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In recent years, considerable progress has been made in using
solid-state NMR spectroscopy to determine atomic-resolu-
tion structures of amyloid fibrils!'"™# associated with serious
disorders such as Alzheimer’s and Parkinson’s diseases, prion
diseases, and type 2 diabetes. Although the architecture of
fibrils is considered to be a continuous stack of (-sheet
ladders, termed a cross-p structure,” there may be significant
variations in the supramolecular organization of the peptides
within the fibrils. Detailed insight may shed light on the
assembly process and inspire design of fibril-binding com-
pounds and inhibitors.

Like its liquid-state analogue, solid-state NMR spectros-
copy is based on local structure information and does not
automatically provide long-range structure-symmetry infor-
mation as known from X-ray crystallography. As a conse-
quence, large amounts of data on several differently labeled
samples have typically been required to obtain sufficient long-
range information. Herein, we demonstrate that it is possible
to identify the supramolecular conformation of fibrils directly
from symmetry-induced resonance patterns in 2D solid-state
NMR spectra for a single °C,'’N-labeled sample. Our target is
the hIAPP20-29 (SNNFGAILSS) decapeptide from the
human islet amyloid polypeptide (hIAPP), which is believed
to form the fibrillation core domain of fibrils in the pancreas
of type 2 diabetes patients.®”

To appreciate the NMR signatures of fibril symmetry, it is
necessary to understand the structural determinants of fibrils.
Fibrils are formed by peptides in extended conformations (f3
strands) into ladders (Figure 1a, top) through parallel or
antiparallel bridges (hydrogen bonds), which through steric
effects further combine into stacked ladders, called a zipper'®!
(Figure 1a, bottom). The stacking of the two ladders may
occur with different orientation of the strands defining, in
total, eight classes of steric zippers®! with different numbers of
nonequivalent copies of the peptides, as illustrated for the
NFGAILS fragment of hIAPP (Figure 1b). Such zippers can,
in combination with a few long-range constraints, be uniquely
distinguished using solid-state NMR spectroscopy since
structurally nonequivalent peptides give rise to distinct
resonance sets.

Addressing the fibrillation core domain hIAPP20-29 of
hIAPP, AFM and X-ray fiber diffraction (Figure 2a,b)
provided typical signatures of fibril structures. Solid-state
NMR spectra (Figure 2¢, and S2 and S3 in the Supporting
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Information) of the decapeptide, with the central six residues
(NFGAIL) uniformly labeled with *C and "N, displayed
sufficient resolution for peaks to be assigned to specific atoms
in the peptides (see the Supporting Information). Secondary
chemical shift analysis® revealed B-strand conformations for
all residues, as typical for fibrils. Two sets of resonances were
detected (A and B in Figure 2¢) with equal intensities and
markedly different chemical shifts. Splitting of some of the
IleS A and B side-chain resonances revealed the presence of
two further pseudoequivalent chains, yielding a total of four
different resonances sets, A;, A,, By, and B,, with A;/A, and
B,/B, denoting pseudoequivalent sets of peptides. In addition,
we detected two sets of resonances with lower intensities,
differing from the A and B sets only in the Ala4, Ile5, and
Leu6 resonances, which we interpreted as a minor form fibril
population (Figure 2c¢, Table S1 in the Supporting Informa-
tion). No unambiguous contacts between major and minor
forms were detected.

Detection of four sets of resonances revealed that the
supramolecular organization of the major population of
hIAPP20-29 fibrils belongs to one of the four classes with
antiparallel ladders. Among these the “homo zipper” is
unlikely since it would have four pseudoequivalent chains and
therefore four very similar resonance sets. For further
discrimination of the supramolecular organization we
exploited the distinct long-range contacts between copies of
the peptide. Among ten long-range contacts obtained from
solid-state NMR DARR (dipolar-assisted rotational reso-
nance)!' spectra (see the Supporting Information, Figures S3
and S5, Table S1) we detected contacts between Leu6ACO
and Ile5BCa and between Phe2ACy and Gly3BCa with A
(A//A,) and B (B,/B,) denoting two different resonance sets.
In combination with the symmetry information, the
SNNFGAILSS fibrils could thus be unambiguously assigned
to the antiparallel ladder “hetero zipper” class. The possibility
of the multiple resonance sets corresponding to different
structural polymorphs can rigorously be excluded based on
the contacts between chains A and B (see the Supporting
Information).

