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ABSTRACT

Oligomers of the amyloid B (AP) protein play a critical role in the pathogenesis of Alzheimer’s
disease. However, their heterogeneity and lability deter the identification of their tertiary
structures and mechanisms of action. AP trimers, as well as AP dimers, may represent the smallest
aggregation unit with cytotoxicity. Although propeller-type trimer models of E22P-A 40 tethered
by an aromatic linker have recently been synthesized, they unexpectedly exhibited little
cytotoxicity. To increase the flexibility of trimeric propeller-type models, we designed and
synthesized trimer models with an alkyl linker, fert-butyltris-L-alanine (fButA), at position 36 or
38. In addition, we synthesized two parallel-type trimer models tethered at position 38 using alkyl
linkers of different lengths, a,o-di-L-norvalyl-L-glycine (di-nV-Gly) and o,o-di-L-
homonorleucyl-L-glycine (di-hnL-Gly), based on the previously reported toxic dimer model. The
propeller-type E22P,V36/ButA-AB40 trimer (4), which was designed to mimic the C-terminal
anti-parallel B-sheet structures proposed by the structural analysis of 150-kDa oligomers of A42,
and the parallel-type E22P,G38di-nV-Gly-AB40 trimer (6) showed significant cytotoxicity against
SH-SYS5Y cells as well as aggregative ability to form protofibrillar species. In contrast, the
E22P,G38/ButA-AB40 trimer (5) and E22P,G38di-hnL-Gly-AB40 trimer (7) exhibited weak
cytotoxicity though they formed quasi-stable oligomers observed by ion mobility-mass
spectrometry and native polyacrylamide gel electrophoresis. These results suggest that 4 and 6
could have some phase of the structure of toxic AP oligomers with a C-terminal hydrophobic core,
and that the conformation and/or aggregation process rather than the formation of stable oligomers

contribute to the induction of cytotoxicity.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized pathologically by senile plaques consisting mainly of
40- and 42-mer amyloid B proteins (AB40 and AP42, Figure 1A)."? AB42, with two more
hydrophobic amino acid residues at the C-terminal region, is more aggregative and cytotoxic than
AP40.° AB monomers aggregate to form oligomers, protofibrils,* and finally, amyloid fibrils.
Cellular membranes play a significant role in inducing the oligomerization of AB.”® Free lipids
could affect the folding, stabilization, aggregation, and toxicity of AB.”® In addition,
monosialoganglioside GM1 in membrane plays a critical role in AR aggregation.” Membrane
disruption by AR was suggested to be linked to the pathogenesis of AD.'"!" On the other hand,
AP40 and AB42 can co-aggregate to form heterogenous fibrils,'?and other amyloidogenic proteins
such as tau and prion proteins, *additionally, metals'* can also affect the aggregation process of
AB.

It has been widely accepted that soluble oligomeric species including protofibrils of AP rather
than mature A fibrils induce cytotoxicity during AD progression, leading to the loss of
neurons.>'>'® AB oligomers can affect cells by binding to receptors'’ or via oxidative stress
through radicalization.'® Several AB oligomers, such as AB*56," AB-derived diffusible ligands
(ADDLs),” amylospheroid,”’ and protofibrils*** have been reported to be cytotoxic and/or
synaptotoxic. Low molecular weight oligomers, even dimers, are reported to inhibit long-term
potentiation (LTP),*** whereas high molecular weight oligomers may be more cytotoxic than low
molecular weight oligomers.”> AP oligomers are aggregative and are in equilibrium among
various species with different sizes and conformations, which hinders the determination of their
tertiary structure and the mechanism of action of toxic AP oligomers. Furthermore, the
aggregation process itself, rather than certain oligomeric species, could play an important role in
the induction of cytotoxicity.?>*

Structure determination of the transient A} oligomers is critical challenge to understand their
mechanism of action. Recent investigations have revealed some phase of the structures of A}
oligomers using nuclear magnetic resonance (NMR), mass spectrometry, and chemical and
biological methods.””*’ Chemically pure and stable oligomeric models of Ap would also be useful
to investigate the characteristic features of toxic AP oligomers. Although AP dimers could
represent a minimum unit of toxic oligomers,”*° AB trimers could also contribute to the
pathogenesis of AD. Trimerization is suggested to be an important step to form toxic oligomers
as indicated by analysis of brain extracts of transgenic mice'® and chemically synthesized AB40
in vitro.*! Furthermore, trimers inhibit LTP more potently compared with dimers and tetramers.>*
Hitherto, several chemically pure trimer models of AP fragments have been synthesized.**’

Models tethered with a disulfide bond* or with a cyclic peptide’®’” have shown certain



aggregative ability and cytotoxicity. However, such data for full-length AP trimer models are
sparse.

