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NMR-based site-resolved profiling of -amyloid misfolding
reveals structural transitions from pathologically relevant
spherical oligomer to fibril
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Increasing evidence highlights the central role of neurotoxic
oligomers of the 42-residue-long 3-amyloid (AB42) in Alzhei-
mer’s disease (AD). However, very limited information is avail-
able on the structural transition from oligomer to fibril, partic-
ularly for pathologically relevant amyloids. To the best of our
knowledge, we present here the first site-specific structural
characterization of Af42 misfolding, from toxic oligomeric
assembly yielding a similar conformation to an AD-associated
AB42 oligomer, into a fibril. Transmission EM (TEM) analysis
revealed that a spherical amyloid assembly (SPA) of A342 with a
15.6 = 2.1-nm diameter forms in a ~30-um A 342 solution after
a ~10-h incubation at 4 °C, followed by a slow conversion into
fibril at ~180 h. Immunological analysis suggested that the SPA
has a surface structure similar to that of amylospheroid (ASPD),
a patient-derived toxic Af oligomer, which had a diameter of
10-15 nm in negative-stain TEM. Solid-state NMR analyses
indicated that the SPA structure involves a f3-loop-B motif,
which significantly differed from the triple- 3 motif observed for
the AB42 fibril. The comparison of the *C chemical shifts of
SPA with those of the fibril prepared in the above conditions and
interstrand distance measurements suggested a large confor-
mational change involving rearrangements of intermolecular
B-sheet into in-register parallel 3-sheet during the misfolding.
A comparison of the SPA and ASPD '3C chemical shifts indi-
cated that SPA is structurally similar to the ASPD relevant to
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AD. These observations provide insights into the architecture
and key structural transitions of amyloid oligomers relevant for
AD pathology.

Growing evidence suggests that subfibrillar diffusible aggre-
gates and oligomers of B-amyloid (AB)> play crucial roles in
Alzheimer’s disease (AD). The formation of neurotoxic A
fibrils, a primary component of senile plaque, has long been
considered a trigger for neural degeneration in AD (1). Recent
studies, however, suggested that some diffusible A assemblies
exhibit much higher cytotoxicity than A fibrils (2—11). These
studies provided support for a revised amyloid-cascade hypoth-
esis, asserting that neural cell death in early AD may be caused
by diffusible aggregates of A rather than fibrils (10, 12, 13). In
the past few decades, the potential pathological importance of
such diffusible AB assemblies or oligomers has prompted an
increasing number of studies that have identified misfolding
intermediates of 40- or 42-residue A3 (A40 and A 342, respec-
tively) (2—4, 14-20). Using immunological analysis, (3, 4, 6,
21-23) size-exclusion chromatography, transmission EM
(TEM), and atomic force microscopy (24-26), these studies
revealed various morphological and biological features of the
diffusible AB assemblies. For example, cytotoxic AB-derived
diffusible ligands (ADDLs) are small off-pathway globular olig-
omers of 5—-6-nm size (2, 4, 15, 16). The size of AD brain-
derived amylospheroid (ASPD) species (3) (12.5 * 2.5-nm
diameter by negative stain TEM) is larger than that of the
ADDL ones. ASPD is believed to play an important role in AD

3 The abbreviations used are: AB, B-amyloid; AD, Alzheimer's disease; TEM,
transmission EM; ADDL, ApB-derived diffusible ligand; ASPD, amylo-
spheroid; SSNMR, solid-state NMR; /5, B-sheet intermediate; SPA, spherical
amyloid assembly; ThT, thioflavin T; RT, room temperature; LT, low temper-
ature; 2D, two-dimensional; DARR, dipolar-assisted rotational resonance;
fpRFDR-CT, constant-time finite-pulse radiofrequency-driven recoupling;
RMSD, root mean square deviation; MAS, magic-angle spinning.
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pathologies and is considered a promising therapeutic target of
AD (3, 14).

The atomic structures of amyloid intermediates pathogeni-
cally relevant for AD have attracted considerable attention, as
the structural features of the AB oligomers would provide
important understanding of the amyloid formation in AD,
which may lead to plausible therapeutic interference against A3
oligomers or fibrils. So far, only a handful of structural studies,
based on solid-state NMR (SSNMR) approaches, have focused
on AP oligomers with limited structural resolution (24, 27-29).
For example, a fibrillar oligomer (23) of AB40, named B-sheet
intermediate (I3), was reported to display a B-turn-8 motif (29),
which is commonly observed for AB40 fibril structures (30—
33). A disk-shaped pentamer of AB42, identified by SSNMR
and atomic force microscopy analyses, displayed a triple-f3
motif; the B, -turn- 3, motif of the pentamer was proposed to be
stabilized by the hydrophobic contact between Phe'® and Leu®*
(24). An SDS stable oligomer of AB42 showed a supramolecular
structure with an antiparallel alignment (28). More recently, we
have shown that the structure of ASPD reconstituted in vitro
with synthetic AB42 at low temperature exhibits a B-loop-
motif (27). ASPD is a neurotoxic AB oligomer derived from
human AD brain, with a positive correlation with AD (3, 14, 27,
34). TEM analysis revealed that brain-derived ASPD possesses
a spherical morphology with a diameter of 10—15 nm. How-
ever, almost no structural information has been reported for
other pathologically relevant A oligomers.