To establish a full structure, we complemented this
information with ambiguous distance restraints!'!! to over-
come overlap in the 2D DARR spectra, in particular between
nonequivalent resonance forms of the same nucleus which
could not be removed by traditional approaches with
selectively labeled or spin-diluted samples.>* In total, 75
distance constraints for the NFGAIL residues were applied
with ambiguities at three different levels (see the Supporting
Information), enabling establishment of a structure for the
hIAPP20-29 fibrils. 500 structures were calculated and the
root-mean-square deviation (RMSD) for the ten lowest-
energy structures (Figure 3a) is 0.52 A for backbone and
1.16 A for all heavy atoms (see the Supporting Information,
Table S3). The fibril structure belonging to the antiparallel
hetero zipper class shows hydrophobic interactions between
side-chains of Phe2 and Leu6 within the same ladder and
Phe2 and Ile5 of the opposite ladder, and it displays a slight
twist around the fibril axis which is reproducible within the
ensemble (Figure3, and S4 and S7 in the Supporting
Information). A fibril model structure of hIAPP was recently
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Figure 1. The eight classes of steric zippers with their respective NMR signatures: a) § Strands are arranged by hydrogen bonding (bridge) into a
ladder, which can be parallel or antiparallel. Two ladders combine into a steric zipper (spheres indicate Co. and Ha). b) The eight classes are
defined by different arrangement of 3 strands within ladders through identical/different faces (homo/hetero) and aligned in the same (co-) or
opposite (anti-) direction along the fibril axis. Different arrangements may lead to different chemical-shift patterns, as represented by the NMR
spectrum below each structure with labeling of the resonance sets. Parallel ladders incorporate one or two distinct peptides, whereas antiparallel
ladders incorporate four distinct peptides. Peptides orienting side-chains of odd and even residues into the zipper are colored cyan/marine and
yellow/orange, respectively. The chemical shifts depend on whether the side-chain points into or away from the zipper, leading to large shift
differences for odd/even combinations, relative to even/even or odd/odd combinations. The latter combinations may lead to equivalent or
pseudoequivalent peptides, where pseudoequivalence may arise either for peptides with buried side-chains close to the Ha protons of the two
nearest peptides within the ladder (Ha-sandwiched; colored orange or marine blue; Figure S6 in the Supporting Information) or for two
equivalent peptides screwed along an axis parallel to the strand axis. Red asterisks indicate peptides with the N-terminal nearest the edge of the
zipper. Contacts between residues corresponding to signals in *C-"*C DARR' spectra for SNNFGAILSS fibrils are shown as dashed lines when
consistent (black) or inconsistent (red) with the class.
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Figure 2. Characteristics of hIAPP20-29 fibrils: a) AFM image in derivative mode (see the Supporting Information) revealing typical amyloid fibril structures.
b) X-ray fiber diffraction pattern and a radial average highlighting the 4.65 A distance between bridging strands and the 9.01 A distance between ladders.

c) Part of a 40 ms 2D DARR[' solid-state NMR spectrum of fibrils with six central residues, N1, F2, G3, A4, I5, and L6, uniformly labeled with *C and "*N
(more spectra in Figure S2 and S3 in the Supporting Information). Resonance positions are labeled (A/A;/A, and B/B,/B, are chain identifiers; see Figure 1)

and indicated by lines. Minor forms and pseudoequivalent forms are shown with dashed and heavy lines, respectively. Peak groups that are split as a result
of pseudoequivalence are marked with arrows.

derived where NFGAIL was part of a non-B-strand turn.™?  Interactions in the hetero zipper class could favor addition of
The difference could be due to different sample preparations.  a third ladder, but this addition can be excluded by symmetry,
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Figure 3. The supramolecular structure of the NFGAILS section of the
hIAPP20-29 fibrils. a) Superimposed ensemble of the ten lowest-
energy structures. b) View down the fibril axis. The two ladders are
shown in blue/cyan and yellow/orange c) One ladder shown as surface
and the adjacent ladder as sticks, with hydrogen bonds between
strands indicated by black dashed lines.

since it would give rise to three different resonance sets of
equal intensity.

In conclusion, exploiting the combination of symmetry
information and ambiguous distance constraints (with an
average of 12.5 restraints per labeled residue) from standard
2D NMR spectra, it was possible to determine the supra-
molecular structure of the hAIPP20-29 fibrils with high
resolution. We envisage that the exploitation of spectral
symmetry signatures will become an integral part of future
structure calculations of multimeric systems of insoluble
proteins such as amyloid fibrils. It is expected that the method
may find interesting applications in the study of equilibria
between different structural forms using simple 1D spectra of
fibrils with a single label.

