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Henrike Heise**, Wolfgang Hoyer*, Stefan Becker*, Ovidiu C. Andronesi*, Dietmar Riedel$, and Marc Baldus**

Departments of *NMR-Based Structural Biology, *Molecular Biology, and SElectron Microscopy, Max Planck Institute for Biophysical Chemistry,

37077 Géttingen, Germany

Edited by Adriaan Bax, National Institutes of Health, Bethesda, MD, and approved September 8, 2005 (received for review July 19, 2005)

The 140-residue protein a-synuclein (AS) is able to form amyloid
fibrils and as such is the main component of protein inclusions
involved in Parkinson’s disease. We have investigated the structure
and dynamics of full-length AS fibrils by high-resolution solid-state
NMR spectroscopy. Homonuclear and heteronuclear 2D and 3D
spectra of fibrils grown from uniformly 3C/15N-labeled AS and AS
reverse-labeled for two of the most abundant amino acids, K and
V, were analyzed. '3C and >N signals exhibited linewidths of <0.7
ppm. Sequential assignments were obtained for 48 residues in the
hydrophobic core region. We identified two different types of
fibrils displaying chemical-shift differences of up to 13 ppm in the
15N dimension and up to 5 ppm for backbone and side-chain '3C
chemical shifts. EM studies suggested that molecular structure is
correlated with fibril morphology. Investigation of the secondary
structure revealed that most amino acids of the core region belong
to B-strands with similar torsion angles in both conformations.
Selection of regions with different mobility indicated the existence
of monomers in the sample and allowed the identification of
mobile segments of the protein within the fibril in the presence of
monomeric protein. At least 35 C-terminal residues were mobile
and lacked a defined secondary structure, whereas the N terminus
was rigid starting from residue 22. Our findings agree well with the
overall picture obtained with other methods and provide insight
into the amyloid fibril structure and dynamics with residue-specific
resolution.

EM | protein structure | amyloid | Parkinson'’s disease | protein
aggregation

he ability of a protein to form amyloid fibrils is increasingly

recognized as a general property of all polypeptide se-
quences (1). It is a phenomenon common to numerous neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s dis-
eases and spongiform encephalopathies (2, 3). Thus, the
investigation of the mechanism(s) of protein misfolding as well
as the detailed structures of amyloid fibrils is of paramount
interest (4, 5). Parkinson’s disease is defined by the presence of
intracellular inclusions in dopaminergic neurons, the so-called
Lewy bodies, which contain a high content of fibrils formed from
the 140-aa cytoplasmic protein a-synuclein (AS) (6). The ques-
tion of whether the mature fibrils themselves or rather proto-
filaments or folding intermediates are the neurotoxic species
responsible for the cell death of dopaminergic neurons is still a
subject of great controversy (7-9).

AS belongs to the class of natively unfolded proteins, i.e., it
lacks a well-defined secondary structure (10, 11), although
long-range interactions have been shown to stabilize an aggre-
gation-autoinhibited global protein architecture (12). Three
regions of the protein can be classified. (i) The amphipathic N
terminus (residues 1-60) consists of imperfect 11-mer repeats,
with the consensus motif KTKEGV. (ii) The predominantly
hydrophobic middle, also known as non-Af component region
(residues 61-95), is by itself highly amyloidogenic (13). (iii) The
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highly acidic and proline (P)-rich C terminus (residues 96-140)
has been shown to inhibit aggregation (12, 14, 15).

Upon aggregation, a large fraction of AS undergoes a tran-
sition from random-coil structure to the cross-B conformation
typical of amyloid fibrils, as revealed by circular dichroism
spectroscopy, x-ray, and electron diffraction (14, 16). Atomic
force microscopy and EM studies of synthetic fibrils grown under
different conditions revealed a polymorphic nature (17). Pro-
tease digestion of filaments assembled in vitro showed that both
N and C termini are subject to protease K digestion, whereas a
core region comprising residues 31-109 is protease resistant
(18). Likewise, EPR studies on fibrils grown from site-directed
spin-labeled AS are indicative of a well-ordered central region
comprising residues 34—-101, with parallel, in-register B-strands
(19). Although all these studies provided valuable insight into the
overall molecular arrangement, they did not yield site-specific
structural information at the resolution that can be attained by
NMR spectroscopy.