Another important task in structural studies of amyloid
intermediates associated with AD and other neurodegenerative
diseases is the characterization of the misfolding pathway. The
structural relationship between amyloid intermediate and fibril
(the end product of misfolding) provides insight into the key
structural transition that distinguishes the metastable and
more toxic oligomer and the fibril species in the misfolding
pathway. A few studies successfully characterized the stepwise
structural transitions in the amyloid misfolding into fibril (24,
30). In particular, no previous studies provided atomic-level
insight into the structural transition from Af3 oligomer to fibril
for pathologically relevant amyloid species. The very limited
amount of available samples has hindered the structural char-
acterization of brain-derived (in or ex vivo) soluble AB oligo-
mers (4, 35). Although Western blotting and immune analysis
provided some insight into the size and structure of brain-de-
rived oligomers (4, 35), the detailed site-specific structural anal-
ysis of these species is difficult. Thus, despite significant efforts,
the structural evolution of AB and other amyloid proteins dur-
ing the misfolding process associated with AD is still elusive.

In this work, we have studied the structural evolution of an
amyloid intermediate by establishing a protocol to prepare an
ASPD-like spherical assembly of AB42. Our group has recently
succeeded in characterizing the site-resolved structure of
ASPD, which was reconstituted iz vitro in an F12 medium for
the first time (27). However, in these conditions, A 342 tends to
be metastable in the oligomer form; thus, a clear structural
transition to the fibril morphology was not observed (3). To
monitor the structural transition, in this work, we optimized
the incubation conditions by replacing the F12 medium with a
low-salt phosphate buffer at pH 7. Under these altered condi-
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Figure 1. ThT fluorescence (a) and TEM (b) images monitored at different
incubation times (t) for 29 um AB42 in 10 mm phosphate buffer (pH 7.5,
0.02% (w/v) NaN;) at 4 °C. The TEM images show the morphological
changes in the AB42 aggregates at t = 0-320 h. Error bars, S.D.

tions, we could observe the formation of a structurally well-
defined and stable A oligomer, labeled “spherical assembly”
(SPA), and characterize its subsequent transition to A 342 fibril
by a combination of TEM, thioflavin T (ThT) fluorescence, and
SSNMR analyses. The SSNMR structural analysis of the SPA
and fibril samples showed drastic differences in the secondary
structural profile and supramolecular structure, indicating that
a significant conformational change and B-sheet rearrange-
ments along the misfolding pathway may explain the stability of
the AB42 oligomer in the misfolding process.

Results and discussion

Formation of spherical assembly and conversion into A342
fibril

First, we examined the TEM images and ThT fluorescence
data of an aqueous AB42 solution to examine the morphologi-
cal and kinetic features of A3 aggregates and to establish the
optimum conditions for isolating SPA. Fig. 1 shows the incuba-
tion time (£) dependence of the (a) ThT fluorescence intensity
and (b) TEM images for an AB42 solution (29 um) in 10 mm
phosphate buffer (pH 7.5) at 4 °C (see details under “Materials
and methods”). In the TEM images of the sample (Fig. 10), the
spherical morphology of SPA emerged at £ = 12-79 h. The ThT
fluorescence is a sensitive indicator of the formation of amyloid
fibrils or amyloid-like extended B-sheet structures (36). The
results show that AB42 did not form ThT-positive amyloid
assemblies until ¢ reached ~80 h. The experiments are repro-
ducible (Figs. S1 (2 and b) and S2). The TEM results from a
separate test involving incubation of 32 um A 342 (Fig. S1, 4 and
b) show that SPA was formed at t = 7-50 h and was still the
dominant species after 50 h of incubation. These results indi-
cate that AB42 was misfolded into SPA at an early stage of the
incubation (7-12 h) and that SPA remained stable at £ ~50 h.
Therefore, we selected 12—14 h as a suitable incubation period
for harvesting SPA samples for the SSNMR experiments. The
spherical morphologies of SPA species in the TEM images are
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Figure 2. 2D ">C SSNMR chemical shift correlation spectra of SPA (a and b) and LT-fibril (c) samples. The samples were uniformly labeled with '*Cand '°N
atAla?, Gly?, Phe®®, Val®*,and lle*' (a) and Phe?’, Ala®', Val**, Gly?*, and Leu®* residues (b and ¢). The overall experiment time was 2472 h. The fibril sample used
in c was hydrated, whereas the SPA samples in a and b were lyophilized. The assignments are indicated by color-coded dotted lines for Ala (orange), Val (green),

lle/Leu (cyan), and Phe (red).

similar to those observed for the ASPD ones (27). Neither SPA
nor ASPD could be detected by ThT fluorescence. Despite the
similarities between the two morphologies, the diameters of
the SPA species (in the range of 11-21 nm and with an average
value of 15.6 * 2.1 nm) are slightly larger than those of the
ASPD ones (10-15 nm). As discussed below, although our
immunological analysis using ASPD-specific antibodies high-
lighted some similarities between ASPD and SPA, the reactivity
of the antibodies to SPA was ~40% of that to ASPD. Thus, SPA
and ASPD exhibit a considerably different behavior while
retaining conformational similarity.

