JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by FENG CHIA UNIV

Communication

Constraints on Supramolecular Structure in Amyloid Fibrils from Two-
Dimensional Solid-State NMR Spectroscopy with Uniform Isotopic Labeling
Robert Tycko, and Yoshitaka Ishii
J. Am. Chem. Soc., 2003, 125 (22), 6606-6607+« DOI: 10.1021/ja0342042 « Publication Date (Web): 10 May 2003
Downloaded from http://pubs.acs.org on March 29, 2009

60 50 40 30 20 -
3C NMR frequency (ppm)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 7 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0342042

JIAIC[S

COMMUNICATIONS

Published on Web 05/10/2003

Constraints on Supramolecular Structure in Amyloid Fibrils from
Two-Dimensional Solid-State NMR Spectroscopy with Uniform Isotopic
Labeling

Robert Tycko* and Yoshitaka Ishii*

Laboratory of Chemical Physics, National Institute of Diabetes and Digestnd Kidney Diseases,
National Institutes of Health, Building 5, Room 112, Bethesda, Maryland 20892-0520, and Department of
Chemistry, Uniersity of lllinois at Chicago, 845 West Taylor Street, Chicago, lllinois 60607

Received January 16, 2003; E-mail: tycko@helix.nih.gov

Solid-state nuclear magnetic resonance (NMR) methods permit
detailed structural studies of biopolymers in noncrystalline solid o
forms. Amyloid fibrils, which are filamentous aggregates formed
by a diverse class of peptides and proteins, are a particularly
important target for solid-state NMR investigations because of their
association with amyloid diseaskbgcause of current interest in ~ |V18¢/F20q
their physicochemical propertiésand because detailed structural m
information at the molecular level has not been available from other
techniques. X-ray fiber diffraction shows that the predominant
supramolecular structural motifs in amyloid fibrils are extended
B-sheets, arranged with a “crogsorientation® Recent solid-state
NMR studies show that the amyloid crg8snotif can contain either
parallef or antiparallet” 5-sheets, depending on the amino acid
sequence.

To date, studies of supramolecular structure in amyloid fibrils
by solid-state NMR have exclusively employselectie isotopic
(*3C and/orN) labeling and dipolar recoupling techniques to
measure specific intermolecular carbararbon or carbonnitrogen
distances that define the alignment of neighboring peptide chains
in the B-sheets™7 Detection of useful supramolecular structural
constraints has therefore been a “needle-in-a-haystack” problem,
since the likelihood thagelectie isotopic labels end up within the
accessible distance range of the recoupling techniqu@s5(nm)
is small in a high-molecular-weight system of unknown structure.
On the other hand, high-quality two-dimensional (283/:3C and
I5N/13C spectra of amyloid fibrils witlhuniform 5N and*3C labeling
of multiple amino acids have recently been obtained under magic
angle spinning (MAS), permitting essentially complete resolution
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and assignment of isotropic chemical shifts that place strong © s
constraints on molecular conformatiér.Here we demonstrate that @ °

constraints on supramolecular structure (specifically, the intermo- ® © ® 0 > leo
lecular alignment in the crogs-motif) can be obtained from 2D

solid-state NMR spectra of amyloid fibrils witliniform isotopic 60 50 40 30 20 60 50 40 30 20
labeling of multiple residues. These 2D spectra also provide "°C NMR frequency (ppm)

information about the degree of supramolecular structural order in Figure 1. Aliphatic regions of 2D*3C/*3C exchange spectra of amyloid
amyloid fibrils that has not been otherwise available. fibrils formed by AB16-22 with uniform labeling of residues 1721 (a,b),

_ ; P1-40 with uniform labeling of residues 621 (c,d), and #1125 with
Our measurements take advantage of the proton-mediated ZDC\niform labeling of residues 181 at pH 7.4 (¢) and pH 2.5 (f). Spectra

13C/*C exchange technique recently introduced by Baldus and co- are obtained at 14.1 T and MAS spinning frequency 21.4 kHz, with proton-
workers and demonstrated on alanylglyclglycine and ubigfitin. mediated exchange (a,c,erfp = 150us, Tsp = 200us) or direct3C/A3C
In this technique, exchange Bt spin polarization betweenthet  exchange (b,drex = 10 ms). Assignment pathways through single-bond
and s periods occurs in three steps: ¢ — H cross-polarization cross-peaks are shown (b,d). Contour levels increase by_ factors of 1.6 in
(CP) for timezcs; (2) H < 1H spin diffusion for timezso; (3) all spectra. Strong/o cross-peaks_m_a, e, and_ f |n(_j|cate aptlparaﬂleheet

CP . SDy structures for #1622 and AB11-2s fibrils, but with different intermolecular
IH — 13C CP for timercp. Provided thatcp andzsp are sufficiently alignments in each case. Weakedb. cross-peaks (34 times weaker) are
short (~200 us), strong cross-peaks are observed only between due to intramolecular, sequential exchange. The absence of stt@iegoss-

methine or methylen&C sites withtH—H distances less than about ~ Peaks in c is consistent with an in-register, pargfiedheet structure for
0.3 nmi° Ap1-40 fibrils.

