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Alzheimer's disease (AD) is caused by abnormal deposition (fibrillation) of a 42-residue amyloid
B-protein (Ap42) in the brain. During the process of fibrillation, the AB42 takes the form of protofibrils
with strong neurotoxicity, and is thus believed to play a crucial role in the pathogenesis of AD. To
elucidate the supramolecular structure of the AB42 protofibrils, the intermolecular proximity of the
Ala-21 residues in the AB42 protofibrils was analyzed by '>C-'3C rotational resonance experiments in
the solid state. Unlike the Ap42 fibrils, an intermolecular '*C-'3C correlation was not found in the
Ap42 protofibrils. This result suggests that the p-strands of the Ap42 protofibrils are not in an in-register
parallel orientation. AB42 monomers would assemble to form protofibrils with the B-strand conforma-
tion, then transform into fibrils by forming intermolecular parallel B-sheets.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

A major pathological hallmark of Alzheimer’s disease (AD) is the
formation of senile plaque (SP) in the brain cortex [1]. SP is mainly
composed of deposits of 39-43 residue amyloid B-proteins
(AB39-43) [2,3], which are generated by the proteolytic cleavage
of amyloid precursor proteins by - and y-secretases [4,5]. The ma-
jor species in AB production are Ap40 and Ap42; AB42 is far more
aggregative and neurotoxic [6], and is predominant in SP [7]. AB
monomers first assemble to form low-number oligomers, and then
accumulate into protofibrils: soluble short fibers. The resultant
protofibrils ultimately transform into mature fibrils. It has been
shown that Ap oligomers show stronger neurotoxicity than the
mature fibrils [8] and cause synaptic dysfunction [9]. It is thus use-
ful and helpful for the prevention and drug development of AD to
investigate the oligomerization mechanism of AB42. However, the
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structural analysis of AB oligomers is very difficult, because they
are usually unstable and aggregative in aqueous solution.
Solid-state nuclear magnetic resonance (NMR) is a powerful
method for analyzing not only the mature fibrils, but also the unsta-
ble oligomers, because frozen and freeze-dried protein samples are
applicable. Several groups recently succeeded in preparing stable
ApB oligomers and analyzed their structures using solid-state NMR.
Chimon et al. prepared spherical AB40 oligomers at 4 °C and revealed
the existence of intermolecular in-register parallel p-sheets [10].
Ahmed et al. reported that disk-shaped oligomers of AB42 prepared
at 4 °C mainly consisted of pentamers that do not form in-register
parallel B-sheets [11]. Scheidt et al. prepared stable protofibrils of
Ap40 at 37 °C using an antibody as a fibrillation inhibitor and ana-
lyzed their secondary structures [12]. As described above, the tem-
perature and use of additives drastically affects the size and
structure of the ApB oligomers. Therefore, to elucidate the structure
of the AB42 oligomers under as close to physiological conditions as
possible, we prepared AB42 protofibrils at 37 °C without any additive
and analyzed their supramolecular structure using solid-state NMR.

2. Materials and methods

2.1. General

The following spectroscopic and analytical instruments
were used: superconducting magnet for NMR, JASTEC 14.1 T
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superconducting magnet (JASTEC, Hyogo, Japan); solid-state NMR
spectrometer, JEOL ECA600 spectrometer; solid-state NMR probe,
a custom-fabricated probe with a Chemagnetics 3.2 mm spinning
system; peptide synthesizer, Pioneer™ peptide synthesizer
(Applied Biosystems, Foster City, CA); HPLC, Waters 600E multisol-
vent delivery system with a 2487 UV dual 2 absorbance detector
(Milford, MA); matrix-assisted laser desorption/ionization time-of
flight mass spectroscopy (MALDI-TOF-MS), 4700 Proteomics
analyzer (Applied Biosystems); transmission electron microscope,
H-7650 (Hitachi High-Technologies, Ibaraki, Japan). HPLC was
carried out on a Develosil-packed column ODS-UG-5 (20-mm inner
diameter x 150 mm) (Nomura Chemicals, Seto, Japan). HiLoad 16/
600 Superdex 75 pg (GE Healthcare, Japan) was used for size exclu-
sion chromatography (SEC).

1-Alanine (!3*C=0) and t-alanine ('3C,) were purchased from
Taiyo Nippon Sanso Corporation (Tokyo, Japan). HATU [13] and
N-a-(9-fluorenylmethoxycarbonil) (Fmoc) amino acids, p-alkoxyb-
enzyl alcohol polyethylene glycol-polystyrene support (PAC-PEG-
PS) resin were from Applied Biosystems.

