtained from commercial sources. 

Peptide Synthesis, Purification, and Characterization. Syntheses 
were performed using (9-fluorenylmethoxy)carbonyl (Fmoc) amine 
protection and benzotriazol-l-yl-oxy-tris(pyrrolidino)phosphonium 
hexafluorophosphate (PyBOP) couplings. The Rink amide 4-(2',4'-
dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-norleucyl-
MBHA resin (Novabiochem) provided the C-terminal amide and the 
N-terminus was acetylated with acetic anhydride. Serine (ferf-butyl) 
and asparagine (trityl) were deprotected and the peptides were cleaved 
from resin using a published procedure.28 Peptides were purified by 
isocratic reversed-phase high-pressure liquid chromatography (RPHPLC) 
on a YMC C18 column (300 A pore size, 15 /«n particle size, 30 x 
300 mm). Each peptide was judged to be >98% pure and indistin
guishable from IAPPH(20-29)21 by isocratic analytical RPHPLC 
(Waters C4 column (300 A, 3.9 x 30 mm)). A single parent ion 
corresponding to M + H+ was observed in the FAB mass spectrum of 
each peptide, and the fragmentation pattern verified the sequence and 
13C-label positions. Labeled peptides will be designated herein 
according to the site of labeling, i.e., G1A2 contains 13C at the carbonyl 
carbon (carbon 1) of Gly24 and the a carbon (2) of Ala25. The G1A2 

peptide was used to measure the 24, a.25 distance (vide infra). 
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Figure 2. Initial 13C magnetization is generated with a 2 ms cross-
polarization pulse. A DANTE inversion40,41 sequence inverts one 
resonance line in order to establish a non-equilibrium population 
condition. Longitudinal magnetization is created with a nil pulse. 
Magnetization exchange takes place for a variable mixing time, rm. 
Data are recorded by adjusting rm in discrete steps from 0 to 30 ms. 
Strong proton decoupling is applied during mixing and acquisition. RF 
pulses are phase cycled according to an XY-8 scheme. 

Preparation of IAPPH(20-29) Double 13C-Labeled Analogs for 
Rotational Resonance SSNMR. Samples diluted 10:1 with natural 
abundance peptide were prepared by dissolving 70 mg of natural 
abundance IAPPH(20-29) and 7 mg of double 13C-labeled analog in 
HFIP. Water was added, the HFIP was removed under reduced 
pressure, and the aqueous peptide suspension was lyophilized. 

R2 Methodology. The nuclear magnetic dipole—dipole interaction 
is reintroduced to the NMR spectrum if the sample spinning frequency, 
cur, is chosen to satisfy the condition A<5 = nco, where A<5 is the 
difference in the isotropic chemical shifts of two labeled nuclei and n 
is a small integer specifying the order of the resonance. The frequency-
selective nature of the R2 dipolar recoupling condition limits interference 
due to uncoupled resonances, and therefore permits detection of dipolar 
couplings between individual spin pairs with a high degree of accuracy. 

The R2 pulse sequence is shown in Figure 2, where the two spectral 
lines are designated /zi and hi. An inversion pulse is used to create a 
population inbalance between the two spins, and hence to facilitate 
detection of the exchange of magnetization that takes place via the 
dipole—dipole coupling. The extent of magnetization exchange is 
recorded for a number of discrete mixing times, usually in the range 
of 0-30 ms. A zero time point (rmix = 0) was intercalated between 
each finite mixing time. After Fourier transformation, the two 
resonance lines were integrated, summed, and normalized to the average 
of the two flanking rmix = 0 data points yielding a difference 
magnetization (/z] — fa) curve. 

Two sets of experiments were performed for each labeled IAPPH-
(20—29) analog. An initial data set was recorded for the sample 
wherein all molecules in the aggregate were doubly 13C labeled at 
specific sites. These samples are hereafter referred to as "undilute" 
IAPPH(20—29). Identical experiments were performed for each double-
labeled analog diluted with 10 parts of natural abundance IAPPH(20— 
29). These analogs are referred to as "dilute" samples. Fourier 
transformed spectra of each dilute sample were subtracted from the 
13C spectra of unlabeled peptide (13C occurs with a natural abundance 
level of 1.1%) yielding a set of difference spectra that display two 
resonance lines corresponding to the two 13C selectively labeled sites. 
These spectral lines were then integrated, summed, and normalized as 
descibed above. This procedure yields spectral intensities that are 
normalized for the extent of R2 exchange as a function of rm. 

