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Abstract—Structural analysis of 42-residue amyloid b (Ab42) aggregates using rotational resonance in solid-state NMR verified that
Cb and/or Cc of Met-35 and the carboxyl carbon of Ala-42 are proximal enough to form an intramolecular antiparallel b-sheet in the
C-terminus. The S-oxidized radical cation at Met-35, an ultimate radical species responsible for neurotoxicity, could be stabilized by
the carboxylate anion at the C-terminus, resulting in aggregation to cause long-term oxidative stress.
� 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is characterized by the abnor-
mal deposition of 40- and 42-mer amyloid b peptides
(Ab40 and Ab42) in the brain.1 Since Ab42 is far more
aggregative and neurotoxic than Ab40,2 Ab42 plays a
critical role in the etiology of AD. Elucidation of the ter-
tiary structure of Ab42 aggregates is therefore a pressing
need for understanding the mechanism of neurotoxicity
and development of new therapeutic agents for AD.
Numerous biophysical studies revealed that Ab forms
intermolecular b-sheets to aggregate.3–5 Our systematic
replacement of Ab42 with proline proposed a model of
Ab42 aggregates related to neurotoxicity (Fig. 1A).6

However, it remains unclear whether the C-terminal b-
sheets at positions 35–37 and 40–42 are intramolecular
or intermolecular.

Oxidative stress induced by Ab has been implicated as a
major cause of neurotoxicity in AD,7,8 and a number of
studies suggest the importance of Met-35. The sulfur
atom of Met-35 is oxidized in the presence of metal ions

to give the S-oxidized radical cation, which causes lipid
peroxidation, protein oxidation, and free radical forma-
tion. However, this radical cation is too short-lived to
cause toxic effects in neuronal cells, where diffusion is
the rate-determining step for neurotoxicity because of
the highly viscous environment.9 Previous investigations
suggested that S-oxidized radical cation could be stabi-
lized by amide carbonyl oxygen or carboxylate anion
by forming an S–O bond.9–11

In our model of Ab42 aggregates (Fig. 1A), a turn struc-
ture exists between the two b-strands at positions 35–37
and 40–42.6 This led us to suggest the formation of an
intramolecular antiparallel b-sheet at positions 35–42
to enable the association of the sulfur atom of Met-35
with the C-terminal carboxylate anion, thereby stabiliz-
ing the radical cation by forming an S–O bond (Fig.
1B).12 To verify this model, we examined the spatial
proximity between the side chain of Met-35 and the car-
boxyl group of Ala-42 in Ab42 aggregates using solid-
state NMR.

Ab42 peptides uniformly labeled with 13C and 15N at
Met-35 and Ala-42 were prepared by solid-phase Fmoc
synthesis as reported previously.6 Since verification of
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the formation of the C-terminal intramolecular b-sheet
in Ab42 is the main purpose of this study, we used the
sample, in which Met-35 and Ala-42 were uniformly la-
beled with 13C and 15N, in order to estimate roughly the
vicinity of these residues. We labeled nitrogen atoms
with 15N to avoid the influence of the 14N quadrupole
interaction on 13C.13,14 Labeled Ab42 (25 lM) aggre-
gated completely at 37 �C in phosphate-buffered saline
(pH 7.4) for 48 h. To eliminate intermolecular correla-
tions, aggregates of labeled Ab42 diluted with unlabeled
Ab42 at a ratio of 1:2 was also prepared. Typical forma-
tion of fibrils was confirmed by transmission electron
microscopy (Fig. S1). After centrifugation followed by
washing with distilled water, aggregates were dried in
vacuo and subjected to solid-state NMR measurement.

13C–1H Dipolar assisted rotational resonance
(DARR),15 which realizes a broadband 13C–13C correla-
tion, was used to assign the 13C chemical shifts in the
Ab42 aggregates. All 13C chemical shifts were assigned
unambiguously from the 2D DARR experiments (Fig.
S2 and Table 1). Two sets of chemical shifts were ob-
served for Met-35; this indicates that Met-35 exists as
two conformations or molecular species. Deviations of
13C chemical shifts in peptides relative to those of their
corresponding random coil (Dd = dobserved � drandom coil)
correlate with the secondary structure. Wishart et al.16,17

reported that Dd of Ca and carbonyl carbons are posi-
tive in a-helices and negative in b-sheets, and that Dd
of Cb is negative in a-helices and positive in b-sheets.
Dd of 13Ca (�1.5, �2.5) and C@O (�3.5) at Met-35 were
negative and 13Cb at Met-35 (+3.4) was positive; this
suggest that Met-35 could form b-sheet. Although the
secondary structure at the C-terminal end is not pre-
cisely predictable from the chemical shifts, the negative

Dd of 13Ca (�0.5) and positive Dd of 13Cb (+1.7) at
Ala-42 suggests that this residue could be included in
b-sheet.

We adopted rotational resonance (R2) method to esti-
mate the distance between the side chain of Met-35
and the carboxyl group of Ala-42 (Fig. 2).18 In this
experiment, the magic angle spinning (MAS) speed
was set to the difference between the chemical shifts of
the two 13C spins of interest. Under the R2 condition,
the magnetization transfer within the 13C spins is driven
selectively by the reintroduction of the dipole–dipole
interaction. The difference in chemical shifts between
13C pairs of interest should be larger than 10 kHz
(100 ppm at 100 MHz for 13C NMR) to minimize the
spinning sidebands. In previous R2 experiments, magne-

Figure 1. (A) The model of Ab42 aggregates based on the systematic replacement with proline.6 (B) Possible mechanism for stabilization of the

radical species of Ab42. The S-oxidized radical cation at Met-35 generated by redox reactions7,8 is stabilized by the C-terminal carboxylate anion to

form a hydrophobic core, resulting in long-term oxidative stress.12 Dotted lines show hydrogen bonds in b-sheets.

Table 1. 13C Chemical shifts [d (ppm)] of Ab42 aggregatesa

Residue C@O Ca Cb Cc Ce

Met-35 (conformer 1)b 171.2 52.3 34.7 30.4 16.9

Met-35 (conformer 2) NDc 51.3 ND 32.2 17.6

(174.7)d (53.8) (31.3) (30.4) (15.3)

Ala-42 179.5 50.4 19.2

(176.2) (50.9) (17.5)

a TMS was used as an external standard.
b The ratio of the conformers was not determined, but the intensity of conformer 1 was slightly larger than that of conformer 2.
c The 13C chemical shift could not be assigned because of weak signal intensity and/or signal broadening.
d Values in parentheses are chemical shifts in random-coil,17 adjusted to the TMS reference.
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Figure 2. Pulse sequence for (A) 2D and (B) 1D R2 experiments.
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