Significant progress has recently been achieved in using magic
angle spinning (MAS) (20) NMR to characterize amyloid fibrils
(5,21-26). A high-resolution 3D structure and a structural model
have been obtained of a 10-residue peptide fragment of trans-
thyretin (25) as well as for the amyloid-B (AB) (1-40) peptide
(24) in fibrillar form. Furthermore, measurements performed on
ApB amyloid peptides suggested that the supramolecular struc-
ture depends on the exact length of the particular peptide
sequence (see, e.g., ref. 5 and references therein) and that
different fibril morphologies have different underlying molecu-
lar structures correlated with different neuronal toxicities (27).
Moreover, recent results obtained on amyloid fibrils formed by
the HET-s prion protein suggest that fibril structure correlates
with prion infectivity (28).

Studies conducted on fibrils grown from full-length AS were
complicated by the chain length, the repetitiveness of amino acid
motifs, and the difficulty to recombinantly produce isotope
labeling at specific amino acid residues. Our spectroscopic
analysis included the use of 3D correlation experiments, reverse
isotope labeling (29), and novel solid-state NMR experimental
strategies that permit spectral simplification by exploiting dif-
ferent degrees of molecular mobility (30). The measurements led
to the conclusion that AS fibrils contain a central region that is
rich in B-strand segments, a highly flexible C terminus, and a
disordered N terminus. Variations in solid-state NMR spectra of
different samples were found for the central B-strand region,
suggesting that at least two distinct fibril nucleation mechanisms
exist for the formation of AS fibrils. EM studies indicated a
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correlation between molecular structure and fibril morphology,
as in recent observations on A fibrils (27). The elucidation of
structural details of AS fibril formation at atomic resolution may
help to delineate the relationship between fibril morphologies
and neurotoxicity.

Materials and Methods

Sample Preparation. AS expression and purification: Escherichia coli. For
solid-state NMR measurements, AS was expressed in E. coli
cultures grown in minimal medium supplemented with SN-
NH,CI and '3Cg-D-glucose. The protein was purified according
to established protocols (17). To reduce spectral overlap in 2D
spectroscopy (see Table 1, which is published as supporting
information on the PNAS web site), preparations included
reverse-labeled AS fibrils, in which two of the amino acids
occurring most frequently in the sequence, V and K, were added
in natural abundance to the growth medium (U-[*C,'N\K,V])
(29). An additional set of samples was prepared in which
isotope-labeled monomers were diluted with unlabeled mono-
mers in a ratio of 1:2.

Fibrillization in vitro. Fibrillization was achieved by incubating AS
solutions with protein concentrations between 220 and 350 uM
in 25 mM Tris:HCI, pH 7.5/0.01% sodium azide in glass vials at
37°C with continuous stirring with micro stir bars at 300 rpm
(multiple drive stirrer Telesystem HP15S, Variomag, Daytona
Beach, FL) until the concentration of fibrillized protein reached
a steady state according to a stained thioflavin T fluorescence
assay (31) (incubation time of ~3 weeks). The solutions were
centrifuged at 215,000 X g with a TL 100 ultracentrifuge
(Beckman Coulter), yielding a gel-like pellet containing ~8 mg
of AS fibrils, which was then transferred into the rotor by
centrifugation.

EM. Amyloid fibers, resuspended from the pellet, were prepared
on a glow discharged carbon foil and stained with 1% uranyl
acetate. The samples were evaluated with a CM 120 TEM (FEI,
Eindhoven, The Netherlands). Pictures were taken with a
2,048 X 2,048 TemCam 224A camera (TVIPS, Gauting, Ger-
many) in spot mode at 195,000-fold magnification at —1.15-um
defocus.