2.2. Preparation of protected amino acids labeled with 3C

Fmoc derivatives of L-alanine ('>*C=0) and r-alanine ('3C,) were
synthesized as reported previously [14]. The structures were con-
firmed by 'H NMR, '3C NMR, and FAB-MS measurements.

2.3. Synthesis of Ap42 peptide labeled with >C

Peptide synthesis was performed in a stepwise manner on
0.1 mmol of Fmoc-Ala-PEG-PS resin by the Pioneer™ instrument
with the Fmoc method using HATU [13], as reported previously
[15-17]. For the synthesis of an equal mixture of Ap42 labeled at
C=0 of Ala-21 and that labeled at C, of Ala-21 with '*C (Supple-
mentary Fig. S1), the Fmoc amino acid at Ala-21 was applied as
an equal mixture of N-Fmoc-L-alanine ('3C=0) and N-Fmoc-L-ala-
nine ('3C,). The obtained crude peptide was purified by RP-HPLC
using the Develosil packed column (20mm inner diame-
ter x 150 mm) with elution at 8.0 mL/min by an 80 min linear gra-
dient of 10-50% CHsCN including 0.1% NH40H as previously
reported [16]. Lyophilization gave the corresponding pure A pep-
tide (10% yield), whose purity was confirmed by HPLC (>98%). The
synthesized peptide exhibited satisfactory mass spectral data by
MALDI-TOF-MS (Supplementary Fig. S3) for an equal mixture of
Ap42 labeled at C=0 of Ala-21 and that labeled at C,, of Ala-21 with
13C (MH*, average molecular mass; observed 4515.99, calculated
4516.11).

2.4. Preparation of the protofibrils and the fibrils of Ap42

Purified AB42 peptide was dissolved in 0.1% NH4OH at 1 mM.
After a 10-fold dilution with 50 mM CH3COONH,4 aqueous solution
(pH 5.6), the resulting peptide solution (100 uM, pH 7.4) was incu-
bated at 37 °C under a quiescent condition. After 5 h incubation,
the mixture was centrifuged at 20,630g and 4 °C, and the superna-
tant was applied to SEC. The condition of SEC was; column, HiLoad
16/600 Superdex 75 pg (purchased from GE Healthcare Japan);
eluting solvent, 50 mM CH3COONH,4 aqueous solution (pH 7.4);
flow rate, 0.6 mL/min. The molecular weight of AB42 protofibrils
may be more than 70 kDa because the Ap42 protofibrils were
eluted at void volume. The fraction containing protofibrils (Supple-
mentary Fig. S2) was rapidly frozen in liquid nitrogen and lyophi-
lized. For the preparation of the Ap42 fibrils, the AB42 solution
(100 uM, pH 7.4) in 50 mM CH3COONH,4 was incubated at 37 °C
under a quiescent condition for 48 h. After centrifugation at
20,630g and 4°C, the resulting pellets were lyophilized. The
amount of obtained powder samples was; the Ap42 protofibrils,

2.6 mg (17% yield from the AB42 monomers); the AB42 fibrils,
1.9 mg (95% yield from the AB42 monomers).

2.5. Transmission electron microscopy of negatively stained
preparations of the protofibrils and the fibrils of Ap42

The protofibrils and the fibrils of AB42 were prepared in the
same conditions as those used for preparing the solid-state NMR
samples. The SEC fraction of the AB42 protofibrils and the suspen-
sion of the AB42 fibrils before lyophilization were applied to 200-
mesh Formvar-coated copper grids (Nissin EM, Tokyo, Japan) and
dried in air before being negatively stained for a few seconds with
2% uranyl acetate. The morphologies (Fig. 1) were examined with
the HITACHI H-7650 transmission electron microscope.

2.6. Solid-state NMR experiments

All solid-state NMR experiments were carried out at 14.1 T
(150 MHz for '3C) using a JEOL ECA600 spectrometer and a cus-
tom-fabricated probe with a Chemagnetics 3.2 mm spinning sys-
tem at room temperature. The '3C chemical shifts were
calibrated in ppm relative to TMS by taking the '3C chemical shift
for the methine carbon nucleus of solid adamantine (29.5 ppm) as
an external reference standard [18].

Pulse sequence parameters for '*C 1D CP/MAS experiments
were: MAS speed = 15 kHz, ramped-amplitude CP (RAMP-CP) con-
tact time =1 ms, pulse delay=2s, two pulse phase-modulated
(TPPM) 'H decoupling power =80 kHz, dwell time =33 pus and
number of acquisition = 20,480. Background suppression pulse
[19] was used to suppress background signals from the MAS
module.

