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The molecular conformation of peptide fragment 105-115 of tran-
sthyretin, TTR(105-115), previously shown to form amyloid fibrils
in vitro, has been determined by magic-angle spinning solid-state
NMR spectroscopy. '*C and "N linewidth measurements indicate
that TTR(105-115) forms a highly ordered structure with each
amino acid in a unique environment. 2D '3C-'3C and 15N-13C-13C
chemical shift correlation experiments, performed on three fibril
samples uniformly 13C,'5N-labeled in consecutive stretches of 4 aa,
allowed the complete sequence-specific backbone and side-chain
13C and >N resonance assignments to be obtained for residues
105-114. Analysis of the 15N, '3CO, 13C¢, and '3CP chemical shifts
allowed quantitative predictions to be made for the backbone
torsion angles ¢ and . Furthermore, four backbone '3C-15N
distances were determined in two selectively '3C,>N-labeled fibril
samples by using rotational-echo double-resonance NMR. The
results show that TTR(105-115) adopts an extended p-strand
conformation that is similar to that found in the native protein
except for substantial differences in the vicinity of the proline
residue.

myloid fibrils are highly organized aggregates formed by

peptides and proteins with a wide variety of structures and
functions. Fibril formation is associated with a number of protein
deposition diseases including Alzheimer’s disease, type II dia-
betes, and the transmissible spongiform encephalopathies (1, 2).
In addition, many peptides and proteins not directly associated
with disease have the propensity to self-assemble into amyloid
fibrils in vitro (3, 4). Although fibrils are formed by polypeptides
with different amino acid sequences and lengths, they share a
number of common characteristics. They exhibit similar mor-
phologies under electron microscopy and a characteristic “cross-
B” pattern in x-ray fiber diffraction experiments (1, 2). The latter
has been attributed to an extensive B-sheet structure in which the
peptide strands are oriented perpendicular to the long fibril axis.
The fibrils are assembled from a large number of molecules but
do not form single crystals. Therefore, they are not amenable to
characterization with solution-state NMR or x-ray crystallogra-
phy. Solid-state NMR (SSNMR) spectroscopy, however, can be
used to obtain site-specific structural information at atomic
resolution in noncrystalline biological solids such as amyloid
fibrils. Indeed, recent developments in SSNMR instrumentation
and methodology (5) have enabled a number of structural details
to be determined for various peptide fragments of the Alzhei-
mer’s B-peptide, ranging from 7 to 40 residues in length (6-9),
for a peptide fragment of the human islet amyloid polypeptide
(10), and for several peptides derived from prion proteins
(11, 12).

In this article we describe the complete resonance assignments
and determine the molecular conformation of a peptide frag-
ment of transthyretin (TTR) in an amyloid fibril by using
magic-angle spinning (MAS) SSNMR spectroscopy. TTR is a
55-kDa protein involved in the transport of thyroxine and retinol
in plasma. The native protein is a homotetramer of 127-residue
subunits and has extensive B-sheet structure (13). WT TTR
forms amyloid fibrils in vivo in a condition termed senile systemic
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amyloidosis (14), and a number of naturally occurring TTR
variants are associated with familial amyloid polyneuropathy
(15). Full-length TTR (16), TTR variants (17, 18), and two
11-residue peptide fragments derived from the native sequence
(16) have been shown readily to form amyloid fibrils in vitro.
They are therefore important systems for the detailed investi-
gations of the structure of amyloid fibrils and the mechanism of
fibril formation (19). The peptides TTR(10-20) and TTR(105-
115) correspond to the sequences that are found as B-strands A
and G, respectively, in the native protein. Both strands are
located at the surface of the thyroxine-binding channel formed
by the homotetramer (20). Oriented fibrils formed by TTR(10-
20) and TTR(105-115) exhibit the characteristic cross-B x-ray
fiber diffraction patterns (21). The monomeric peptides have
been found to adopt essentially random conformations in aque-
ous solution (22).