Solid-State NMR Experiments and Analysis. All NMR experiments
were conducted by using 2.5- and 4-mm triple-resonance
("H,3C,">N) probe heads at static magnetic fields of 18.8, 14.1,
and 9.4 T corresponding to 800-, 600-, and 400-MHz proton
resonance frequencies (Bruker Biospin, Karlsruhe, Germany).
Through-space transfer experiments involved broadband
("H,3C) and chemical-shift selective (32) (*N,'3C) Hartmann-
Hahn (33) cross-polarization (CP) schemes. SPINAL64 (34)
proton decoupling was applied during through-space and
through-bond correlation experiments by using radio-frequency
fields of 75-90 kHz. For dipolar double-quantum excitation, the
SPC5 (35) scheme was used. Sequential (°N,'3C) resonance
assignments were obtained by combining 2D and 3D NCACX-,
NCOCX-, and CANCOCX-type correlation experiments (36,
37) with results of (1*C,'3C) correlation experiments performed
under weak coupling conditions (38). MAS rates between 8 and
15 kHz were used at sample temperatures between —14°C and
—5°C. For homonuclear through-bond polarization transfer,
total through-bond-correlation spectroscopy (TOBSY) schemes
were used (39-41). Selection of regions with high mobility was
achieved by applying insensitive nuclei enhanced by polarization
transfer (INEPT) magnetization transfer from protons to carbon
atoms (42), and regions with intermediate mobility were selected
by combining a proton T,-filter with CP magnetization transfer.

Secondary chemical shifts were related to backbone torsion
angles by using the program TALOS (43). As a complementary
method, proton—proton distances relevant for the determination
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Fig. 1. CC correlation experiments using SD magnetization transfer, con-
ducted on U-['3C,">N\K, V] AS fibrils. Measurements were performed at 18.8 T,
at —8°Cand a spinning speed of 12.5 kHz. Mixing-times for SD were 20 ms (red)
and 150 ms (blue). Total experiment times were 5.5 h (red) and 8.5 h (blue); the
maximum t; evolution times were 4 ms for both experiments. As an example,
intraresidue (red) and interresidue (blue) cross-peaks for amino acids of the
stretch G84-188 are indicated. For a complete resonance assignment, see
Table 1.

of backbone torsion angles were probed indirectly by using the
NHHC correlation experiment (44). A ('H,"H) mixing time of 80
ws, bracketed by short 'H,X CP transfers for contact times of 90
ps (X = BC) and 200 ps (X = N) was used.

Results

Assignments of the Signals in the Core Region. To obtain sequential
resonance assignments of AS, we used a set of 2D and 3D NC
and CC correlation experiments. As an example, Fig. 1 shows
results of two 2D (3C,'3C) spin diffusion (SD) (45) experiments
conducted under weak coupling conditions (38), with short (20
ms, red) and long (150 ms, blue) mixing times on
U-[3C,SN\K, V] AS. Although at short mixing times the spec-
trum was dominated by intraresidue cross-peaks, interresidue
correlations such as those indicated in Fig. 1 for the stretch
G84-A89 could be identified for longer mixing times. Because
of strong reduction of 13C-labeled V and K residues, the spectral
overlap in the C*/C< region was sufficiently limited so as to allow
the assignment of all six threonine (T) residues not involved in
KTK repeat units. To separate signal sets in an additional
dimension, NC correlation experiments (36) were conducted by
using SPECIFIC CP (32) transfers and SD 3C,'3C mixing blocks.
Comparison of NCACX and NCOCX correlation spectra of
reverse-labeled and uniformly labeled AS revealed that the
natural abundance V added to the minimal medium is subject to
transaminase reactions, whereas K is not, as it has been observed
previously for protein expression in E. coli (46, 47) (see Fig. 6,
which is published as supporting information on the PNAS web
site). These facts could be used for further spectral editing. 1*C
and N chemical shift assignments were independent on the
degree of isotope labeling.

Analysis of a series of CC and NC 2D and 3D (see Fig. 7, which
is published as supporting information on the PNAS web site)

Heise et al.
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Fig.2. '3C-MAS-NMR spectrarecorded at9.4 T at —5°Cwith a spinning speed
of 8 kHz, with 512 scans each. Spectrum a, INEPT excitation; spectrum b,
CP/MAS with a contact time of 1 ms; spectrum ¢, direct excitation with a 90°
pulse on 3C; spectrum d, a transverse relaxation filter with a proton dephasing
delay of 200 us followed by a CP transfer of 1 ms.

spectra led to de novo assignment of 48 aa in the central region
from L38 to V95 (see Fig. 8, which is published as supporting
information on the PNAS web site.) At least 10 different T
resonance sets resulting from the 10 T residues distributed
equally over the N terminus and the non-AB component region
between residue 22 and 92 were identified in the NCACX
spectra, whereas none of the signals characteristic for P were
detected in heteronuclear NC-correlation or double-quantum
correlation spectra. Likewise, only one of the two isoleucine (I)
residues, I88 from the non-AB component region, gave rise to
NC cross-correlations, whereas 1112 from the C terminus did not
generate cross-correlation signals. However, in SD spectra with
mixing times of >20 ms, intraresidual cross-peaks for these
residues could be identified, with secondary chemical shifts
corresponding to random coil conformation. These findings
indicate that the N terminus starting from residue 22 is rigid
enough to allow for NC-transfer and CC-double-quantum fil-
tering, whereas the C terminus starting from residue 107 seems
highly mobile.