For the estimation of '>C-'3C distance, '*C 1D Rotational
Resonance (R2) experiments [20] were used, whose pulse sequence
were shown in Fig. 2. Pulse sequence parameters for R2
experiments were: MAS speed=18,800 Hz, RAMP-CP contact
time=1ms, pulse delay=2s, TPPM 'H decoupling
power = 80 kHz, dwell time = 19 ps, chemical shift filter interval
(t¢) = 10.5 ps, mixing time (7,,) = 0.5-100 ms and number of acqui-
sition = 20,000. The chemical shift filter interval (t¢=10.5 ps) was
experimentally determined in order to eliminate '3C, signal
completely.

3. Results and discussion
3.1. Preparation of the Ap42 protofibrils labeled with >C

Intermolecular in-register parallel B-sheets play a crucial role in
the fibrillation of many aggregative proteins, such as A,
o-synuclein, and B,-microglobulin [21]. Although the mature
fibrils of Ap42 have been demonstrated to form intermolecular
in-register parallel B-sheets, it has not yet been clarified whether
the AB42 protofibrils also form the same structure. Because Ala-
21 in the Ap42 fibrils is included in the B-sheets [22,23], the inter-
molecular proximity of the Ala-21 residues of the AB42 protofibrils
was measured using solid-state NMR. To solely and accurately de-
tect the intermolecular dipole-dipole interaction, an equal mixture
of Ap42 labeled with '3C at the C=0 and at C, of Ala-21 was pre-
pared (Supplementary Fig. S1). The Ap42 protofibrils were synthe-
sized following Walsh’s protocol, in which the AB42 protofibrils
were formed at 37 °C and separated by size exclusion chromatog-
raphy (SEC) [24]. The AB42 monomers, low-number oligomers,
protofibrils, and fibrils are in equilibrium. It was found that the
amount of protofibrils was relatively large after incubation for ca.
5h at 37 °C (Supplementary Fig. S2). The mature fibrils were re-
moved by centrifugation, and the supernatant was subjected to
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Fig. 1. Transmission electron micrographs of negatively stained preparations of AB42 protofibrils (A) and fibrils (B).
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Fig. 2. A pulse sequence of the '*C 1D R2 experiment with a chemical shift filter.

SEC. The fraction including the AB42 protofibrils was quickly fro-
zen in liquid nitrogen and freeze-dried. Lyophilization with a typ-
ical buffer gave a large amount of salts and very little protein in the
powder sample. To solve this problem, an ammonium acetate solu-
tion was used as the solvent because it is volatile. For comparison,
the sediment including the mature fibrils was also dried in vacuo.

3.2. Transmission electron microscopy

The morphology of each sample was evaluated using transmis-
sion electron microscopy (TEM) (Fig. 1). In the solution of the Ap42
protofibrils (Fig. 1A), small fibers (diameter of approximately
10 nm and length of approximately 100 nm) were observed. The
morphology was apparently different from that of Ap42 fibrils,
which exist as a mass of long fibers that are intricately entangled
(Fig. 1B). The morphology of our protofibrils is very similar to those
of Scheidt’s and Walsh’s groups, which were prepared at 37 °C
[12,24]. On the other hand, Chimon et al. and Ahmed et al. previ-
ously observed spherical or disk-shaped oligomers after incubation
at 4°C [10,11]. These differences indicate that temperature has a
great influence on the morphology of the Ap oligomers; protofibrils
were formed at 37 °C and round-shaped oligomers at 4 °C. In fact,
Ahmed et al. also observed protofibrils when Ap42 was incubated
at 37°C [11].

3.3. Solid-state NMR analysis

The '3C 1D spectra of the fibrils and the protofibrils were ob-
tained using the cross polarization and magic angle spinning (CP/
MAS) method. The 1D spectrum of each sample gave two signifi-
cant peaks: >C=0 and '3C,, in Ala-21. The line-widths of the peaks
for the protofibrils are larger than those for the fibrils (Fig. 3A and
E, and Supplementary Table S1). Deviations of the >C chemical
shifts in the peptides relative to those of their corresponding ran-
dom coils (Ad = dpserved — Srandom coil) COITelate with the secondary
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Fig. 3. 1D '3C CP/MAS (A and E) and 1D R2 (B-D and F-H) spectra. The samples
include the protofibrils (A-D) and fibrils (E-H) of an equal mixture of Ap42 labeled
with 13C at the C=0 and C, of the Ala-21. The mixing times were 0.5 ms (B and F),
50 ms (C and G), and 100 ms (D and H). The broad signals around § 120-130 ppm
and 5 20-40 ppm were derived from the naturally abundant '>C in Ap42.
Intermolecular magnetization transfer from the '3C=0 (arrow) to the '3C,
(arrowhead) due to the R2 effect was detected only in the fibrils.

structure. Wishart et al. reported that the A5 of the 3C, is positive
in o-helices and negative in p-sheets [25]. The As of '3C,, for the
protofibrils (Aé = —1.7 ppm) is negative, but the difference is smal-
ler than that for the fibrils (Aé = —2.4 ppm). The data on the line-
widths and the secondary shifts, therefore, suggest that Ala-21 of
the AB42 protofibrils is included in the B-strand, but could be less
ordered than the Ala-21 in the AB42 fibrils.