After submission of this work, a paper by Middleton and
co-workers™ presented a structural model of hITAPP20-29
consistent with solid-state NMR spectroscopy and fiber
diffraction constraints. The authors discuss the presence of
parallel and antiparallel polymorphs depending on sample
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preparation, and focus major attention to the parallel
arrangement. As described above, our data is not consistent
with mixed polymorphs and we present a full high-resolution
structure of antiparallel fibrils.

Experimental Section

All NMR spectra are recorded with a Bruker Avance II 700 MHz
spectrometer using a standard 4 mm triple resonance Bruker probe at
12 kHz MAS and 263 K. The structure was calculated using Xplor-
NIH. For more details on the NMR experiments and on the
biophysical studies, we refer to the Supporting Information.

Received: August 25, 2008
Revised: October 31, 2008
Published online: January 7, 2009

Keywords: amyloid fibrils - NMR spectroscopy - peptides -
supramolecular chemistry

[1] A.T. Petkova, R. D. Leapman, Z. H. Guo, W. M. Yau, M. P.
Mattson, R. Tycko, Science 2005, 307, 262 —265.

[2] K. Iwata, T. Fujiwara, Y. Matsuki, H. Akutsu, S. Takahashi, H.
Naiki, Y. Goto, Proc. Natl. Acad. Sci. USA 2006, 103, 18119—
18124.

[3] C.P Jaroniec, C. E. MacPhee, V. S. Bajaj, M. T. McMahon, C. M.
Dobson, R. G. Griffin, Proc. Natl. Acad. Sci. USA 2004, 101,
711-716.

[4] C. Wasmer, A. Lange, H. Van Melckebeke, A.B. Siemer, R.
Riek, B. H. Meier, Science 2008, 319, 1523 -1526.

[5] A.J. Geddes, K. D. Parker, E. D. T. Atkins, E. Beighton, J. Mol.
Biol. 1968, 32, 343.

[6] G.J.S. Cooper, A. C. Willis, A. Clark, R. C. Turner, R. B. Sim,
K. B. M. Reid, Proc. Natl. Acad. Sci. USA 1987, 84, 8626 —8632.

[7] P. Westermark, C. Wernstedt, E. Wilander, D. W. Hayden, T. D.
O’Brien, K. H. Johnson, Proc. Natl. Acad. Sci. USA 1987, 84,
3881 -3885.

[8] M. R. Sawaya, S. Sambashivan, R. Nelson, M. L. Ivanova, S. A.
Sievers, M. I. Apostol, M. J. Thompson, M. Balbirnie, J. J. W.
Wiltzius, H. T. McFarlane, A. O. Madsen, C. Riekel, D. Eisen-
berg, Nature 2007, 447, 453 -457.

[9] D.S. Wishart, B. D. Sykes, J. Biomol. NMR 1994, 4, 171 -180.

[10] K. Takegoshi,J. Mizokami, T. Terao, Chem. Phys. Lett. 2001, 344,
631-637.

[11] M. Nilges, S.I. O’Donoghue, Prog. Nucl. Magn. Reson. Spec-
trosc. 1998, 32, 107 -139.

[12] S. Luca, Y. M. Yau, R. Leapman, R. Tycko, Biochemistry 2007,
46, 13505-13522.

[13] J. Madine, E. Jack, P. G. Stockley, S. E. Radford, L. C. Serpell,
D. A. Middleton, J. Am. Chem. Soc. 2008, 130, 14990-15001.

Angew. Chem. Int. Ed. 2009, 48, 2118 2121

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

2121


http://dx.doi.org/10.1126/science.1105850
http://dx.doi.org/10.1073/pnas.0607180103
http://dx.doi.org/10.1073/pnas.0607180103
http://dx.doi.org/10.1073/pnas.0304849101
http://dx.doi.org/10.1073/pnas.0304849101
http://dx.doi.org/10.1126/science.1151839
http://dx.doi.org/10.1016/0022-2836(68)90014-4
http://dx.doi.org/10.1016/0022-2836(68)90014-4
http://dx.doi.org/10.1073/pnas.84.11.3881
http://dx.doi.org/10.1073/pnas.84.11.3881
http://dx.doi.org/10.1038/nature05695
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://dx.doi.org/10.1016/S0009-2614(01)00791-6
http://dx.doi.org/10.1016/S0079-6565(97)00025-3
http://dx.doi.org/10.1016/S0079-6565(97)00025-3
http://dx.doi.org/10.1021/bi701427q
http://dx.doi.org/10.1021/bi701427q
http://dx.doi.org/10.1021/ja802483d
http://www.angewandte.org