C Terminus: Mobility. To investigate different degrees of molecular
mobility, we complemented dipolar transfer experiments shown
in Fig. 2 with techniques that employ through-bond mixing (30).
In Fig. 2, four 1D *C NMR spectra of U-['*C,SN\K, V] AS fibrils
recorded with MAS after different excitation schemes are
displayed. An INEPT (42) proton-to-carbon transfer selectively
excites mobile regions of the sample, as this scheme involves
transverse proton evolution times of up to 6 ms. The corre-
sponding 3C NMR spectrum (Fig. 2a) revealed rather narrow
lines (=~0.5 ppm) with resonance sets typical for all amino acids
occurring in the sequence of AS. Because of the lack of a
pronounced secondary structure, the secondary chemical shifts
are <0.3 ppm for all amino acids. Therefore, resonances for
different amino acids of the same type cannot be resolved in a
homonuclear CC-correlation spectrum, except for the C* reso-
nances of amino acids preceding P, which are typically 2 ppm
lower than the random coil shifts (48, 49). The resonances in the
CP/MAS spectrum (Fig. 2b), resulting from more rigid regions
of the sample, were inhomogeneously broadened because of the
existence of many different, well-defined conformations for each
amino acid type, with C* and CP chemical shifts typical for
B-sheet secondary structure. The spectrum obtained by 90° pulse
excitation (Fig. 2¢), which is not sensitive to mobility, roughly
corresponds to the sum of spectrum a and b. The 2D CC and NC
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correlation spectra obtained with INEPT and TOBSY transfer
schemes as described in ref. 30 (see Fig. 9, which is published as
supporting information on the PNAS web site) exhibited signals
for all amino acids present in the protein chain, with '3C*and >N
chemical shifts matching exactly the values obtained for mono-
meric AS (C. W. Bertoncini, C. Ferndndez, M. Zweckstetter, and
C. Griesinger, personal communication), indicating the presence
of monomers in the fibrillized sample. These monomers were the
result of incomplete fibrillization with incorporation of residual
monomers into the gel-like fibril sample and/or of an equilib-
rium (50) between monomers and fibrils within this sample.
Thus, to identify mobile regions of fibrils in the presence of
monomers, it was necessary to combine a T, relaxation filter,
which filters out rigid parts with strong dipolar couplings, with
a CP transfer (see Fig. 10, which is published as supporting
information on the PNAS web site). This procedure selects
molecules that are unable to rotate freely, i.e., molecules pre-
sumably embedded in or associated with immobilized fibrils. In
Fig. 2d, a 13C spectrum recorded with an initial transverse proton
dephasing delay of 200 us followed by a CP pulse of 1 ms is
displayed. As in the INEPT-spectrum of Fig. 2a, most of the lines
were well resolved with chemical shifts typical for random-coil
conformations, indicating that the well-structured rigid parts of
the fibril are absent from the spectrum. However, the relative
intensities of signals arising from different amino acid types
varied from those of the INEPT spectrum: Although the four
resonance lines corresponding to the four aliphatic carbon atoms
of P were enhanced in comparison with the INEPT-spectrum,
the characteristic T CP resonance was missing from this spec-
trum, suggesting that at least amino acids 22-92 in fibrillized AS
are immobile, whereas the mobile parts of AS are rich in P and
E, amino acids with a high occurrence in the C terminus. A 2D
CC correlation spectrum involving homonuclear TOBSY trans-
fer after a T filter on protons combined with CP (see Figs. 9 and
10) showed cross-peaks characteristic of all amino acids occur-
ring in the C terminus, with random coil chemical shifts. C* shifts
of all methionines (M), one alanine (A), and one aspartic acid
(D) signal were characteristic for amino acids followed by P,
applying to A107, M116, M127, and D119 (48, 49) (see Table 1).
Furthermore, 2D H,C correlation spectra with proton—proton
mixing yielded some interresidue contacts that agree well with
motifs from the C terminus (see Table 1). The totality of the data
indicates that the C terminus in AS fibrils is rather mobile and
lacks a defined secondary structure, a result that agrees well with
investigations by EPR of spin-labeled samples (19) and antibody
labeling (51).