In the present work we have used 1D and 2D MAS SSNMR
to probe the molecular conformation of TTR(105-115) in the
fibrillar state. 13C and >N linewidth measurements indicate that
the peptide forms highly ordered fibrils in which there is a single
unique environment for each residue. We have established the
complete sequence-specific backbone and side-chain 1*C and N
resonance assignments for residues 105-114 in fibrils prepared
from peptides uniformly 3C,'>N (U-'3C,'>N) labeled in consec-
utive stretches of 4 aa. The 2D *C-13C and N-13C-13C chemical
shift correlation techniques used here are analogous to those
used recently to assign several (U-13C,>N)-labeled peptides and
proteins (8, 23-27), and the complete resonance assignments
represent the initial step in the determination of a high-
resolution NMR structure for TTR(105-115) fibrils. The SN,
13CO, 13C%, and '*CP chemical shifts have been used to predict
the backbone torsion angles ¢ and . Furthermore, we have
measured four backbone *C-N distances in the 4- to 5-A
regime in two selectively 13C,">N-labeled fibril samples by using
rotational-echo double resonance (REDOR) NMR (see below).
The data indicate that the TTR(105-115) fibrils are extremely well
ordered and that the fibrils represent an array of identical pep-
tide molecules, each of which is in a fully extended B-strand
conformation.

Methods

Preparation of Amyloid Fibrils. TTR(105-115) (YTTAALLSPYS)
peptides for the resonance assignment experiments were syn-
thesized by using standard solid-phase methods and purified by
HPLC (CS Bio, San Carlos, CA). The peptides used for the
REDOR measurements were synthesized by Midwest Biotech
(Fishers, IN) and the Massachusetts Institute of Technology
Cancer Center Biopolymers Facility. All 3C,'5N-labeled, pro-
tected amino acids used in the peptide synthesis were purchased
directly from Cambridge Isotope Laboratories (Andover, MA),
with the exception of N-fluorenylmethoxycarbonyl,O-t-butyl

Abbreviations: SSNMR, solid-state NMR; MAS, magic-angle spinning; TTR, transthyretin;
REDOR, rotational-echo double-resonance; CP, cross-polarization.
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Fig. 1. Amino acid sequence of TTR(105-115) and labeling scheme used for
the resonance assignments experiments. (U-'3C,'5N)-labeled residues are un-
derlined.

ether-protected (U-'3C,'>N)threonine, (U-13C,"N)serine, (1-
13C)serine, (2-13C)serine, and (N)tyrosine, which were synthe-
sized by Midwest Biotech starting with isotopically labeled amino
acids from Cambridge Isotope Laboratories.

Three TTR(105-115) fibril samples were used for all reso-
nance assignment experiments. The peptides contained four
(U-13C,">N)-labeled amino acids at positions 105-108, 108-111,
and 111-114; these samples are referred to as TTR(105-
115)YTIA; TTR(lOS—llS)AALL, and TTR(lOS—llS)Lspy, respec-
tively (Fig. 1). Note that the C-terminal residue (S115) was not
(U-13C,15N) labeled because of the expense associated with the
coupling of that residue to the resin with high yield. Two
additional TTR(105-115) samples containing selectively
13C,15N-labeled amino acids were used for REDOR 3C-I°N
distance measurements. The first sample contained the '3C and
5N labels at the A108 13CO, L111 3C¢, and L110 >N positions,
and the second sample was labeled at S112 3CO, S115 13C¢, and
Y114 BN.

Amyloid fibrils were prepared by dissolving TTR(105-115) in
a 10% acetonitrile/water solution (adjusted to pH 2 with HCI)
at ~15 mg/ml. The samples were incubated for 2 days at 37°C
followed by incubation for 14 days at room temperature. The
samples were routinely characterized by transmission electron
microscopy. After this period the clear, viscous gel containing
the fibrils was transferred to a centrifuge tube and washed twice
with =2 ml of 10% acetonitrile/water at pH 2. After each wash
the sample was centrifuged for 2 h at 4°C and ~320,000 X g.
After the second spin the pellet containing ~10 mg of fibrils was
packed into a 4-mm zirconia NMR rotor (Varian-Chemagnetics,
Fort Collins, CO). The top of the rotor was sealed with epoxy to
prevent dehydration during the MAS NMR experiments.