In order to interpret the R2 data, a theoretical simulation of 
magnetization exchange was generated and compared to the experi
mental exchange curves. The theoretical model depends most strongly 
on the magnitude of the dipolar coupling interaction. Several orientation 
and relaxation parameters are also important and can be obtained by 
careful measurement or estimation. The chemical shift tensor elements 
of individual spectral lines were measured from slow spinning 13C 
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CPMAS spectra.31 The relative orientation of the dipolar and chemical 
shift tensors were estimated by analogy to glycylglycine.32 In practice, 
the angular dependence is small for the resonance condition n = 1 
which was used to generate all R2 data reported herein, and a reasonable 
estimate of the orientation is adequate. Because zero-quantum relax
ation competes with magnetization exchange at R2, an accurate 
estimation of its rate is particularly important for distance measurements. 
The zero-quantum relaxation rate (r2ZQ)_1 was estimated by summing 
the homogeneous line widths of each spectral line.33 A spin—echo 
experiment was used to determine the homogeneous contribution of 
each spectral line; these measurements led to T2

2Q values in the range 
of ~1— 3 ms.34 It was important for the R2 analysis to account for 
magnetization exchange in the presence of inhomogeneous line 
broadening, since, for a given spinning rate, not all portions of the 
spectral lines are truely matched at the R2 condition. Specifically, a 
model for the line shapes was assumed and the R2 simulation was 
performed from each portion of one line to all portions, in turn, of the 
other, holding the spinning speed and T2

ZQ constant. This approach 
was verified for a conformation-independent distance (24, a.25) within 
IAPPH(20-29). 

The accuracy of R2 distance measurements has been validated by 
measurements in a number of molecules of known crystal structure 
and measurements of conformation-independent distances in two 
amyloid samples (IAPPH(20-29) and /?34-4223). The specific errors 
associated with R2 measurements are discussed elsewhere.23,26 The most 
important sources of error stem from the sensitivity of the dipolar 
recoupling process to the exact R2 spinning rate, and from overestima-
tion of (r2ZQ)_1. Error bars, which ranged from ±0.05 to ±0.2 A, were 
determined on the basis of the scatter in the data and the uncertainty 
in the measured and estimated parameters associated with each distance 
measurement. 

Distance Measurement Strategy. The rotational resonance tech
nique provides constraints for the dihedral angles a>, <j>, and ip through 
a series of intemuclear distance measurements.23'27 Dihedral angles 
(<y, </>, V) define the backbone secondary structure about a given residue. 
Specifically, the torsional angles 0 ( C - N - O - C ) and V(N-C a -C-
N) describe the relative orientation of the two amide planes joined by 
a common Ca. These angles are constrained by the distances between 
Ca, and Cj+I=O (al, 2) (which depends upon the dihedral angle $,+] 
and the configuration of the intervening i to ;' + 1 amide bond (<w,-,,-+i)) 
and the distances between C=O and CV2 (1, a3) (which depends on 
(j>t+\ and Vi+1 as well as intervening amide bond a>,+u+2, Figure 5). 

NMR Experimental Parameters. 13C R2 SSNMR experiments 
were performed on a home-built spectrometer operating at 400 MHz 
for 1H and 100 MHz for 13C. Peptide samples were packed in 5-mm 
rotors (Doty Scientific, SC) and spun at the magic angle at a rate 
dictated by the n = 1 R2 condition, typically in the range of CUJ2JZ = 
11.0—13.0 kHz. The sample rotation rate was controlled to within ±3 
Hz. Pulse lengths were 4.0 fis or less for 1H and 4.0 fi& for 13C. 