Molecular-Level Polymorphism. Although all five samples investi-
gated were fibrillized under nearly identical conditions, the
preparation can result in two distinct types of fibrils, which we
will refer to in the following as the more ordered A-form (three
samples, red in Fig. 3a) and the more disordered B-form (2
samples, green in Fig. 3a). A comparison of the 2D NCA
correlation spectrum is shown in Fig. 3a, and the corresponding
CC correlation spectra are given in Fig. 11, which is published as
supporting information on the PNAS web site. The '3*C reso-
nances of backbone and side chains did not differ by >5 ppm, the
I5SN shift differences between both samples were more pro-
nounced and extended to up to 13 ppm. Significant '3C and °N
shift differences were observed particularly for amino acids in
the stretch from E83 to I88. Variations in chemical shift values
also were found for side-chain atoms, with significant shift
changes being observed for methyl groups of T54, A77, A78, and
188.

For S42, T72, S87, and 188 as well as at least one nonassigned
T residue from one of the KTK-repeats in the N terminus, a
second set of resonances with smaller intensity was identified in
sample B. The corresponding chemical shifts indicate that a
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Fig.3. Polymorphism intwo different types of AS fibrils (red, batch A; green,
batch B). (a) NCA correlation spectra. Spectra were recorded at 18.8 T, with a
spinning frequency of 11 kHz at temperatures of —13°C. Maximum t; evolu-
tion times were 8 ms, and total experiment times were 4-5 h. (b and ¢) EM
pictures of negatively stained fibrils of type A (b) and type B (c). The samples
were stained with 1% uranyl acetate. (Scale bar: 400 A; Inset: 200 A.)

small amount of fibrils of type A is still present in sample B.
Likewise, one of the three A samples showed some weak
cross-peak patterns typical for sample B. This finding suggests
that fibrils of both types are formed by competing mechanisms,
which are highly sensitive to minor variations in the experimental
conditions, such as exact protein concentration, pH, stirring
velocity, and temperature. Although the degree of disorder in
sample B is greater, sequence-specific assignments for this
sample were possible for 32 aa in the central region from L38 to
V95 (Table 1).

Four solid-state NMR samples, two corresponding to form A
and form B, each, were subsequently investigated by EM. The
EM pictures of fibrils of types A and B are given in Fig. 3 b and
¢, respectively. The diameters of fibrils of type A (Fig. 3b) ranged
from 100 to 170 A, with an overall appearance suggesting a
helical twist. The fibrils of type B (Fig. 3c) appeared to be
composed of one or two untwisted strands with a diameter of
~120 A each. These results suggested that the differences in
molecular structure detected by solid-state NMR were corre-
lated with distinct fibril morphologies.

Secondary Structure in the Core Region. The chemical-shift assign-
ments in both AS sample types were used to determine confor-
mation-dependent chemical shifts and monitor the backbone
structure for the core region. A TALOS (43) analysis of C* and CP
secondary chemical shifts yielded torsion angles mainly charac-
teristic of B-strands for most of the residues in the core regions
of both samples (see Fig. 5 a and b). To further characterize the
secondary structure, we conducted an NHHC correlation ex-
periment with a longitudinal proton—proton mixing time of 90 us
on a KV reverse-labeled sample of type A, where one part of the
labeled protein was cofibrillized with two parts of natural
abundance protein. As discussed in ref. 52, cross-correlations for
this mixing time are dominated by Ni*'H-HC® contacts resulting
from neighboring amino acids located in B-strands (with G C*
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Fig.4. A2D NHHCspectrum of AS fibrils (A form) grown from U-['3C,"5N\K,V]
AS diluted 1:2 with natural abundance AS. The spectrum was recorded at a
static magnetic field of 18.8 T with aspinning speed of 11 kHz ata temperature
of —13°C. The maximum t; evolution time was 4 ms, and the total experiment
time was 113 h. The spectrum was processed with exponential multiplication
with a line-broadening factor of 50 Hz in both dimensions. Red circles repre-
sent N'*1CY cross-correlations for amino acids involved in B-strands according
to chemical-shift analysis, including also N'*1C%(V)! cross-peaks due to residual
carbon labeling in V residues. Red squares represent N'*'C cross-correlations
foramino acids notinvolved in g-strands according to their chemical shift. Blue
squares represent intraresidue N-C* correlation for Gly residues. For several
correlations, sequential residue numbers are given.