NMR Experiments. NMR experiments were performed on a custom-
designed spectrometer (courtesy of D. J. Ruben, Francis Bitter
Magnet Laboratory, Massachusetts Institute of Technology)
operating at the frequencies of 500 MHz for 'H, 125.7 MHz for
13C, and 50.7 MHz for N, by using a Varian-Chemagnetics
500-MHz triple-resonance T3 probe equipped with a 4-mm
spinner module. Spinning frequencies of ~9-11 kHz were used
in all experiments and regulated to =5 Hz with a Doty Scientific
(Columbia, SC) spinning frequency controller, and the sample
temperature was maintained at 2°C by using a stream of cooled
nitrogen gas.

The 1D B3C and N MAS spectra were recorded with ramped
cross-polarization (CP) (28, 29). The 'H radio frequency field
was set to 50 kHz, the 13C field was ramped linearly through the
n = —1 Hartmann-Hahn matching condition (between 38 and 42
kHz), and the contact time was 2 ms.

The 2D 3C-13C proton-driven spin diffusion experiments (30)
used 5-us 90° 13C pulses and a 10-ms spin diffusion period. A '"H
radio frequency field matching the n = 1 rotary resonance
condition (31) was applied during the mixing period to facilitate
efficient 13C-13C magnetization transfer.

The 2D N-B3C-B3C spectra were recorded by using the
NCOCX and NCACX pulse sequences as described (26, 27).
After '"H-SN CP and N chemical shift evolution period (f1),
band-selective specific ramped CP (32) was used to transfer the

Jaroniec et al.

Fig. 2.  Electron micrograph of TTR(105-115) fibrils. Amyloid fibrils were
diluted to 100-200 ng/ml and negatively stained by using 2% (wt/vol) uranyl
acetate. Fibrils were viewed in a Jeol 1200EX transmission electron micro-
scope, using an accelerating voltage of 80 kV. (Scale bar: 200 nm.)

15N magnetization selectively to '*CO or *C* by placing the 13C
carrier frequency ~10-15 ppm outside the CO (for N — CO
transfer) and C* (for N — C¢ transfer) regions. The °N radio
frequency field strength was ~35 kHz, the '*C field was ramped
linearly between ~1 kHz below and ~1 kHz above the n = —1
Hartmann-Hahn matching condition, and the mixing time was
3 ms. Immediately after the "N-!3C CP, a 10- to 20-ms 'H-driven
13C-13C spin diffusion period was used to establish the intraresi-
due 3C-1C correlations.

Backbone !3C-BN distances were measured by using the
REDOR experiment (33). The initial '*C magnetization created
via CP was observed as a spin-echo and dephased during the
REDOR mixing period by using a train of rotor-synchronized
180° N pulses. For each REDOR curve, S, a reference curve,
So, was recorded in the absence of N pulses to account for
relaxation effects. The internuclear 3C-SN distances were ex-
tracted by fitting the quantity S/S as a function of the REDOR
mixing time to the analytical expression describing the dipolar
dephasing.

During BN-13C CP and REDOR mixing, 100-kHz continuous
wave proton decoupling was used, and 70- to 80-kHz two pulse
phase modulation decoupling (34) was used during all chemical
shift evolution periods.

Results and Discussion

An electron micrograph of the fibrils formed by TTR(105-115)
is shown in Fig. 2. The fibrils have variable lengths, are ~10 nm
wide, and are similar in appearance to those observed in
disease-associated systems (1, 2).

The 1D BC and N MAS spectra of (U-'3C,'>N)-labeled
TTR(105-115) fibrils (Fig. 3) are extremely well resolved, with
virtually all sites giving rise to narrow, single resonances. The
spectral assignments indicated in Fig. 3 and listed in Table 1 were
established by using 2D '3C-13C and N-3C-13C correlation
techniques, which are discussed in detail below. Widths at half
height of ~0.6-1.8 ppm and 0.7-1.5 ppm were observed for 13C
and >N resonances, respectively, with the majority of sites
having linewidths of <1.0 ppm for 3C and <1.3 ppm for "N
(Table 4, which is published as supporting information on the
PNAS web site, www.pnas.org). The 13C and >N resonances in
TTR(105-115) fibrils are significantly narrower than those char-
acteristic of amorphous or disordered systems, and the line-
widths compare favorably with those observed in (U-!3C,>N)-
labeled microcrystalline amino acids and peptides (23, 24). This
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Fig. 3.