In the incubation conditions used here, SPA was reproduc-
ibly observed after 12—14 h of incubation. The established pro-
tocol was employed to prepare the SPA samples for the
SSNMR-based structural analysis. Unlike previous results for
ASPD (3), the present TEM results showed that mature fibrils
of AB42 were successfully formed at a later stage of the incuba-
tion (¢t ~180 h) in the optimized conditions (Fig. 1b). After 1
month (720 h) of incubation, we observed matured fibrils as a
dominant species (~70% in weight) coexisting with minor
amounts of SPA, as confirmed by the TEM (Fig. S1, cand d) and
SSNMR (Fig. S9) measurements. These results indicate that
SPA, the kinetically favored amyloid intermediate, was con-
verted to the energetically favored fibril along the AB42 mis-
folding pathway at a later stage of the incubation; then the two
species reached a quasi-equilibrium state where they coexisted
as a mixture (see the images at 275 and 320 h in Fig. 1). It was
also shown that the fibril (Fig. S1¢) and SPA (Fig. S1d) species
could be separately collected from the bottom pellet and super-
natant of the A solution, respectively, after centrifuging the
solution at 8,000 X g for 45 min, as shown in Fig. S1d. Interest-
ingly, immediately before the conversion into fibril at ~175 h,
spherical species with noticeably larger diameter (3040 nm)
were consistently observed. Unlike the SPA, these species dis-
appeared rapidly as the fibril became the dominant species.
Thus, we speculate that these species may be transient amyloid
intermediates that trigger the conversion into the fibril,
although the characterization of this intermediate is beyond the
scope of the present work. In this work, we focus on the SPA
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that forms at an early stage of amyloid assembly, before the
fibril formation.

As discussed below, the structure of the AB42 fibril formed
under the incubation conditions may differ from the S-shaped
triple-B-sheet structure reported for AB42 fibrils (triple-B
fibril) prepared at room temperature (RT), (37) denoted as RT-
fibril. Thus, the present study also reports the isolation of a new
form of AB42 fibril, denoted as low-temperature fibril (LT-fi-
bril). Whereas the structural characterization of the LT-fibril
species will be the subject of future investigations, in the pres-
ent study, we mainly focus on the structural analysis of SPA
based on SSNMR measurements.

SSNMR analysis of SPA and fibril samples

For the SSNMR structural analysis, we harvested SPA sam-
ples prepared with '3C- and '*N-labeled A 342 at an incubation
time of 12 h and subsequently lyophilized these samples after
rapid freezing in liquid nitrogen (see “Materials and methods”).
The effect of lyophilization of SPA was confirmed by TEM. The
TEM images of SPA samples without and with lyophilization
showed nearly identical images (see Fig. S3). Fig. 2 (a and b)
shows the 2D **C-'3C correlation SSNMR spectra of the lyoph-
ilized SPA for AB42 samples in which uniformly **C- and *°N-
labeled amino acids were incorporated at several selected resi-
dues in two different labeling schemes (see the legend to Fig. 2;
further SSNMR data for additional samples are shown in Fig.
S5). The data were obtained with a dipolar-assisted rotational
resonance (DARR) recoupling sequence (38) using a mixing
time of 50 ms. We were able to uniquely assign the signals for
the '2C sites (color-coded lines) of all isotope-labeled residues.
In most cases, each chemically bonded *C-'>C pair produced a
single set of cross-peaks, suggesting that SPA is an oligomer
made of A 3 molecules with a relatively homogeneous structure.
The line widths of '*C-">C cross-peaks (3—4 ppm) are reason-
ably narrow, compared with those of lyophilized amyloid fibrils
(30). Although the line widths are subject to mild broadening
due to conformational heterogeneity in the lyophilized state
(29, 31, 33), relatively narrow lines were still observed for struc-
tured regions. The cross-peak intensities are generally sup-
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pressed in regions with dynamic or structural heterogeneities.
For the SPA samples, the residues near the N terminus, namely
Ala® (Fig. 2a), Phe* Val'? (Fig. S5a), and His'?® (Fig. S5b),
showed weak cross-peaks, suggesting that the structure of SPA
in the N-terminal region is dynamic or heterogeneous, which is
consistent with the SSNMR results for the AB42 fibril. The
C-terminal residues of SPA, such as Val®** and Ile*! (Fig. 2a),
showed strong cross-peaks, indicating that the C terminus of
SPA has a rigid conformation. Besides the N-terminal region,
the weak cross-peaks for the Ala*! and Val** residues in the 2D
13C-'3C SSNMR spectrum (Fig. 2b) revealed the dynamic
nature of these residues. As discussed later, this finding is con-
sistent with the conclusion based on the secondary structure
analysis, that these residues are located in the non-f segment.