atoms being an exception). In Fig. 4, the resulting spectrum is
compared with the Ni*1C correlations of those residues for
which conformation-dependent chemical shifts predict a
B-strand arrangement (red circles). All these predicted cross-
peaks appeared in the spectrum, except for the G93N-T92C*
cross-correlation, where the PN chemical shift of G93 in the
diluted sample differs by 1.5 ppm from the value in the undiluted
sample.

As a comparison, NI"1C% cross-correlations for residue pairs,
for which the secondary shift analysis did not predict a B-strand
conformation, are given as red squares in Fig. 4. The interresidue
correlations A8SN-G84C*, G86N-A85C%, and G68N-G67C*
did clearly not appear in the spectrum. This result indicates that
the G84-G86 and the G67-A69 motifs are located in loops or
turn regions between the B-strands. These two segments also
form the linkers between the immobile domains III and IV as
well as IT and III, respectively, in monomeric AS (12). For E83,
the amino acid preceding the GAG motif, conformation-
dependent chemical shifts suggest a configuration typical for
left-handed helices. However, only the interresidue C*/N, but
not the intraresidue cross-peak that would be expected for such
a structure, was visible in the NHHC spectrum. This finding
might be attributable to residual mobility of amino acids close to
a turn motif. Furthermore, intraresidue N-C¢ correlations for G
residues appeared in the spectrum. Moreover, Ni*1C% cross-
correlations, with amino acid i being V, which are due to residual
13C-labeling of V C* atoms in the K,V-reverse-labeled sample
were found. In addition to the cross-peaks corresponding to
assigned amino acid pairs, the spectrum contains many more
cross-peaks for which either the nitrogen shift or the C* shift was
not assigned. These cross-peaks could be identified as Ni+!1C«
cross-correlations as well by comparison to the NCOCX
spectrum.

A summary of our solid-state NMR characterization of AS
fibrils is given in Fig. 5. Diagrams a and b show the ¢ and ¢
torsion angles estimated from the analysis of solid-state NMR
chemical shifts for sample type A (a) and B (b). In addition to
the residue-specific torsion angles in the protein core region,
secondary structure elements are given. In Fig. 5c, the absolute

Heise et al.
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Fig.5. Characterization of the core region (residues 38-95) of AS. (a and b)
¢ (diamonds) and s (squares) torsion angles classified as good by TaLos analysis
forsamples A (red) and B (green), respectively (with error bars as given). Filled
symbols in a indicate angles, which were not classified as good by TaLos but
were confirmed by Ni*'C% cross-correlations in the NHHC spectrum. White
arrows indicate B-strands; gray lines are nonassigned amino acids; straight
lines are assigned amino acids for which shift analysis did not give well-defined
torsion angles; curved lines are turn or loop regions according to the NHHC
spectrum; dashed lines indicate resonance doubling in sample B. (c) Absolute
value of the >N chemical shift differences between samples A and B. (d) rms
deviation (rmsd) values for C* and CP shift differences between samples A and
B, given as rmsd = |A8C| for Gly and [0.5(A8C®2 + AS8CF2)]"2 for all other
residues.