1D 3C and >N MAS NMR spectra of (U-'3C,'5N)-labeled TTR(105-115) fibrils. '3C carbonyl and aromatic (a, d, and g), '3C aliphatic (b, e, and h), and >N

amide (c, f, and i) spectral regions are shown for the TTR(105-115)y7ia (@—c), TTR(105-115)aarL (d—F), and TTR(105-115).spy (g—i) samples. 3C and ">N spectra were
acquired by using the ramped CP pulse sequence (see text) with 128 and 512 scans, respectively, a 3-s recycle delay, and spinning frequencies of 8.929 kHz (a—c),

10.87 kHz (d-f), and 10.0 kHz (g-i).

finding implies that the inhomogeneous line broadening caused
by disorder is minimal. This observation is remarkable given the
fact that the fibrils are noncrystalline and indicates on the atomic
level a highly ordered fibrillar structure with a narrow distribu-
tion of peptide conformations. The 3C and >N chemical shift
anisotropies and 'H-13C, 'H-1°N, and 3C-*N dipolar interac-
tions involving backbone resonances measured in TTR(105-115)
fibrils (unpublished data) correspond to the rigid limit values and
indicate the absence of appreciable dynamics along the peptide
backbone.

Representative 2D 3C-13C and '"N-13C-13C correlation spec-
tra used to establish the sequence-specific backbone and side-
chain 13C and N resonance assignments are shown in Figs. 4
and 5 for the TTR(105-115)y11a sample. The complete set of 2D
spectra is provided in Figs. 9 and 10, which are published as
supporting information on the PNAS web site. The 2D 3C-13C
experiments (Fig. 4) used proton-driven spin diffusion to estab-
lish the intraresidue *C-13C correlations and identify amino acid
types. In the aliphatic regions of the 2D spectra most cross-peaks

corresponding to the one-bond correlations (indicated by dotted
lines in Fig. 4) are well resolved, which enables the straightfor-
ward identification of the cross-peak patterns for all residues. A
number of correlations with increasingly weaker intensities
extending over two or more bonds and corresponding to multiple
relayed one-bond transfers are also observed. Most remarkable
is the fact that for TTR(105-115)aarr (Fig. 9), where two
alanine and two leucine residues are (U-13C,'5N) labeled, the
Ce-CP, CB-C», and C*-C? correlations for each residue can be
readily identified, with the most significant overlap occurring in
the Leu C? region.

The N resonances were assigned by using 2D NCACX
experiments (Fig. 5b), which establish the intraresidue °N-13C
correlations. All N-C* correlations except Leu-110 and Leu-111
(Fig. 10) are well resolved in the 2D spectra and enable the
unambiguous assignment of the amide >N resonances (Leu-110
and Leu-111 N chemical shifts were obtained from N-CP
correlations generated by using '3C-'3C proton-driven spin
diffusion). 2D NCOCX experiments (Fig. 5a) were used to

Table 1. '3C and '>N chemical shifts measured in TTR(105-115) fibrils

Residue 15N 13CO 13Ca 13¢8 13Cy 13¢6 13Ce 13¢¢
Y105 39.2 172.0 56.3 36.5 124.5 134.5/133.4 118.7/117.8 160.0
T106 117.0 173.5 62.6 72.5 20.0 — — —
1107 127.0 174.1 60.2 41.8 28.2/17.0 14.6 — —
A108 128.0 174.5 49.9 22.1 — — — —
A109 125.1 173.3 50.3 22.9 — — — —
L110 127.0 174.2 54.4 45.5 29.4 28.2/23.9 — —
L1 127.5 173.9 54.1 44.3 29.9 27.7/25.3 — —
S112 117.2 173.6 55.4 63.2 — — — —
P113 135.8 174.8 62.6 32,6 28.0 49.6 — —
Y114 127.3 173.6 57.7 43.8 128.7 133.6 118.3 157.4
S115 — — 57.8* — — — — —