Among the structural assembly of AP trimers, that with the intermolecular parallel -sheet
structure is most commonly observed, as determined by solid-state NMR***' and cryo-electron
microscopy (cryo-EM).*** In contrast, the propeller-type trimer is also possible; Huang and
coworkers found the existence of anti-parallel 3-sheet structures at positions 32—-40 in 150-kDa
oligomers of AP42 by using solid-statt NMR.* Based on this result, they proposed a C;-
symmetric trimeric structure as a rational model. We have recently synthesized quasi-stable Cs-
symmetrical propeller-type trimer models of full-length AB40 according to the proposed
structure.*® Three E22P-AB40 monomers were trimerized with a linker amino acid 1,3,5-
phenyltris-L-alanine (PtA) at position 34, 36, or 38 (1-3, Figure 1B). Proline replacement at
position 22 of AB40 would accelerate the formation of the turn structure at positions 22/23,
increasing its aggregative ability and cytotoxicity compared with wild-type AB40 (WT-AB40).4748
Interestingly, four familial mutations were found at position 22 (E22Q: Dutch, E22K: Italian,
E22G: Arctic, and E22A: Osaka),*** and replacement of L-Glu with D-Glu at the position
stabilized oligomers and increased their cytotoxicity.’'*> Among the three trimer models (1-3), 3
was the only model that exhibited weak cytotoxicity against SH-SY5Y cells.* This research
suggests that these trimer models may not adopt the optimal conformation of toxic AP trimers
possibly because of the poorly flexible structure of the aromatic ring in the linker.

In order to improve the flexibility of the linker, we replaced the benzene ring that binds three
a-amino acid moieties in PtA with a flexible alkyl chain; that is, a Cs-symmetric tert-butyltris-L-
alanine (/ButA, Figure 1C) was developed as reported previously.” In addition, a linear tris-o.-
amino acid, a,a-di-L-homonorleucyl-L-glycine (di-hnL-Gly), for a trimer model with a parallel
B-sheet structure, was synthesized.” In this study, we newly synthesized a linear tris-o-amino
acid, a,a-di-L-norvalyl-L-glycine (di-nV-Gly), which had a spacer shorter than di-hnL-Gly and
corresponding to an L,L-diaminopimelic acid (DAP) linker previously used for the synthesis of a
1,54

toxic dimer mode
with these alkyl linkers at position 36 or 38 of E22P-AB40 (4-7).

This paper reports the synthesis and characterization of the trimer models

RESULTS AND DISCUSSION

Design and Synthesis of Trimer Models Tethered with Linker Amino Acids. Synthesis and
purification of AB42 is more difficult compared with those of AB40 because of its continuous
sequence of bulky hydrophobic residues, Val39, Val40, and Ile41, in the C-terminal region, and

its highly aggregative nature.” Synthesis of trimer models is more challenging even in an AB40



type, as exemplified in the model of 120 residues with a PtA linker.*® Cross-linking at the C-

terminal region of E22P-AB40, a toxic conformer mimetic analog,*’*

could form a hydrophobic
core to induce oligomerization to exhibit cytotoxicity. Based on this consideration, propeller-type
trimer models were designed by tethering E22P-AB40 with a linker amino acid ButA, which is
more flexible than PtA, at position 36 or 38 (4 and 5, Figure 1C). Position 36 is the central residue
in the Cs-symmetric structure of the 150-kDa AB42 aggregate proposed by Huang and
coworkers,* and position 38 is that where the previous trimer model 3 with weak cytotoxicity is
tethered.*

The trimer models of intermolecular parallel B-sheet-types (6 and 7) were designed to mimic
the trimers as substructures of aggregates with intermolecular parallel B-sheet structures proposed
by solid-state NMR and cryo-EM.*** Our previous study on the corresponding dimer models
suggested that a DAP linker of three carbons in the spacer could give a toxic dimer model by
tethering E22P-AB40 at position 38.>* However, an L,L-diaminoazelaic acid (DAZ) linker of five
carbon atoms in the spacer might be more suitable for the formation of intermolecular -sheet
structures as observed in the dimer model at position 30 with a DAZ linker, whose -sheet content
was higher than that of the corresponding dimer model with a DAP linker.** Based on these results,
we designed two linear linker amino acids, di-nV-Gly and di-hnL-Gly, for the trimer models with
intermolecular parallel B-sheets (Figure 1C). The number of methylene carbon atoms between
adjacent a-carbon atoms of amino acid moieties was three for di-nV-Gly and five for di-hnL-Gly,
respectively. The cross-linking position was set at position 38 (6 and 7, Figure 1C).