Construction of Molecular Models. Molecular models were 
constructed and theoretical carbon-to-carbon distances were calculated 
as a function of the dihedral angles <p, t/> using CAChe version 2 
(Tektronix, Beaverton, OR). Data for the Ramachadran plots was 
generated using a FORTRAN program that assumes fixed bond lengths 
and bond angles.29'30 

Results 

R2 Experimental Procedure. Carbon-13 CPMAS spectra 
were recorded for six doubly l3C-labeled analogs of IAPPH-
(20-29). Each spectrum showed two distinct resonance lines 
corresponding to the selectively l3C-labeled C=O and Ca sites. 
The isotropic chemical shifts, 6j, ranged from 170 to 174 ppm 
for 13C=O and from 43 to 55 ppm for l3Ca. The specific values 
were recorded for singly 13C-labeled analogs of IAPPH(20— 
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Figure 3. Measurement of 24, a.25: (a) The rotational resonance (R2) 
magnetization exchange spectra for G1A2 showing the change in peak 
intensities as a function of rm. (b) Magnetization exchange data (/) 
were obtained by integrating and summing peak intensities. A simula
tion (solid line) corresponding to an intercarbon distance of 2.43 A is 
shown. Since the closest possible intermolecular 24, a.25 distance is 
>4 A, no isotope dilution was performed. The low-intensity peaks 
between 60 and 160 ppm are due to natural abundance 13C atoms and 
noise at 0 Hz. 

29) in a separate study,21 and are consistent with the chemical 
shifts measured in doubly-labeled analogs. The chemical shift 
difference between labeled sites, A(5 = 6i — dj, was used to 
calculate the spinning rate corresponding to the n = 1 R2 

condition for each analog. Carbon-13 MAS line widths were 
also measured for single-labeled IAPPH(20-29) analogs and 
ranged from 170 to 200 Hz for 13C=O and from 200 to 400 Hz 
for Ca atoms.21 A small increase in line width (<50 Hz) was 
observed at the R2 condition; this observation is consistent with 
the reintroduction of 13C-13C dipolar couplings to the spectrum. 
Typical spectra are shown in Figure 3a for the G1A2 analog 
(measurement of 24, a25) and in Figure 4a for the A2I1 analog 
(a25,26). In both cases, the 13C° line was inverted in 
preparation for the R2 experiment. Spinning sidebands are 
present for the 13C=O, but are not prominent for 13Ca owing 
to the smaller shielding anisotropy of sp3-hybridized carbon 
atoms. Unresolved resonance lines attributed to natural abun-
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Figure 4. Measurement of a25, 26: (a) The R2 magnetization exchange spectra of A2I1 as a function of rm. (b) Experimental and simulated (solid 
line) magnetization exchange curves for the A2I1 fibril. Open circles (O) represent the exchange data for the 100% labeled fibril and correspond to 
a distance of 4.4 ± 0 . 1 A (lower curve). Solid circles ( • ) represent the exchange data for the 10% labeled fibril and correspond to a distance of 
4.8 ± 0.1 A42 (upper curve), which represents the intramolecular intercarbon distance. The difference between the two curves represents the 
intermolecular R2 effect (8%) which is depicted in Figure 8. 
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Figure 5. Two measured intercarbon distances constrain conformation space considerably: Ramachandran conformational surfaces with contours 
showing the relationship between a l , 2 (left) and 1, a.3 (right) distances and the dihedral angles <j> and ip (assuming trans amide (a> = 180°) 
geometry).40 The Pauling antiparallel fi sheet/cross-/? fibril (—139, 135)29-30 is indicated by a box in the upper left quadrant. 

dance 13C (1.1%) sites are evident in the spectra of dilute and 
undilute samples. The natural abundance lines are particularly 
prominent in the dilute samples, but are removed upon subtrac
tion of the labeled and natural abundance IAPPH(20-29) 
spectra. 