All chemical shifts are in ppm, referenced indirectly to the methyl 'H resonance of 2,2-dimethylsilapentane-5-sulfonic acid (DSS) (35).
*$115 13C* chemical shift was measured in a selectively labeled fibril sample.
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Fig. 4. 2D '3C-'3C correlation spectrum of TTR(105-115)yyia fibrils. The data
were acquired at the spinning frequency of 8.929 kHz by using the proton-
driven spin diffusion pulse sequence with a 10-ms 3C-13C mixing time (see
text). The 2D data set was acquired according to Ruben and coworkers (36),
with 200 complex points in the indirect dimension and the increment of 40 us,
resulting in the total t; evolution time of 8 ms. Sixty-four transients were
averaged per point with a 3-srecycle delay, resulting in the total 2D acquisition
time of ~22 h. The intraresidue one-bond correlations are indicated by
colored dotted lines as follows: Y105, blue; T106, red; 1107, green; and A108,
indigo.

establish the interresidue correlations (between the N reso-
nance of residue i and *C resonances of residue i-1) required for
sequence-specific assignments. Note that because of the isotope
labeling scheme used, the sequence-specific 13C and >N assign-
ments for the TTR(105-115)yria and TTR(105-115)spy sam-
ples would be obtained by using only the 2D 3C-3C and
NCACX experiments, whereas all three experiments are neces-
sary to assign the spectra of TTR(105-115)aap1 fibrils. Further-
more, we note that although three (U-13C,'>N)-labeled
TTR(105-115) fibril samples were used to assign the '3C and °N
chemical shifts in this work, inspection of the 2D correlation
spectra indicates that complete sequence-specific resonance
assignments could be established by using a single uniformly
isotope-labeled fibril sample.

Site-specific 'H, 13C, and N resonance assignments are in
themselves a source of valuable structural information in solu-
tion-NMR and SSNMR studies of peptides and proteins because
the secondary shifts (i.e., differences between the experimen-
tally observed isotropic chemical shifts and the corresponding
random coil values) can be used reliably to predict the confor-
mation of the protein backbone (37-39). Fig. 6 shows the *CO,
13Ce, BCE, and N secondary shifts for the TTR(105-115)
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Fig. 6. Secondary >N and '3C chemical shifts in TTR(105-115) fibrils. The
secondary shifts (A8) for amide >N (a), '3C carbonyl (b), 3C% (c), and '3CF (d)
resonances were calculated as A = Sgxp — Src, Where Sgxp and Sgc are the
experimentally observed and random coil chemical shifts in ppm, respectively.
The random coil shifts correspond to the values used by the TALOS program (39)
to provide quantitative predictions for the torsion angles ¢ and s (compare
Table 2). The secondary shifts for Y105 5N, 115 5N, S115 '3CO, and S115 13C#
could not be calculated; Y105 is the N-terminal residue and S115 was not
(U-13C,"5N) labeled in any of the samples (5115 '3C* chemical shift was ob-
tained by using a selectively labeled sample).

fibrils, which strongly indicate that the peptide adopts a B-strand
conformation in the fibrillar state.

Quantitative predictions for backbone torsion angles ¢ and s
in TTR(105-115) fibrils were made by using the TALOS program
(39) (Table 2). Satisfactory convergence is obtained for eight of
the nine residues, for which the program can predict ¢ and .
The torsion angles with estimated uncertainties of approximately
+20° are all between ~—80° and —130° for ¢» and ~125° and 145°
for . These angles are in the B-strand region of the Ramachan-
dran plot. The conformation of the peptide bond between S112
and P113 could, in addition, be determined from the chemical
shift data. The difference of 4.6 ppm between the 3CF and 13C”
chemical shifts for Pro-113 in TTR(105-115) fibrils indicates
that the S112-P113 peptide bond exists in a trans conformation
(40). This conformation is the more common one in peptides and
globular proteins, and indeed the S112-P113 peptide bond in
native TTR is trans (13).
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Fig. 5.