Next, we compared the SSNMR data for LT-fibril harvested
at 746 h (31 days; Fig. 2c) with the corresponding spectrum of
SPA in the same labeling scheme (Fig. 2b). The spectrum of
LT-fibril shows a completely different spectral profile from that
of SPA; for example, the strong cross-peaks for Ala®! and Val**
indicate the lack of dynamics for the residues. The narrower
line widths in Fig. 2c compared with those in Fig. 2b are attrib-
uted partly to the fact that the fibril sample of Fig. 2¢ was
hydrated, whereas the sample in Fig. 2b was lyophilized. For
comparison, we confirmed that the line widths of a lyophilized
control AB42 fibril sample (prepared at a room temperature)
decreased from 2—3 ppm to 1.5-2 ppm upon hydration (see Fig.
S6). Moreover, the **C, and **Cj chemical shift positions for
Phe®° and Val** show large differences between SPA and LT-
fibril. These results indicate different loop or turn locations in
the LT-fibril and SPA samples. Thus, in addition to the mor-
phological change, SPA undergoes a large conformational
change at the atomic level upon misfolding into fibril. This sug-
gests that SPA is a structurally distinct intermediate from the
fibril. As discussed later, the LT-fibril sample also showed *C
chemical shifts that are markedly different from those of the RT
AB42 fibril. As only one set of cross-peaks was observed for a
directly bonded '*C-'2C pair, it appears that SPA misfolded
into LT-fibril with a unique conformation. Whereas the struc-
tural details of the LT-fibril species will be investigated in future
work, the SSNMR analysis of SPA provides an effective tool to
characterize the structural evolution of AB42 from amyloid
intermediate to fibril.

Secondary structure of SPA

Based on the SSNMR analysis of six SPA samples with differ-
ent labeling schemes (Fig. 2 (2 and b) and Fig. S5), we completed
signal assignments for 29 residues, which cover 83% of the
structurally ordered residues 12—42 (Table S2). Then the sec-
ondary structure of SPA was analyzed using the chemical shift
data. The secondary chemical shifts for **CO, *C,, and *C,
(39, 40) are shown in Fig. 3 (a—c), whereas the torsion angles
and secondary structures predicted by the TALOS-N software
(41) are displayed in Fig. 3d. Both analyses indicate the presence
of two B-strand regions (8, (His'>~Ala®') and B, (Ala*°~Ile*"))
that are connected with a turn/loop region at Glu*>-Gly*.
Interestingly, the two -sheet regions of SPA are considerably
different from the triple B-sheet regions reported for AB42
fibrils (8, (Val'*~Val'®), B, (Val**~Gly*?), and B, (Val**~1le*?))
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Figure 3. '3C chemical shift and secondary structural profile of SPA. a-c,
secondary '*C chemical shifts obtained by SSNMR for *C,; (a), *C,, (b), and
3CO (c) in the SPA form of AB42 (40). d, dihedral angles (¢, 1) obtained by the
TALOS-N software according to the '>C chemical shift analysis (Table S2) of
AB42 in the SPA form (41). As shown in the top region of d, the secondary
structure analysis performed by the TALOS software identified two 3-strand
regions (green arrows) separated by loop/turn regions (blue wave) at residues
22-29.

(37). These results are consistent with the marked conforma-
tional change from SPA to LT-fibril suggested by the data in Fig.
2. Instead, the above regions are similar to those previously
reported for AB40 fibrils (30, 33, 42) and AB42 ASPD (27)
structure models (Fig. 3d; see also Fig. S7 (a, b, and d)). We also
found that the **C chemical shifts of SPA are similar to those
of ASPD, except for the Phe®® and Val** residues, as dis-
cussed below. Overall, our analysis indicates that the SPA is
a structurally ordered amyloid oligomer exhibiting a
B-turn-B (or B-loop-B) motif.

Probing the supramolecular structure of SPA

Although SPA adopts an extended S-sheet structure, which
is commonly observed for many Ap fibrils (18, 27, 30, 31, 33),
our data show that this species is not detected by ThT fluores-
cence like ASPD. To identify unique differences in the tertiary
structure of the SPA and fibril samples, we examined intermo-
lecular contacts that would characterize the tertiary arrange-
ment of AB in the SPA form. Because only a few structural
studies of Af oligomers and fibrils suggest the occurrence of
antiparallel B-sheet motifs, (28,43, 44), we performed a SSNMR
analysis based on the hypothesis that SPA forms a parallel
B-sheet structure. Three AB42 SPA samples prepared for
SSNMR experiments were selectively labeled at '*CO of Ala®°,
Leu?*, or Val*® residues, to perform interstrand “*CO-'*CO
distance measurements at each site. As previously described (45),
the "*C dephasing curves (Fig. 4, a—c) measured by constant-time
finite-pulse radiofrequency-driven recoupling (fpRFDR-CT)
SSNMR experiments were compared with simulated dephasing
curves for varied distances, which were calculated with the Spi-
nEvolution software. (46) The experimental protocols were
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described previously (37). The interstrand distances for Ala®,
Leu®*, and Val* in SPA were determined tobe 6.1 == 0.2,5.9 = 0.2,
and 6.0 = 0.1 A, respectively. Interestingly, these distances consis-
tently deviated from the 4.7-5.0 A values that were reported for
interstrand distances of the AB40 and AB42 fibrils in in-register
parallel B-sheet arrangements (Fig. 4d) (31, 37).