Selectively labeled 13C=O and 13Ca resonance lines were 
generally symmetric and no splittings were observed. Spin-
echo measurements, performed at a spinning rate ~ 1 kHz below 
the n = 1 R2 condition, were used to delineate homogeneous 
and inhomogeneous contributions to the measured line width. 
The homogeneous line widths (1/JZTZ) were typically 50 Hz for 
13C=O sites, and 100 Hz for 13Ca sites. Possible contributions 
to the homogeneous line widths include incomplete decoupling 

and/or dipolar broadening of 13C by the quadrupolar 14N nucleus. 
The remaining line width was assumed to arise from inhomo
geneous broadening sources, such as the presence of a distribu
tion of conformations in the aggregate.35 Because no large 
splittings were observed, it is likely that conformational differ
ences in IAPPH(20—29) are due to the presence, in the amyloid 
fibril, of a closely related ensemble of conformers. Molecular 
motion, which can also contribute to line broadening, was ruled 
out on the basis of chemical shift tensor measurements for the 
13C=O and 13Ca lines in each IAPPH(20-29) sample. 

Accurate Measure of a Conformation-Independent In-
tercarbon Distance. Carbon-13 SSNMR exchange spectra, 

(35) VanderHart, D. L. / Magn. Reson. 1981, 44, 361. 



NMR Elucidation of a Structural Model of Pancreatic Amyloid 

Ala25 

/. Am. Chem. Soc, Vol. 117, No. 12, 1995 3543 

TSII W 

4 S * ' * 

1 P 1 T 
-IBO - 9 0 0 90 180 

<|>25 
a24 , 25 = 4.7 ± 0.2 (4%) 

t 
a24,25 

VrWSr1 I 
O CH 

a 2 3 ' 2 4 V T T ^ «25,26^—%„ 23,a25 25,a27 

Gly24 I le26 

\jr24 o - \ |^6 o -

a23,24 = 4.6 ± 0.2 (0%) 
23 ,a25 = 5.0 ± 0.2 (2%) 

<(>26 

a25,26 = 4.8 ± 0.1 (8%) 

2 5 , a 2 7 = 5.1 ± 0.2 (4%) 

Figure 6. Distance measurements provide information about the local (Gly24-Ile26) conformation. The Ramachandran surfaces are shown for 
residues Gly24 (lower left), Ala25 (top center), and Ile26 (lower right). The lines on each surface represent the ranges allowed by the R2 SSNMR 
measurements. The intersection of the regions allowed by each measurement is shaded; the actual conformation lies within that region. Additional 
considerations constrain local conformation to a much greater extent than indicated. For each residue, isotope-edited FTIR experiments indicate a 
local /? conformation in the upper left or lower right quadrant. For Ala25 and Ile26, simple energetic considerations rule out conformations in the 
upper and lower right quadrants. 

recorded at the n = 1 R2 condition, are shown in Figure 3a for 
IAPPH(20-29) 13C labeled at the C=O carbon of Gly24 and 
the C a carbon of Ala25 (analog G1A2, distance 24, a25). The 
corresponding summed intensities are plotted in Figure 3b as a 
function of mixing time. The 24, a25 intercarbon distance 
depends only on the geometry of the intervening amide bond, 
a>24,25 (Figure 6), and is relatively insensitive to amide 
geometry (cis, w = 0°, 2.49 A; trans, a = 180°, 2.43 A). The 
oscillatory decay of (I1] — lzi) in Figure 3b arises as a 
consequence of magnetization exchange among strongly coupled 

spins. The experimental data are in excellent agreement with 
the numerical simulation for a distance of 2.43 A, demonstrating 
the validity of this methodology (error is ca. ±0.05 A). An 
additional control distance of 4.5 ± 0 . 1 A corresponding to a 
weak coupling has been measured in a polycrystalline sample 
of the dipeptide glycylglycine • HCl.23 