2D '5N-'3C-13C correlation spectra of TTR(105-115)yra fibrils. The NCOCX spectrum (a) correlates the '>N;and '3C;.4 resonances, and the NCACX spectrum

(b) correlates the '>N; and '3C; resonances. The data were acquired by using the NCOCX and NCACX pulse sequences (see text), with a 3-ms '>N-'3CO or '>N-C*
band-selective CP transfer followed by a 10-ms "H-driven spin-diffusion '3C-'3C mixing, and the spinning frequency of 8.929 kHz. The 2D data set was acquired
according to Ruben and coworkers (36), with 21 complex points in the indirect dimension and the increment of 0.4 ms, resulting in the total t; evolution time
of 8 ms. A total of 256 transients were averaged per point and a 3-s recycle delay was used, resulting in the total 2D acquisition time of =10 h. The residues
participating in the '>N-'3C correlations are labeled as follows: Y105, blue; T106, red; 1107, green; and A108, indigo.
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Table 2. Backbone torsion angles ¢ and ¢ in TTR(105-115) fibrils
and WT TTR

Table 3. Backbone carbon-nitrogen distances in TTR(105-115)
fibrils and WT TTR

Predicted Predicted Measured

TALOS ¢ TALOS s x-ray ¢ X-ray i REDOR Predicted

angle in angle in angle in angle in distance in TALOs distance  x-ray distance
Residue fibrils, ° fibrils, ° WT TTR, °* WT TTR, °* Atoms fibrils, A* in fibrils, A in WT TTR, A*
Y105 —* —* -117/-116 127/129 A108 CO L110N 4.25 = 0.15 4.28 4.34/4.36
T106 —t —t -120/-124 115/114 L111 Co L110N 4.56 = 0.12 4.60 4.54/4.56
1107 —125 = 20 143 £ 12 —105/-102 119/126 S112 CO Y114 N 4.06 += 0.06 3.94 3.26/3.29
A108 —-117 £ 22 133 =13 —-104/-112 138/147 S115 C« Y114 N 5.0%82 4.80 4.11/4.17
A109 “131=14 129218 —126/-140 141/131 Distances measured in selectively '3C, '5N-labeled fibrils by using REDOR
::1 1(1) :1 1; f ;2 :;3 f 1(55 _—13;%:51):;2 11;;:;3 (33) are compared with the corr.esponding distances in a 1.'I'Ff(105—1 15) back-

- - bone model constructed according to the TALOs (39) predictions for ¢ and

s112 —109 * 22 136 = 27 —140/-130 160/161 (compare Table 2) and in the WT TTR x-ray structure (13).
P113 -81 31 126 = 19 —50/-61 —49/-40 *REDOR dephasing data were analyzed by using a two-spin model (see text)
Y114 -112 = 27 138 + 15 —-113/-115 20/14 and the uncertainties correspond to the 95% confidence limit.
S115 —* —* —155/-156 149/147 TEntries correspond to the two subunits of the crystallographic dimer (13).

Backbone torsion angles obtained for TTR(105-115) fibrils by using TALOS
(39) are compared with the corresponding angles in WT TTR (13). TALOS uses
experimental '3C and 5N chemical shifts (compare Table 1) and sequence
homology to predict the most likely values for ¢ and .

*Torsion angles for the N- and C-terminal residues are not accessible (39).
TNo satisfactory convergence was obtained for T106.
*Entries correspond to the two subunits of the crystallographic dimer (13).

