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One of the major markers of Alzheimer’s disease (AD) is
the extracellular deposition of fibrous protein aggregates,
called senile or amyloid plaques, in brain tissue.l! Even
though a causal link between plaque formation and AD has
not been firmly established, increasing evidence suggests that
amyloid deposition may play a critical role in the neuro-
degenerative process.’). The major component of amyloid
plaques is the 39- to 42-aminoacid -amyloid peptide (5-AP)
which is deposited in the form of protease-resistant amyloid
fibrils.P!

Knowledge of the S-AP fibril structure is essential for
understanding the abnormal assembly and deposition of this
peptide in AD and could lead to the rational design of
therapeutic agents for the prevention or even disaggregation
of the fibrils. Furthermore, elucidation of the structure of -
AP fibrils would be an important step towards understanding
the propagating structure of other fibrillar proteins involved
in systemic amyloidoses, all of which form fibrils with very
similar morphology and histochemical properties.[*

Fortunately, the highly ordered structure of 3-AP fibrils can
be replicated in vitro by using synthetic -APs of various
lengths,Pl a fact that has allowed systematic structural studies.
Electron microscopy has revealed that amyloid fibrils are
rigid, nonbranching, with lengths exceeding 1 pm and diam-
eters in the order of 10 nm.[% X-ray diffraction measurements
from amyloid fibrils showed the “cross-f” pattern character-
istic for an extended f-sheet structure with polypeptide chains
running perpendicular to the long axis of the fibril and
interchain hydrogen bonds roughly parallel to this axis.”

Since amyloid fibrils are noncrystalline, insoluble, high
molecular weight aggregates, they are intractable to study by
the usual high-resolution structural methods, like X-ray
crystallography and solution NMR spectroscopy, and, there-
fore, atomic details of their structure remained unknown until
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recently. Interestingly enough, most of the structural models
proposed for the amyloid fibril are based on an antiparallel j3-
sheet organization.[>7¢ 8] These structural models, however,
are largely derived from molecular modeling and are uncon-
strained by experimental data. Experimental support for the
antiparallel arrangement of the strands is limited to IR
spectroscopy and specifically to the observation of a weak
amide I vibrational band near 1690 cm !l which has been
assigned to antiparallel S-sheets by empirical studies of model
peptides and by theoretical studies.['"]

The application of solid-state NMR techniques to the
elucidation of the structure of amyloid fibrils is of critical
importance because solid-state NMR spectroscopy is unique-
ly capable of providing high-resolution, site-specific structural
constraints at the level of specific interatomic distances and
torsion angles.'l' The applications reported so far have
utilized *C-labeled peptides and have determined BC-3C
dipolar couplings and hence *C-3C distances. The first set of
measurements on S-AP fibrils was carried out on a doubly
13C-labeled nine-residue f3-AP(34-42) fibril and, in combi-
nation with molecular modeling, the antiparallel structure was
proposed.l'’” Recently, additional experiments on seven-
residue $-AP(16-22) indicated an antiparallel S-sheet struc-
ture as well.'*l However, experiments carried out with longer
peptide fibrils provide solid experimental evidence for a
parallel S-sheet structure. Specifically, *C-*C dipolar cou-
plings were determined in singly '*C-labeled B-AP(10-35)
fibrilsl'*l as well as in full-length 5-AP(1 -40) fibrils.'" In both
studies, the measured distance between labeled carbons was
approximately 5 A, a fact which is in agreement with a parallel
pB-sheet with residues in exact register. The different results in
the case of B-AP(34-42)["l and B-AP(16-22)["3 are attrib-
uted to the limited length of the peptide chain.!'!]

We now report high-resolution magic angle spinning (HR-
MAS) 'H NMR studies on the $-AP(1-28) fibrils. -AP(1-
28) readily forms fibrils in vitro that are similar in ultra-
structure to the in vivo amyloid and aggregate into large
bundles that resemble those of senile plaque cores.Pde € 16]
The spectral resolution achieved with the HR-MAS method,
which is applied to systems that maintain some degree of
motional freedom,!'”) enabled the application of two-dimen-
sional NMR spectroscopy and the assignment of the spectra
on the basis of total correlation (TOCSY) and nuclear
Overhauser effect (NOESY) experiments. To our knowledge,
this is the first time that high-resolution 'H NMR data are
reported for amyloid fibrils. The data are in agreement with
an in-register, parallel organization of the fibrils.

NMR samples were prepared in 90 % H,0/10% D,O under
conditions described for rapid fibril formation.’ Evidence
for full fibrillization was obtained through optical polarizing
microscopy of the fibrillized sample after staining with Congo
red. Strong green-yellow birefringence, that is characteristic
of amyloid fibrils,'¥ was observed from more than 95 % of the
sample indicating full fibrillization (microscope image pro-
vided as Supporting Information). In addition, no signals were
observed in either a usual liquid-state 500 MHz 'H NMR
spectrum or a circular dichroism spectrum of the sample
indicating that the HR-MAS signals really come from amyloid
fibrils.
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The identification of most of the spin systems was
unambiguously achieved from amide proton TOCSY con-
nectivities (Figure 1). The assignment of resonances to
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Figure 1. Region of a TOCSY spectrum of f-AP(1-28) fibrils (H,0/D,0
9:1, 300 K, 600 MHz , mixing time 80 ms) with assignments of intraresidue
connectivities.

individual amino acids was accomplished by the combined
analyses of the aH;-NH;,; connectivities in the fingerprint
regions of the TOCSY and NOESY spectra and ascertained
by the examination of the SH;-NH,,; connectivities. The
complete assignments for the 'H resonances of all amino acid
residues are provided as Supporting Information.