Constraint of the IAPPH(20-29) Peptide Backbone be
tween Phe23 and Leu27 by Five Intramolecular Distances. 
Figure 4a shows R2 spectra of A2I1 along with the corresponding 
intensity plot and simulations in Figure 4b (distance a25, 26; 

file:///jr24
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Figure 7. The effect of exaggerated pleating on 6 sheet structure. (Top) Ramachandran plot showing the difference between the Pauling B strand 
(fi at upper left) and the highly pleated B strand (solid arrow shows pleating). Twisting of the strand,38 as indicated by the dashed arrow, is not 
distinguishable by the measurements discussed herein. Untwisted models are presented in this figure and in Figure 8 in order to isolate the consequences 
of exaggerated pleating. (Middle) Two space-filling models of the Phe23-Leu27 region of IAPPH(20—29): on the left is the Pauling structure, and 
on the right, an idealized highly pleated structure (023—27, %l>27>—27 = —100,94). The side chains, about which we have no information, are 
positioned to illustrate that intrastrand side chain packing can be optimized in the highly pleated B strand. The repeat distance, between the B 
carbons of Ala25 and Leu27 changes from ca. 7 A in the Pauling B strand at the left to ca. 6 A in the highly pleated B strand at the right. (Bottom) 
A ball and stick model to show the effect of the exaggerated pleating on the /J sheet hydrogen bonding network. Side chains are omitted for clarity. 
The antiparallel B sheet ((—139, 135), left) was built according to Pauling's specifications.29-30 The compact sheet model ((—100,94), right) was 
built in order to maintain the N-to-0 hydrogen bond distance (2.86 A) and bond angle (180°). 

Figure 6). The exchange recorded for the fibrils comprising 
100% doubly 13C-labeled peptide results from the combined 
effects of inter- and intramolecular couplings between Re
labeled sites. Analysis of fibrils in which ca. 10% of peptide 
is doubly labeled and the remainder is unlabeled, a process we 
call isotope dilution, measures the intramolecular intercarbon 
coupling. Both measurements are routinely made. In the 
example shown in Figure 4, a significant difference exists 
between the two measurements, indicating that the inter-
molecular coupling is significant. In these cases, we assume 
that the two carbons (A2 and I1 in Figure 4b) are proximal in 
the intermolecular, as well as the intramolecular, sense. Because 
it is possible, yet unlikely, that intermolecular R2 effects may 
represent the sum of two separate intermolecular couplings, only 
qualitative conclusions regarding intermolecular orientation were 
based on this measurement. In contrast to Figure 3b, no 
oscillations are present in Figure 4b due to the weak magnitude 
of the dipolar coupling associated with a longer intercarbon 
distance. 

The six measured intercarbon distances and the five con
strained dihedral angles are shown in Figure 6. Two 1, a 3 
distances, 23, a25 and 25, a27, are significantly shorter than 
would be predicted for a Pauling antiparallel /3 sheet (0 = 
-139°, tp = 135°; square in upper left quadrant; 1, a 3 = 5.75 
A, see Figure 5).29,30 These distances also preclude typical helical 
structure at G24 and 126 (1, a 3 for the three helical conformers 
is <4.7 A).28-29 The third 1, a 3 distance in this series, 24, a26, 
was not measured due to the limited availability of singly Ot-13C-
labeled isoleucine. The three measured a l , 2 distances (a23,24; 
a24,25; a25,26) are greater than 4.4 A, precluding the 
possibility of a cis amide bond in this region. The measured 
distances constrain the relevant dihedral angles according to the 
Ramachandran surfaces shown in Figure 5. The allowed regions 
of conformational space for residues G24, A25, and 126 (shaded 
area in Figure 6) do not take into consideration FTIR data or 
energetic considerations, both of which further constrain the 
conformational possibilities. 

Observation of Intermolecular R2 Effects. The extent of 
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intermolecular coupling was assessed by comparing the dipole 
coupling before and after isotope dilution. It should be 
emphasized that, since the "dilution effects" are observed in 
the magnetization exchange curves, they are not subject to the 
errors which affect the quantitative analysis of these curves. A 
significant decrease in dipolar coupling upon dilution (expressed 
in Figure 6 as a percent change in the simulated interatomic 
distance on label dilution as compared to the measured 
intramolecular distance) was observed for the a25, 27 measure
ment (Figure 4, 4.4 to 4.8 A on dilution, 8%). Small dilution 
effects were observed for the peptides G2A1 (4%), A1L2 (4%), 
and F1A2 (2%). No change in coupling was observed after 
dilution OfF2G1. 