We next performed REDOR experiments (33) on selectively
13C,5N-labeled TTR(105-115) fibrils to determine several car-
bon-nitrogen distances along the peptide backbone (Fig. 7). The
measured distances (Table 3) are in good agreement (within
~0.05-0.2 A) with those found in a TTR(105-115) backbone
model constructed by using the ¢ and s angles obtained from
TALOS (see below). Furthermore, the distances in the central
region of the peptide (A108 CO-L110 N and L111 C*L110 N)
are consistent with the WT TTR x-ray structure (13), whereas
the S112 CO-Y114 N and S115 C*-Y114 N distances in the fibril
are significantly longer than the corresponding distances in
native TTR(13). Despite the potential presence of non-
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Fig.7. Backbone '3C-'>N distances measured in selectively labeled TTR(105-
115) fibrils by using REDOR. The schematic of the peptide backbone and the
specific distances measured are shown (a). Distances indicated in a as 1 and 2
were measured in fibrils isotopically labeled at A108 '3CO, L111 '3C¢, and L110
5N and distances indicated as 3 and 4 were measured in fibrils labeled at $112
13CO, S115 13C%, and Y114 '>N. Experimental (circles) and simulated (lines)
REDOR S/So curves are shown (b). The experimental curves correspond to the
distances: A108 CO-L110 N (&), L111 C*-L110 N (O), and S112 CO-Y114 N (@).
The measured distances are indicated in band summarized in Table 3 (the S115
C*-Y114 N measurement was omitted for clarity). Spectra were acquired with
320-384 transients and the spinning frequency of 10.0 kHz + 5 Hz.
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negligible intermolecular dipolar couplings a simple two-spin
model was used to analyze the REDOR dephasing data. The
rationale for this decision is that no information is available
about the supramolecular organization of peptides in the fibril,
and hence about the magnitude of the intermolecular couplings.
The influence of these couplings on the dipolar dephasing was
investigated via simulations of multiple spin systems resulting
from canonical in-register parallel and antiparallel B-strand
topologies. For the parallel arrangement we found that the
intramolecular distances obtained by using the two-spin model
are underestimated by ~0.1-0.3 A. For the antiparallel arrange-
ment the L111 C*-L110N distance is underestimated by ~0.5 A,
and all other measurements are unaffected. In summary, the use
of the two-spin model does not lead to significant systematic
errors for most of the intramolecular distances measured, re-
gardless of the arrangement of the peptides in the fibril, and it
does not alter the conclusion that TTR(105-115) adopts an
extended B-strand conformation in the fibril.

Fig. 8 compares the structure of the peptide fragment corre-
sponding to residues 105-115 in WT TTR(13) and the backbone
model for TTR(105-115) in the fibrillar state constructed by
using the torsion angles in Table 2. In WT TTR residues 105-111
have typical B-strand ¢ and ¢y angles and residues 112-114 form
a turn, with Pro-113 torsion angles in the helical region of the

Fig. 8. X-ray structure of the peptide fragment corresponding to residues
105-115in WT TTR (13) (Upper) and the backbone model for the TTR(105-115)
peptide in the fibrillar state constructed by using the ¢ and iy angles in Table
2 (Lower).The Y105 and T106 backbone torsion angles used in the model were
obtained from SSNMR measurements of internuclear distances and torsion
angles (unpublished data) analogous to those published in refs. 41-44. No
constraints are available for 5115 and the experiments designed to probe
side-chain y angles are currently in progress (unpublished data). These moi-
eties are present for illustration purposes only and their conformations in the
model correspond to those found in WT TTR (13). The figure was prepared by
using the program INSIGHT Il version 2000 (Accelerys, San Diego).
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Ramachandran plot (Table 2). The comparison of torsion angles
and distances for WT TTR and TTR(105-115) peptide in the
fibrils reveals remarkable similarity in the backbone conforma-
tion of residues 107-111. However, the backbone turn involving
residues 112-114, characterized in WT TTR (13) by the rela-
tively short S112 CO-Y114 N distance (Table 3), is absent in
TTR(105-115) fibrils where we find typical B-strand ¢ and
values for residues 112-114. In the native structure, Pro-113
promotes interactions with adjacent strands and dictates tertiary
contacts, preventing self-association. In the absence of this
greater context, and despite its inability to participate in a
hydrogen-bonding network, the proline is instead fully incorpo-
rated into the B-strand and possibly also into the B-sheet fibrillar
array. This observation illustrates the importance of 3D context
in the adoption of secondary structure and also represents one
way in which nature appears to have neatly manipulated folding
propensity to prevent aggregation.