T National Institute of Diabetes and Digestive and Kidney Diseases. . Flgurg 16}’b S!’]OWS the aliphatic r?glons of proton-medlgted and
* University of Illinois at Chicago. direct (with irradiation of protons during,, the exchange periét)
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Figure 2. Molecular model of an antiparallgtsheet, with lines indicating
backbone amidecarbonyl hydrogen bonds. Double arrows indicate the short
interstrand t—Ha distances that give rise to strongp cross-peaks as in
Figure 1a,e,f, which constrain the intermolecular alignment in the amyloid
crossp motif (figure created with MOLMOLS3),

2D 13C/*3C exchange spectra of amyloid fibrils formed by residues
16—22 of the Alzheimer's3-amyloid peptidé (AB1s-22, SEqUENCE

Ac—KLVFFAE-NH,), with uniform labeling of L17 through A21.
The two spectra are markedly different. In particular, the proton-

mediated exchange spectrum shows strong cross-peaks between

a-carbons of V18 and F20 and betwesitarbons of L17 and A21.
Given the knowns-strand conformation of Bse—2," and the lack
of V18a/A21a and F19/A21a cross-peaks, the stromga cross-

fibrils, with alignment of residues Hék and 2tk at pH 7.4 and
alignment of residues 36k and 23-k at pH 2.5. These data are
inconsistent with a recent structural model fof,A o5 fibrils in
which residues 1720 form a type I5-turn?

The striking differences among proton-mediated 2D exchange
spectra in Figure 1 show that the supramolecular structure in
amyloid fibrils is not uniquely determined by the sequence, even
at the level of 15-residue segments. Multiple side chaide chain
interactions dictate the details of the intermolecular alignment. The
absence of detectabled®21a cross-peaks (for example) in Figure
la,e places an upper bound on “misalignment” defects that might
give rise to these cross-peaks10% and<4% defect concentra-
tions in AB16-22 and pH 7.4 4611 fibrils, respectively). Thus,
the intermolecular alignment appears both highly sequence-
dependent and highly ordered. The fibril growth process may
include an annealing step that maintains a low level of misalignment
defects as peptide molecules add to the nascent Grosstif.
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peaks are necessarily intermolecular. The direct exchange Spectrum, -iiable free of charge via the Internet at http://pubs.acs.org.

shows only weak L1a/V18a and V18/F19u cross-peaks, which
arise from intramolecula®C—13C couplings. (Intermoleculat/a
cross-peaks are also unidentifiable in direct exchange spectra wit
Tex = 100 and 200 ms.)

Figure 2 shows that the shortest distances betweprotons in
an antiparalleB-sheet £0.21 nm) occur between interstrand residue

pairs that are aligned (but not hydrogen bonded). Thus, the spectrum

in Figure la indicates that Ae—» fibrils contain antiparallel
pB-sheets in which residue &k aligns with residue 22k. This
registry agrees with earlier results for selectively label¢deAe,
fibrils.7a

Under optimized CP conditions, 38 5% of the methine and
methylene'*C signal is preserved in a proton-mediated exchange
experiment. About 30% of this signal goes to structurally significant
cross-peaks aftsp = 200us. Sensitivity is thus comparable to that
of a direct exchange experiment (aliphatic cross-peak volumes
roughly 10% of diagonal volumes in Figure 1b).

Figure 1c,d shows proton-mediated and direct 2Q/3C
exchange spectra of amyloid fibrils formed by the full-length, 40-
residues-amyloid peptide (41-40), with uniform labeling of K16
through A218 Only weako/a. cross-peaks are observed in Figure
1c, attributable to intramolecular spin diffusion between sequential
a-protons ¢-0.45 nm distance in g-strand). Figure 1c is consistent
with the parallel-sheet structure indicated by earlier solid-state
NMR data on selectively labeled samplesxd contained in our
recent model for the By—4o fibril structure? Interstrand distances
betweena-protons in parallep3-sheets are greater than 0.45 nm,
precluding strong intermoleculat/a. cross-peaks.

Figure 1e,f shows proton-mediated exchange spectra of fibrils
formed by residues 1125 of full-length S-amyloid (AB11-25,
sequence EVHHQKLVFFAEDVG), with uniform labeling of V18
through A21, prepared at pH 7.4 and 2.5, respectively. Isotropic
13C chemical shifts indicate @&-strand conformation for the labeled
segment at both pH values. Figure 1e shows stronga¥ABSx
cross-peaks, while Figure 1f shows strong W& 1a. cross-peaks.
These spectra indicate an antiparafle$heet structure in Ay1—2s
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