Discussion 

It is our goal to develop a general method, based on R2 

SSNMR and isotope-edited FTIR,21-35 for the elucidation of 
amyloid structure." R2 SSNMR provides two kinds of infor
mation: intramolecular intercarbon distances define peptide 
backbone structure and intermolecular intercarbon distances 
define interpeptide orientation. Both of these types of data are 
utilized herein to refine our model for IAPPH(20—29) amyloid, 
which was based entirely on isotope-edited FTIR.21 

Figure 5 shows two Ramachandran surfaces, with a super
imposed contour plot corresponding to the a 1,2 and 1, a3 
distances, respectively, which are measured by R2 SSNMR. Both 
of these distances, especially 1, a.3, significantly constrain the 
peptide backbone. However, additional data are required to 
constrain a residue to one quadrant.36 Two experimental 
methods are utilized for this purpose. Isotope-edited FTIR21-37 

is very useful for determining local secondary structure. The 
amide I absorption frequency can be used to distinguish between 
helical structure and /3 structure, allowing a distinction to be 
made between the /3 quadrants (upper left and lower right) and 
the helical quadrants (upper right and lower left). In addition, 
13C SSNMR chemical shifts are sensitive to local secondary 
structure and can also be used to rule out helical or /3 strand 
structure.21 

Figure 6 shows three Ramachandran surfaces, one for each 
of the three amino acids in the IAPPH(20—29) amyloid fibril 
which are constrained by the measurements reported herein: 
GIy24, Ala25, and Ile26. For each residue, the regions of 
conformational space allowed according to the measured 
intercarbon distances are shaded. A25 is poorly constrained 
due to the fact that 24, a26 could not be measured. The allowed 
regions of conformation space available to residues 24—26 are 
actually more limited than depicted in Figure 6, which reflects 
only the constraints of the R2 distances. For residues 24—26, 
13C chemical shift measurements and isotope-edited FTIR results 
indicate that the local conformation is /3 (upper left or lower 
right quadrants).21 For A25 and 126, both right quadrants are 
disallowed on energetic grounds.29 

Although the precise conformation at G24 and 126 cannot 
be determined, certain features of that conformation are discern
ible. Most notably, the allowed /3 structures are, in both cases, 
significantly more pleated than the antiparallel /3 strand which 
characterizes Pauling's cross-/3 fibril (Pauling antiparallel /3 sheet 
depicted at left in Figure 7). This exaggerated pleating, or 
"accordian" motion38 (indicated by the solid arrow in Figure 
7), leads to a more compact structure with a repeat distance of 
ca. 6 A, as opposed to ca. 7 A for the Pauling (5 strand (Figure 

(36)Garbow, J. R.; McWherter, C. A. J. Am. Chem. Soc. 1993, 115, 
238. 

(37) Halverson, K. J.; Sucholeiki, I.; Ashburn, T. T.; Lansbury, P. T., 
Jr. J. Am. Chem. Soc. 1991, 113, 6701. 

(38) Salemme. F. R. Prog. Biophys. MoI. Biol. 1983, 42. 95. 
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Ŵ  
-fk Phe23 

J\ 
Pser29^ 

llegSjfr ^Glv24 y 

i ^ ^ k -

t^y^i^ 
T Gly24^ j Ile26^ 

^J J^J 
S e ^ 8 ~ k ^ M | Ile26 fc* 

Figure 8. A working model of the F23-S29 section of the IAPPH-
(20—29) amyloid /? sheet. The model at the top was proposed based 
solely on isotope-edited FTIR experiments.21 The revised model is 
similar, but the interstrand orientations are slightly changed. A section 
of the revised model is shown at the bottom, in the highly pleated sheet 
structure which is suggested by the experiments discussed herein. The 
interstrand lines indicate the four intermolecular R2 effects which were 
detected. The shortest measured interstrand distances in the simplified 
model are as follows: 23, a25, ca. 6 A; a24, 25; ca. 5 A; a.25, 26, ca. 
5 A; and 25, a27, ca. 6 A. The shortest a23, 24 interstrand distance in 
this model is >8 A, consistent with the fact that no intermolecular R2 

effect was observed in that experiment. This model is also consistent 
with a possible interstrand interaction between the side chains of Phe23 
and Ser2939 and predicts that one face of the IAPPH(20-29) amyloid 
/? sheet contains the side chains G24, 126, and S28, while the other 
face contains F23, A25, L27, and S29. 