Conclusions

We have carried out a set of experiments required for the
determination of the complete atomic-resolution structure of an
amyloid fibril, by characterizing the molecular conformation of
a peptide fragment of transthyretin with 1D and 2D *C and N
MAS NMR techniques. The present results show that excep-
tionally high-quality NMR data can be obtained for amyloid
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fibrils. The C and N linewidth measurements indicate that
TTR(105-115) forms a highly ordered structure with each amino
acid in a unique environment. This observation is consistent with
the concept that the amyloid core structure is generic and can
override the properties of individual sequences that define the
structures of globular proteins (19, 45). Quantitative predictions
for the backbone torsion angles were obtained by using the
sequence specific 1*C and >N backbone and side-chain chemical
shifts. Furthermore, four backbone '*C-*N distances in the 4-
to 5-A range were measured by using REDOR NMR. The results
indicate that TTR(105-115) adopts a B-strand conformation in
the fibrillar state in a structure remarkably similar to that found
in the native protein, with the exception of the region surround-
ing the proline residue. Although we as yet have no information
about the 3D organization of the peptides, the quality of the
NMR data will enable us to probe the higher-order architecture
and determine the complete structure of an amyloid fibril to
atomic resolution.
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Figure S1. 2D "C-"C correlation spectra of TTR(105-115)yp;, (a), TTR(105-115), ;.
(b), and TTR(105-115), py (c) fibrils. Spectra were acquired at the spinning frequencies
of 8.929 kHz (a), 10.87 kHz (b), and 10.0 kHz (c), using the proton-driven spin diffusion
pulse sequence (1) with a 10 ms "C-"C mixing time (see text). 2D data sets were
acquired according to Ruben and co-workers (2), with 100-250 complex points in the
indirect dimension and increments of 40-92 us, resulting in the total #, evolution times of
8-10 ms. 64 transients were averaged per point with a 3 s recycle delay, resulting in the
total 2D acquisition times of ~11-27 h. The intraresidue one-bond correlations are
indicated in the spectra by colored dotted lines as follows: (a) Y105 (blue), T106 (red),
I107 (green), A108 (indigo); (b) A108 (blue), A109 (red), L110 (green), L111 (indigo);
(c) L111 (blue), S112 (red), P113 (green), Y114 (indigo).
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Figure S2. 2D “N-"C-"C correlation spectra of TTR(105-115),,, (a)-(b), TTR(105-
115) 4a1 (©)-(d), and TTR(105-115), spy (€)-(f) fibrils. The NCOCX spectra (a), (c), (e)
correlate the N, and "°C, | resonances, and the NCACX spectra (b), (d), (f) correlate the
N, and "°C, resonances. The spectra were acquired using the NCOCX and NCACX pulse
sequences (3, 4), with a 3 ms "N-""CO or "N-C* band-selective CP transfer (5) followed
by a 10-20 ms 'H-driven spin-diffusion "C-"C mixing (see text), and the spinning
frequencies of 8.929 kHz (a)-(b), 10.87 kHz (c)-(d), and 10.0 kHz (e)-(f). 2D data sets
were acquired according to Ruben and co-workers (2), with 7-21 complex points in the
indirect dimension and increments of 0.4-1.656 ms, resulting in the total ¢, evolution
times of 8-12 ms. 256-768 transients were averaged per point and a 3 s recycle delay was
used, resulting in the total 2D acquisition time of ~10 h. For each pair of NCOCX and
NCACX spectra the residues participating in the “"N-"C correlations are labeled as
follows: (a)-(b) Y105 (blue), T106 (red), 1107 (green), A108 (indigo); (c)-(d) A108
(blue), A109 (red), L110 (green), L111 (indigo); (e)-(f) L111 (blue), S112 (red), P113
(green), Y114 (indigo).



Table S1. *C and “N linewidths measured in TTR(105-115) fibrils

ReSidue ISN 13CO 13COL 13c[5 13cy 13cé 13CE 13cC

Y105 0.73 0.87 1.11 1.11 1.50 — — 1.45
T106 1.14 0.93 1.10 0.88 0.76 — — —

1107 1.48 0.94 1.10 1.02  1.03/1.48 0.70 — —

A108 1.30 0.85 0.96 0.81 — — — —

A109 1.34 0.85 0.94 0.87 —
L110 1.40 1.03 0.96 0.97 0.80 0.83/0.60 — —
L111 1.02 1.01 1.04 0.86 0.85 0.58/0.60 — —
S112 0.98 1.06 0.90 0.81 — —
P113 0.91 0.92 0.98 0.88 0.82 0.76 — —
Y114 1.30 0.98 1.07 1.86 1.74 — — 1.33

Linewidths in ppm are obtained from 1D and 2D NMR spectra described in the text.
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