To analyze the supramolecular structure, rotational resonance
(R2) experiments were performed [20]. In this experiment, the
MAS speed was adjusted to the difference between the chemical
shifts of the two '3C spins of interest (the R2 condition). Under
the R2 condition, the magnetization transfer within the >C spins
is driven by the reintroduction of the dipole-dipole interaction. It
has been reported that '3C dipole-dipole interactions of two '3C
spins within 6 A can generally be recoupled by R2 [26-28]. Accord-
ing to the structural model of 3>M°XAg42 fibrils reported by Liihrs
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Fig. 4. (A) Possible structure of AB protofibrils with intramolecular antiparallel p-
sheets, as proposed by Scheidt et al. [32]. (B) Molecular structure of Ap fibrils with
intermolecular parallel B-sheets, as demonstrated by Tycko and colleagues [22].
Dotted lines indicate hydrogen bonds. A blue double-headed arrow shows observed
dipole-dipole interaction. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

et al. [29], the intermolecular distance between C=0 and C,, of Ala-
21 in the intermolecular parallel p-sheet could be 4.3-5.3 A. In or-
der to detect the magnetization transfer with high sensitivity, the
13C,, magnetization was made invisible using the chemical-shift
difference between the '>C=0 and the '3C,, and the movement
of the magnetization from the '*C=0 to the >C, during the mixing
time was observed (Fig. 2). The intermolecular distance between
the 3C=0 and '3C, in the Ala-21 of E22K-Ap42 (Italian) fibrils
has previously been achieved by us using this method [14].

In the '3C 1D R2 experiment with the Ap42 fibrils (Fig. 3F-H),
the '3C,, signal was recovered and increased in proportion to the
mixing time. Because only one of the carbons (the C=0 or C,) in
the Ala-21 is selectively '*C-labeled, the intramolecular magneti-
zation transfer is negligible. Therefore, the recovery of C, due to
R2 recoupling suggests that the intermolecular distance between
the 13C=0 and '3C, in the Ala-21 is within 6 A. These results cor-
respond to previous reports that the Ala-21 of AB42 fibrils forms
intermolecular in-register parallel B-sheets [22,23]. On the other
hand, in the '3C 1D R2 experiment with the Ap42 protofibrils
(Fig. 3B-D), no significant peak for 3C, was observed, even with
a mixing time of 100 ms. This result indicates that the intermolec-
ular distance between the '*C=0 and '3C, in the Ala-21 is not
within 6 A, and that the p-strands of the protofibrils are not in an
in-register parallel orientation. We also performed the R2 experi-
ment between 3C=0 and '3C, of the Ala-21 in the Ap42 mono-
mers, in which the distance should be far from each other.
Expectedly, we did not observe the intermolecular dipole-dipole
interaction in the Ap42 monomers (Supplementary Fig. S4), sup-
porting that magnetization transfer between distant carbons can-
not be detected by our R2 method.

Hard and colleagues previously indicated that Ap oligomers
form intramolecular antiparallel B-sheet at positions 17-36
[30,31]. Quite recently, Scheidt et al. suggested that AB40 protofi-
brils also form intramolecular antiparallel B-sheets similar to Ap
oligomers (Fig. 4A) [32]. These data implied that conversion of
intramolecular antiparallel p-sheets (Fig. 4A) into intermolecular
parallel B-sheets (Fig. 4B) could occur on the pathway from protofi-
brils to mature fibrils [32]. In this study, an intermolecular proxim-
ity was observed between the Ala-21 residues in the Ap42 fibrils,
but not between those in the AB42 protofibrils. The present data
is consistent with the aggregation model suggested by Scheidt
et al. [32], because the intermolecular distance of the Ala-21 in
the AB42 protofibrils could be long due to the steric hindrance of
the side chains (Fig. 4A), where the distance between two B-sheets
could be ~10.7 A based on the X-ray fiber diffraction [33]. In con-
trast, the intermolecular distance of the C=0 and C, in the Ala-21
could be proximal in the AB42 fibrils, because the main chains are
connected through hydrogen bonding (Fig. 4B). It is surprising that

drastic reorientation of the B-strands would occur when the pro-
tofibrils transform into the fibrils despite the similarity in their fi-
ber structures. A more detailed analysis of the intermolecular
contacts between AP molecules in protofibrils is currently under
investigation.
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