7).38 This level of pleating (e.g., to ca. —100, 94 as shown in 
Figure 7) would be energetically feasible.29 We cannot, on the 
basis of these data, determine if the IAPPH(20-29) /3 sheet is 
also twisted (dashed arrow in Figure 7).38 However, the 
consequences of the highly pleated /3 structure regarding 
sidechain packing and interstrand hydrogen bonding are inde
pendent of twisting. 

Explanation of Amyloid Insolubility in the Highly Pleated 
P Sheet Structure. The Pauling cross-/? fibril model20 has been 
adopted as a general structural model for the amyloid fibril." 
However, the cross-/3 fibril was developed to explain the 
diffraction patterns of silk (predominantly (Gly-Ser-Gly-Ala)„) 
and polyalanine.20 This model is not necessarily representative 
of all amyloid fibrils, which are often rich in large hydrophobic 
side chains such as He and VaI." 

The increased /3 sheet pleating of G24 and 126 may reflect a 
general feature of the entire IAPPH(20-29) amyloid /3 sheet. It 
is therefore instructive to consider the possible effects of 
exaggerated pleating on amyloid fibril stability. One conse
quence of the decreased repeat distance {ca. 6 A vs 1 A) relative 
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to the Pauling /5 strand is that the interaction of large side chains 
at alternating positions in the sequence is possible. The 
formation of intrastrand hydrophobic clusters, such as the 
hypothetical one containing F23, A25, and L27 depicted in 
Figure 7, could stabilize the highly pleated sheet. In contrast, 
polyalanine and silk (poly(GSGA)) cannot utilize exaggerated 
pleating to take advantage of intrastrand side chain packing 
because of the small size of the side chains. However, in the 
Pauling /3 sheet, polyalanine is able to efficiently pack via 
intersheet interactions, in which the "holes" in one sheet are 
filled with the side chains of the other sheet.20 This intercalation 
would not be possible between two highly pleated polyalanine 
P sheets. We propose that amyloid fibrils rich in Ala and GIy 
may therefore closely resemble the Pauling cross-/? fibril model, 
whereas those rich in large side chains (e.g., IAPPH(20—29)) 
would have a tendency toward exaggerated pleating. The 
energetic costs of increased pleating are minimal, with respect 
to both the local conformation29 and the interstrand hydrogen 
bond network (Figure 7). Amyloid fibrils comprising a fragment 
of the P amyloid protein of Alzheimer's disease also contain 
highly pleated P structure.27 

Refinement of Our Two-Dimensional Model for IAPPH-
(20—29) Amyloid. The R2 isotope label dilution experiments 
detect wrermolecular dipolar couplings in the aggregate. 
Because the intersheet distance in the IAPPH(20—29) amyloid 
fibril is 8.5 A,19 we can rule out the possibility that intermo-
lecular R2 effects arise from intersheet dipolar coupling. 
Therefore, these effects allow the refinement of our two-
dimensional model of the IAPPH(20-29) amyloid /3 sheet. One 
large intermolecular effect was observed (Figure 4), indicating 
that Ala25 and Ile26 are proximal in the P sheet.21 This effect 
is consistent with our existing model (Figure 8, top), which was 

based solely on isotope-edited FTIR experiments.21 However, 
in order to explain all of the label dilution experiments, the 
existing model was revised by slightly altering the interstrand 
orientation (Figure 8, bottom). The revised model is also 
consistent with data concerning the solubility of IAPP(20—29) 
sequence variants.39 Further refinement of this model may allow 
the design of a molecule which binds to, or inhibits the formation 
of, IAPPH amyloid. Such a molecule could have utility as an 
anti-type-II diabetes diagnostic and/or therapeutic. 
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