These results indicate that SPA is most likely to have an off-
registered parallel B-sheet structure (Fig. 4e), rather than an
in-register arrangement found in fibrils. It is the first time that
such an off-registered parallel B-sheet structure was indicated
for any amyloid species. Although other arrangement may be
possible, the deviation from the typical fibril structural motifs
for AB is consistent with the fact that SPA was not detected by
ThT fluorescence despite its extended B-sheet structure.

We also performed DARR experiments with a mixing time of
200 ms, but no long-range contacts were identified due to the
limited sensitivity. The '*C-'°N distances, measured by fre-
quency-selective rotational-echo double-resonance (47), also
excluded the formation of a salt bridge between Asp*® and Lys*®
(data not shown). Thus, the SPA structure is characterized by a
fold distinct from those of both AB40 and A 42 fibrils.

Structural and toxicity comparison of SPA and ASPD

Here, we present a semiquantitative comparison of the struc-
ture of SPA and ASPD by immunological assays and NMR-
based chemical shift analysis. First, we compared the surface
structures of SPA and ASPD using an ASPD-specific polyclonal
antibody purified from rabbit (rpASD1) (3). The rpASD1 anti-
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body selectively binds both ex vivo and in vitro ASPD (158 — 669
kDa) with high affinity (K, = 0.005 nm) (3), whereas it does not
cross-react with other forms of AB42, such as monomer, fibrils,
and other A oligomers, including fibrillar oligomers (A11 or
ThT-detectable) and ADDLs (2, 3). Dot-blot assays for SPA and
ASPD samples were serially diluted from 24 um to the desired
concentrations, as shown in Fig. 5. Duplicated dilution series of
the samples were loaded on the dots (Fig. 5, 2 and b) with
rpASD1 (a) and 82E1 (b) antibodies; the latter is a conforma-
tion-independent antibody targeting the linear epitope AB(1-
16) in all types of AP and was used for the quantification of the
total A amount. The average intensities representing the reac-
tivity of the rpASD1 (c) and 82E1 (d) antibodies toward SPA and
ASPD were plotted for different sample concentrations (Fig. 5,
cand d). The emission intensities of the SPA and ASPD samples
in the 82E1 assay (Fig. 5, b and d) were detected and showed a
linear increase from 0.0625 to 1.0 pmol/dot, with a slight vari-
ation for partial dissociation into monomers, the inefficiency of
the membranes in retaining SPA, and/or other unknown rea-
sons. Although the reactivity of rpASD1 toward SPA was lower
than that toward ASPD, SPA was clearly recognized by
rpASDI. This is a strong indication that SPA has a similar sur-
face structure to ASPD, unlike ADDLs or fibrillar oligomers.
Despite their size difference, the similarity between SPA and
ASPD is as high as 38 £ 6%, as estimated by the reactivity of
rpASD1 normalized by that of 82E1 (see “Materials and
methods”).

Next, we compared the >C SSNMR shifts of the SPA and
ASPD species. Fig. 6 shows a comparison of the secondary '*C_,
(red circle) and **Cg (black diamond) chemical shifts of the SPA
sample with those of the ASPD species (a) (27), AB42 fibril (b),
and AB40 fibril (c), where the secondary shifts denote devia-
tions from the corresponding shift for a model peptide in a
random coil conformation. As the secondary shifts sensitively
reflect the secondary structure of a particular residue, similar
secondary shifts indicate similar confirmations. The root mean
square deviations (RMSDs) between the **C chemical shifts of
SPA and ASPD were calculated to be RMSD, = 1.23 ppm (n =
17) and RMSDz = 1.40 ppm (n = 13), where 7 is the number
of pairs of carbon atoms used in each calculation. In contrast,
the RMSDs between the **C chemical shifts of SPA and AB42
fibrils were larger; RMSD ., = 2.03 ppm (1 = 27) and RMSD,
= 2.01 ppm (n = 21). The deviations between SPA and AB40
fibrils were similarly larger: RMSD,, = 1.98 ppm (# = 23) and
RMSD¢g = 1.86 ppm (n = 17). The smaller RMSD values
reflect a higher structural similarity between SPA and ASPD.
Most of the data points in the ASPD versus SPA plot (a) are
distributed along the y = x (blue solid) line, within the y = x =
1region (cyan dashed lines), indicating conformational similar-
ity between the two species. Except for the N-terminal residues
(positions 1-12) and Ile*!, the only large difference in A'*C
chemical shifts was observed for the Phe?® and Val** residues,
for which both [A*C_| and |A"C| (Fig. 6, green arrows in a)
exceeded 1 ppm (~4 ppm for Val**), indicating some confor-
mational difference. In contrast, large deviations were observed
in b and ¢, denoting structural differences between SPA and
AB42 or AB4O fibrils. The SSNMR-based structural compari-
son between the SPA and ASPD forms of AB42 thus reveals a
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Figure 5. a and b, dot-blot assays for different concentrations of SPA and ASPD using rpASD1 anti-ASPD antibody (a) and 82E1 antibody (b), the latter of which
targets AB(1-16). Serially diluted samples were loaded on the dots in duplicate (a and b), and the average intensities of the dots were plotted in c and d. The
rpASD1 assays (a and ¢) were used for the detection of ASPD species, whereas the 82E1 assays (b and d) were performed as a control for the quantification of