values of the N shift differences between both samples are
plotted where available; Fig. 5d displays the rms deviation values
for C* and CP chemical shifts in both samples. For residues with
peak doubling in sample B, the more intense resonance was
taken. In summary, NHHC data confirm the analysis of con-
formation-dependent chemical shifts and support a high B-sheet
content of the central core of fibrillar AS. For both fibril types,
the central region consists mainly of well-defined B-strands.
Although the '3C chemical shifts of C* and CP have rms
deviations of up to 2.5 ppm, the secondary structure suggested
by the secondary chemical shifts does not differ substantially.
The PN chemical shift differences between sample A and B take
values of up to 13 ppm, the most pronounced differences being
found for the turn motif EGAG83-86 and the subsequent
B-strand from S87 to V95. These findings suggest that the
secondary structure and the lengths of the B-sheets in the center
of the fibril core are relatively well conserved within different
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forms, whereas the turn regions, the relative arrangements of the
B-strands, and the tertiary structure seem to be subject to more
variations across different sample types. Especially the last
B-strand seems to experience a different environment in the two
forms, whereas the central B-strand from E61 to N65 appears to
be the most conserved. For amino acid residues before 38, a
sequential assignment could not be made because of the high
repetitiveness of the sequence. However, the absence of T C* and
CP resonances from the To-filtered *C NMR spectra of sample
type A as well as the number of T CP resonances in the NCACX
spectra indicate that the N terminus is rather rigid from residue
22 onwards. Depending on the sample type, one or two T
resonances with secondary chemical shifts characteristic for
a-helical conformations were found. These findings indicate that
the B-strand region does not extend over the whole N terminus,
and the appearance of >10 T CP resonances even in the NCACX
spectrum of the more ordered A form support the assumption
of a statically disordered N terminus (19).

Discussion

Examination of fibrils grown from full-length AS by solid-state
MAS NMR spectroscopy led to the characterization of distinct
regions in the fibrillized protein. The B-sheet rich core region
comprises at least residues 38-95. The precise determination of
the N-terminal extent of the core structure was not feasible
because of the high repetitiveness of amino acids in this region.
However, a T, relaxation filter combined with a CP transfer as
well as heteronuclear NC correlation experiments revealed that
the backbone is rigid from at least residue 22 onwards with some
degree of static disorder. The C terminus, starting from at least
residue A107, is unstructured and mobile. This structural orga-
nization of AS within amyloid fibrils is in good agreement with
previous data obtained by protease digestion studies and EPR
spectroscopy (18, 19).

The absence of signals for several amino acid residues in the
spectra based on dipolar transfer schemes has been observed
before for fibrils grown from a 79-residue fragment of a prion
protein (26, 28); in this case, the missing signals were attributed
to inhomogeneous line broadening due to disorder. In the
present study, we were able to identify the mobile regions of the
fibril with the help of a T,-relaxation filter combined with a CP
transfer, even in the presence of residual monomers in the
fibrillized samples. The highly acidic and P-rich C terminus was
shown to be highly mobile and completely devoid of secondary
structure, corroborating earlier findings according to which this
part of the protein prevents fibrillization, acting as a built-in
chaperone (15, 31).

For the central protein region comprising residues 38-95,
residue-specific resonance assignments were obtained for 48 aa.
The correlation of chemical shifts of backbone atoms with
secondary structure allowed the estimation of backbone torsion
angles for 38 aa in the core region, which were corroborated by
the identification of corresponding interresidue NH-HC con-
tacts (52). Extended regions of B-strands could be identified
within the core region as well as turn or loop regions. The most
evident turn or loop regions between B-strands were identified
as residues 66—68 and 83-86. These G-rich regions flank an
extended B-strand (residues 69—82), with a possible interruption
at G73. This B-strand comprises the amino acid stretch 71-82
known to be critical for aggregation (53). Interestingly, the
turns/loops 66—-68 and 83-86 form also the linkers between the
more immobile domains II, III, and IV that had been identified
in the monomeric form of AS (12). Thus, the turn or loop regions
and potentially also the domains may be conserved in the
transition from the monomer to the fibril.

Although our study confirms the predominant B-sheet char-
acter of the core region of AS fibrils, the exact molecular
structure seems to be highly sensitive to variations in the
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fibrillization conditions. The identification of two different fibril
types by NMR, which correspond to different fibril morphologies
as observed by EM, suggests that at least two distinct fibril
nucleation mechanisms exist for AS. Variations in protein
secondary structure may lead to a different arrangement of the
B-sheets and side-chain packing. In the case of mammalian and
yeast prions, it has been shown that different strains associated
with different phenotypes, incubation times, and pathologies
correlate with variations in the protein conformation (54, 55). In
addition, different fibril morphologies of AB amyloid have
significantly different toxicities in neuronal cell cultures (27).
Similarly, different variants of AS fibrils might have an impact on
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