All NOEs recorded in the NOESY spectra and their
relative intensities are presented in Figure 2. aH-NH; and
aH;-NH;,, connectivities are present over the full length of
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Figure 2. Visualization of NOE connectivities measured for 5-AP(1-28)
fibrils (H,O/D,0 9:1, 300 K). The intensities of NOE crosspeaks are
indicated by the thickness of the bars, grouped into strong, medium, weak,
and very weak. Where unambiguous assignment was not possible because
of peak overlap, NOE connections are drawn with gray boxes.

the peptide. Weak NH,-NH,,;, NOEs were observed for
residues 9-13, 14/15, 19/20, 23/24, and 25/26, as shown in
the contour plot of the NH-NH region (Figure 3). No long-
range NOEs were observed.
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Figure 3. NH-NH region of a 150-ms NOESY spectrum of S-AP(1-28)
fibrils (H,O/D,0O 9:1, 300 K, 600 MHz) showing some weak sequential
NH;-NH,,, connectivities.

The presence of strong aH;-NH,_; connectivities combined
with the relatively weaker oH;-NH; crosspeaks and the
absence of aH-NH,;; and aH;-fH;,; connectivities is in
agreement with a f-sheet structure.'”) Regarding the basic
structural issue of a parallel or an antiparallel arranged
p-sheet, the absence of NOEs between a-protons of adjacent
strands is in agreement with a parallel arrangement since the
distance d,, is 2.3 A in the case of the antiparallel S-sheet and
4.8 A in the case of a parallel j sheet.') Furthermore, the
presence of weak consecutive NH,-NH,,; NOESY crosspeaks
for residues 9 to 24 agrees with the in-register, parallel
structure. As can be seen from Figure 4, this structure

Yio

Figure 4. Two strands of S-AP(1-28) (only residues 10-14 are shown;
C=black, O =red, N=blue, H=gray) in an in-register, parallel S-sheet
arrangement. As shown with dotted lines, in this arrangement hydrogen
bonds form between residue i of a given peptide strand and residues i — 1
and i+ 1 of the neighboring strand. Distances corresponding to recorded
NOEs are given in A on curved arrows. The structure was calculated for 8-
AP(1-28) using Macromodel software, and the interatomic distances
derived are in complete agreement with those in the literature.!'’)
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incorporates the observed NOE data well. If the strands were
not in register, interstrand NOEs between amide protons at
various positions in the peptide chain should exist, however,
all the recorded NH-NH NOEs are between adjacent peptides.

The presence of consecutive NH;-NH;,; NOE:s for residues
9 to 26 could also be explained by a continuous turn in
the structure forming an open loop. This hypothesis cannot
be excluded; however, it is not in agreement with the
existing literature on the f-sheet structure of -AP(1-28)
fibrils. [5d.e, 6b, 16]

The lack of NH-NH connectivities for residues 1-8 may
indicate structural disorder in the N-terminal part of the
peptide. It has already been demonstrated that the first ten
residues of the amyloid peptide are not required for fibril
formation in vitro;®! so it appears plausible that the
N-terminal residues may extend outside the ordered f-sheet
core.

Our results, suggestive of a parallel, in-register arrangement
of the B-AP(1-28) fibrils, are in agreement with the solid-
state *C NMR results recently reported on the structure of
the -AP(10-35)" and the full-length 8-AP(1-40)1 fibrils.
HR-MAS "H NMR spectroscopy proves to be a powerful tool
for probing amyloid fibril structure since it provides solid
experimental evidence for the precise arrangement of the
individual 5-APs in the amyloid fibril, an issue that was until
recently elusive. Hopefully, the elucidation of the structure of
the B-AP fibrils will provide clues as to the mechanism of
amyloid assembly in Alzheimer’s disease and will identify
potential targets for controlling the aggregation process.

Experimental Section

/-AP(1-28) (H-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-
His-His-GlIn-Lys-Leu-Val-Phe-Phe- Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-
OH) was purchased from AnaSpec Inc. and was >95 % pure. 0.5 mg were
dissolved in 20 pL of 90% H,0/10% D,O. At that concentration, fibril
formation is very rapid.>?

HR-MAS 'H NMR spectra were obtained with a Bruker AVANCE 600
(DRX) spectrometer. A 4-mm HR-MAS probe was used together with a
rotor containing an inner spacer in order to improve B, homogeneity and
spinning stability as well as to improve the suppression of solvent signals.
The spinning rate was 6 kHz, and the temperature was stabilized at 300 K.
TOCSY spectra were obtained with a spectral width of 6613 Hz in both
dimensions, a mixing time of 80 ms, 512 ¢, increments, 32 scans, and 2 K
t, data points. The NOESY spectra were obtained with the same spectral
parameters and mixing times of 80, 150, 200, and 250 ms. Suppression of the
water peak was performed with presaturation.

For the Congo red staining procedure, the NMR sample was diluted 1:10
with H,O for easier handling. Aliquots of the NMR sample were air-dried
on glass slides, dehydrated for 5 min with 80% ethanol, and stained for
20 min with 5% Congo red prepared in 80% ethanol saturated with
NaCl.?!l Excess Congo red was removed by washing with 90 % ethanol. The
stained samples were examined for green-yellow birefringence using an
upright microscope (Zeiss Axioplan 2) equipped with polarizers. Images
were acquired using a x 40 objective (Plan-Neofluar) and a Peltier-cooled
CCD color camera (Hitachi KP-C571).
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