AP species. Error bars, S.D.
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Figure 6. Comparison of >C secondary shifts (ACS) of SPA with those of ASPD (a), A42 fibril (b), and AB40 fibril (quiescent) (c) samples. The secondary
chemical shifts of the ASPD, AB42 fibril, and AB40 fibril species (A'3C,, shown in red and A13CB in black) are plotted on the vertical axis against those of SPA on
the horizontal axis, along with the y = x (blue solid line) and y = x = 1 (cyan dashed lines) curves. Marked differences between SPA and ASPD were found in both
AC, and ACg shifts of Phe®® and Val®* (green arrows), indicating different conformations of the two species.

good consistency between their conformations, except for the
Phe?® and Val** residues at or near the non-B-sheet region.
Such differences may be attributed to the different solvents (i.e.
phosphate buffer and F12 medium) used for incubating the two
species. In combination with the SSNMR results discussed
above, it can be concluded that SPA shares similar surface and
conformational structure properties with ASPD.

Our preliminary toxicity assay on rat hippocampal cells con-
firmed cytotoxicity of SPA samples both without and with
lyophilization at a concentration of 3—6 uM (p < 0.05; see Fig.
S4). The cytotoxicity of SPA was lower than that of ASPD,
which required lower agonist concentration (0.4-1.3 um) to
cause cytotoxicity. The toxicity of the SPA was approximately
the same as or slightly higher than that of fibril samples. The
cytotoxicity of lyophilized SPA showed a relatively large varia-
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tion among different trials compared with that of SPA without
lyophilization, fibril, and ASPD for an unknown reason. The
present data confirmed that the SPA is a toxic oligomeric spe-
cies of AB42. The observed toxicity levels indicated that ASPD
was more toxic than SPA, confirming that SPA and ASPD are
likely to be different species.

Structural transition from SPA to AB42 fibril

Finally, we examined the structural transition from SPA to
fibril along the misfolding pathway of AB42 in low-salt and
low-temperature conditions. Fig. 7a shows a comparison of the
2D '3C-"C SSNMR spectra of SPA (Fig. 7a, blue spectrum) and
of the fibrils harvested after 1 month of low-temperature incu-
bation (LT-fibrils, orange spectrum in Fig. 7 (a and b)). Fig. S8
shows a comparison of the secondary shifts. The completely
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Figure 7. Comparison of 2D '3C-'3C correlation SSNMR spectra of the LT fibril (orange) with the corresponding spectra of AB42 SPA (blue) (a) and
RT-fibrils collected after 1 week of incubation (green) (b). All samples were uniformly labeled with *C and '°N at Phe?°, Ala®', Val**, Gly**, and Leu®*

residues. The overall experimental time was 24-72 h.

different profiles of the SPA and AB42 fibril (both LT and RT)
species show that SPA is structurally and morphologically dis-
tinct from the fibril species. Based on this finding, we hypothe-
size that SPA is an off-pathway oligomer in the fibril formation
process. In contrast, a fibrillar oligomer of AB40 (/) (29) was pre-
viously reported to be the on-pathway intermediate for
the formation of the AB40 fibril (30), based on the fact that the
SSNMR chemical shifts of the two species were almost identical.

SSNMR analysis reveals kinetic features of the AB42
misfolding process

Extended incubation of SPA at low temperature can lead to
the formation of the LT-fibril AB42 polymorph. Fig. 7b com-
pares the 2D '*C-'3C spectrum of the LT-fibril (orange spec-
trum, which is identical to that in a) and RT-fibril (green spec-
trum) polymorphs. Again, the two AB42 fibril polymorphs are
found to be conformationally different, according to the quite
distinct *C chemical shifts in their SSNMR spectra (Fig. 7b).
This indicates that the LT-fibril species represents a new type of
AB42 fibril. Thus, SPA shows a completely different structural
profile from both the LT fibril and the triple- fibril.

Fig. 8 shows a proposed mechanism for the AB42 misfold-
ing into the three distinct AB42 assemblies discussed in this
work. RT conditions lead to the rapid formation of the kinet-
ically favored fibril in the S-shaped triple B-sheet structure
(colored in green in Fig. 8). The latter was found to be the
dominant species even in the unseeded incubation at RT
(37). Low-temperature incubation conditions are likely to
lead to a separate misfolding pathway, which produces SPA
(Fig. 8, blue) and then LT-fibril (orange). As mentioned
above, the SPA species, with a unique off-registered parallel
B-sheet, is likely to have a structural profile very different
from the LT-fibril one, indicating that SPA may be an off-
pathway intermediate species in the misfolding process into
fibrils at 4 °C. Our data suggest that SPA has to undergo a
large structural transition for the formation of LT-fibril. Our
data also confirm that SPA has a structure similar to that of
ASPD (purple). These results may explain the considerable
stability of the pathologically relevant A342 oligomeric spe-
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cies such as ASPD due to the expected large energy barrier in
the transition toward the fibril. Also, the study provides
insight into a possible therapeutic strategy that stabilizing
in-register parallel B-sheet may shift the equilibrium toward
less toxic amyloid fibril from the oligomers for Ap42.
Although further structural studies are needed to examine
the atomic details of the structural conversion, this study
highlighted unique site-specific structural features charac-
terizing the conversion of AB42 from the unique oligomer
SPA into fibril.

Conclusions

In conclusion, a new oligomeric AB342 species with a diame-
ter of ~16 nm, termed SPA, was obtained under low-salt incu-
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bation conditions. This study presents the first structural char-
acterization at atomic level of the conversion to fibril of an
A 342 amyloid oligomer conformationally similar to the A oli-
gomer associated with AD. At variance with previous studies
(24), the present work showed that in the course of the misfold-
ing process into fibril, AB42 can form a highly ordered and
metastable oligomer with a unique B-sheet profile, which is
recognized by ASPD-specific conformational antibodies and
may thus be used as a therapeutic target. The structural simi-
larity of SPA and ASPD may make SPA an excellent model for
the structural characterization of ASPD, which is more patho-
logically relevant to the development of AD. The study also
demonstrates that SPA is likely to involve a unique off-register
parallel B-sheet alignment, which has never been observed for
any A fibrils or oligomers reported previously (24, 28, 29, 37,
48, 49). The unique structural motif and the large conforma-
tional change from SPA to fibril indicate a large energy barrier
in fibrillization, which may explain the stability of the AB42
oligomer in the misfolding path. Last, our study indicates
important clues for designing therapeutic agents for AD. First,
the study indicates that parallel 3-sheet is a common motif that
characterizes both fibrils and oligomers. This may explain why
B-sheet breakers often reduce amyloid toxicity, as they should
break down both fibrils and oligomers. Second, although fibrils
and oligomers share parallel B-sheet structures in common, our
data show that each has a different 3-sheet motif. SPA is likely
to have an off-registered parallel B-sheet structure, whereas
fibrils have an in-registered one. Based on this structural differ-
ence, we think it might be possible to develop reagents that
stabilize preferentially in-parallel B-sheet structure and
increase the amount of less toxic fibril by shifting the equilib-
rium from toxic oligomers to fibrils. Dissection of atomic level
difference in the future would contribute to developing such a
fibril stabilizer for AD therapy.

Materials and methods
Preparation of SPA and LT-fibrils of AB42

Monomeric AB42 was prepared as described previously (37).
AB42 monomers were first dissolved in anhydrous DMSO at
2.0 mM for 30 min at room temperature. The solution was then
diluted to 60 um with 10 mm phosphate buffer (with 0.02%
(w/v) NaNj at pH 7.5, filtered through a 0.2-um syringe filter) at
4°C. The 60 um AP solution was filtered through a 50-kDa
molecular mass cut-off filter to remove preformed aggregates
and resulted in a final AB concentration ranging from 29 to 55
1M, as evaluated by a UV-visible spectrophotometer at 280 nm.
The SPA sample formed under 400 rpm circular agitation at
4 °Cwas collected at an incubation time between 12 and 14 h, by
quick freezing of the incubated Af solution in liquid nitrogen
and subsequent lyophilization, for the SSNMR and immuno-
logical experiments. For harvesting the LT-fibril species and
separating them from the stable oligomers, the above incuba-
tion was extended to 1 month, and then the fibril pellet was
collected after centrifuging at 8,000 X g for 45 min. The super-
natant and pellets were lyophilized separately for the SSNMR
analysis.
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SSNMR analysis

All SSNMR experiments were performed on a Bruker
Avance III spectrometer equipped with a 400-MHz Oxford
wide-bore magnet, a home-built 2.5-mm triple-resonance
magic-angle spinning (MAS) probe, and a Varian MAS/vari-
able-temperature controller. Lyophilized SPA samples of 8 —30
mg, which included phosphate salts, were packed into 2.5-mm
zirconia rotors (see Table S1). The lyophilized fibril samples
were rehydrated as described previously (37). The MAS fre-
quency was set to 20,000 = 5 Hz with an air temperature of
—10 °C, unless otherwise mentioned. The natural abundance
signal of adamantane at 38.48 ppm was used as a secondary
reference for '>C chemical shifts referenced to neat tetrameth-
ylsilane. 2D '*C/'*C correlation SSNMR experiments were car-
ried out with 50-ms DARR mixing. The indirect dimension of
the SPA samples was obtained from a total of 160-180 ¢, com-
plex points, with a £, increment of 38.1 ws, except for the sample
in Fig. S5 (e and f), for which a total of 112 ¢; complex points,
with a £; increment of 50 s, were used. The indirect dimension
of the LT-fibril samples was obtained from a total of 260 £;
complex points, with a ¢, increment of 50 us. A two-pulse
phase-modulation 'H decoupling sequence at 90 kHz was
employed during the indirect detection and acquisition peri-
ods. The adiabatic cross-polarization transfer was performed
with a contact time of 1.0-1.5 ms. All 2D SSNMR data were
processed with the NMRPipe software (50); the data were apo-
dized with a Lorenz-to-Gauss window function with an inverse
exponential narrowing of 30 Hz and a Gaussian broadening of
120 Hz in both the ¢, and £, domains. The fpRFDR-CT data in
Fig. 4 were analyzed as described previously (37) by minimizing
X =20 o(Skexp — Sksim)2/0%’ where S . and S ;... denote
signal intensities at the kth data point of the experimental
dephasing curve and of the corresponding simulated curve,
respectively, whereas o, denotes the S.D. at the kth point. The
13CO-"2CO distance was determined by minimizing the x*
value.

TEM analysis

The TEM data were collected in the following manner
unless otherwise mentioned. A 10-ul aliquot of AB solution,
sampled at an incubation time of 12 h or 1 month (superna-
tant), was loaded onto a 300-mesh copper formvar/carbon
grid for 1.5 min, followed by blotting away the excess solu-
tion using filter paper. The sample attached to the grid was
negatively stained with a 10-ul solution of 5% (w/v) uranyl
acetate for 1.5 min, followed by blotting away and air-drying
the excess staining solution. The grids were stored in a des-
iccating chamber before data collection. TEM measure-
ments were carried out with a JEOL 1220 instrument oper-
ated at 80 kV and a magnification of X120,000. The diameter
of SPA was measured by “eye-ball” fitting of the diameters of
115 SPA species in Fig. 1» and two other TEM images
obtained with three separate grids.

Dot-blot assay methods

The details of the method used for the dot-blot assays are
described in a previous study by Hoshi and co-workers (3). The
protocols are briefly summarized below. Serial dilutions of both
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SPA and ASPD samples were performed by using an ice-cold
1X PBS solution to final concentrations of 2.0, 1.0, 0.5, 0.25,
0.125, 0.0625, and 0.03125 um. A 2-ul aliquot of each sample
was loaded on the dots in duplicate, on a 0.22-um nitrocellulose
membrane (PROTRAN 0.2 wm; Schleicher & Schuell), to
ensure that the loaded sample amount on each dot was 4.0, 2.0,
1.0, 0.5, 0.25, 0.125, and 0.0625 pmol, respectively. The mem-
brane blocked with 5% milk in 1X PBS was incubated with a
blocking solution containing a primary antibody and then with
a blocking solution containing a horseradish peroxidase—
conjugated secondary antibody. The membrane was washed
three times with 1X PBS before and after application to the
secondary antibody. The membrane was then reacted with the
reagent containing the horseradish peroxidase substrate, and
the emission intensity per dot was detected by chemilumines-
cence. Two types of primary antibodies were used: rpASD1 is
the anti-ASPD antibody, whereas 82E1 is a commercially avail-
able antibody that recognizes the N-terminal part of AB. The
analysis of the similarity between SPA and ASPD was per-
formed as follows. First, the reactivity detected by rpASD1 was
normalized by that detected by 82E1 for each of the SPA and
ASPD samples, with AB amounts of 2.0, 1.0, and 0.5 pmol/dot,
for which a linear relationship between reactivity and amount
of AP was observed in Fig. 5 (¢ and d). Then the ratios of the
normalized reactivities toward SPA and ASPD were obtained
for each AP amount. The average ratio, weighted by the uncer-
tainty, yielded a similarity parameter of 38 = 6%, which shows
that the SPA species is recognized by rpASD1 to a ~40% degree
with respect to the corresponding recognition of ASPD by
rpASD1.

SPA toxicity assay

The Animal Care and Experimentation Committees of the
Foundation for Biomedical Research and Innovation at Kobe
and TAO Health Life Pharma Co. Ltd. approved animal exper-
iments. Primary rat hippocampal cultures at 3.1 X 10* cells/
cm? (96-well plates) were prepared from embryonic day 17
pups and cultured in Neurobasal medium containing B27 sup-
plement, 2.5 uM L-glutamine, and astrocyte condition medium,
as described previously by Hoshi and co-workers (51) At 22
days in vitro, the cultures were stimulated with SPA, fibril, or
ASPD for 44 h, and then the cell viability levels or the cell death
levels were measured using Cell Counting kit-8 (catalog no.
CKO04, Dojindo Molecular Technologies) and calcein-AM (cat-
alog no. C396, Dojindo Molecular Technologies) or using pro-
pidium iodide (catalog no. P378, Dojindo Molecular Technol-
ogies) and the Cell Death Detection ELISAP"* kit (catalog no.
11774425001, Roche Applied Science), respectively, according
to the manufacturer’s instructions. The cell staining area by
calcein or the stained nuclear count by propidium iodide was
quantified using a Yokogawa CQ1 system.
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