The linkers were synthesized as Fmoc-protected amino acids for Fmoc solid-phase peptide
synthesis. Tri-Fmoc-7ButA and tri-Fmoc-di-hnL-Gly were synthesized as reported previously.*
Tri-Fmoc-di-nV-Gly was synthesized according to the protocol of tri-Fmoc-di-hnL-Gly in 10
steps (Scheme 1). Two 3-butenyl groups were introduced at the a-position of isocyanide 8 to
afford 9 (66%). Acidic hydrolysis of the isocyanide group and subsequent Cbz protection of a
primary amino group gave a protected amino acid 10 (94% in 2 steps). Ozonolysis of the two
terminal olefines produced a mixture containing dialdehyde and possibly hemiaminal, which was
subjected to Horner-Wadsworth-Emmons reaction conditions without isolation to yield 11 (22%
in 2 steps). Asymmetric hydrogenation of 11 with (S,5)-QuinoxP*-Rh catalyst®® produced 12
(98%, 96%ee, 94%de; Figure S1, Supporting Information), which was converted to di-nV-Gly by
acidic hydrolysis of a tert-butyl ester, alkaline hydrolysis of methyl esters, and subsequent
removal of Cbz groups. Fmoc protection of primary amino groups of di-nV-Gly gave tri-Fmoc-
di-nV-Gly in 62% yield from 12.

With these linker amino acids in hand, we synthesized four trimer models of E22P-AB40 (4—
7) by solid-phase synthesis with a microwave peptide synthesizer.*® One-third equivalent of each

Fmoc-linker amino acid was employed, instead of Fmoc-L-Val at position 36 or Fmoc-L-Gly at



position 38, to reduce the formation of the mono-coupled and/or di-coupled peptides. Each
peptide was extended in a stepwise fashion on preloaded Fmoc-L-Val-PEG-PS resin according to
the synthesizer’s protocol. A coupling reaction of the Cs-symmetric linker, Fmoc-/ButA, was
carried out for 10 min at 75 °C with O-(7-aza-1H-benzotriazol-1-yl)-N,N,N’,N -
tetramethyluronium hexafluorophosphate (HATU)*” and N,N-diisopropylethylamine (DIPEA) in
N,N-dimethylformamide (DMF).

In the synthesis of the intermolecular parallel -sheet-type model 6 using Fmoc-Val Tentagel
R PHB resin under the above linker coupling conditions, many di-coupled peptides were produced.
An extension of the coupling reaction time to 20 min increased production of the desired tri-
coupled peptide from 2.3% to 3.8% after HPLC purification using a C4 column, and the improved
conditions were used for the synthesis of 6 and 7. Finally, the trimer models 4—7 were synthesized
at yields of 1.5%, 1.2%, 0.53%, and 0.80%, respectively, after HPLC purification using C4 and
Cis columns and lyophilization. The purity of each peptide was checked by HPLC analyses
(>98%), and its molecular weight and formula were confirmed by HR-ESI-qTOF-MS

measurements (Figure S2 and S3, Supporting Information).

Cytotoxicity of the Trimer Models against SH-SY5Y Neuroblastoma Cell Lines. The
cytotoxicity of the trimer models 4—7 against human neuroblastoma SH-SYS5Y cell lines was
evaluated with MTT assay. The previous trimer models (2 and 3)* with a C;-symmetric aromatic
linker were also assayed for comparison. After a 24-h incubation with each trimer model or E22P-
AP40 as a positive control, cell viability was measured by quantifying the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) reduced by living cells according to the previously
established protocol.**>* Although MTT assay is commonly used to evaluate cellular metabolic
activity, the results could be affected by various factors such as cell number of seeding,
concentration of MTT reagent, incubation time in the presence of A, serum starvation, and
culture media composition.”® Thus, caution should be used to interpret the data between different
experiments.

Among the propeller-type trimers, the models linked at position 38 (3 and 5) showed weak
cytotoxicity (Figure 2A). This means that substitution with the flexible alkyl linker did not
enhance the cytotoxicity at all when the linker was bound at position 38. In contrast, the propeller-
type trimer model with the alkyl linker at position 36 (4) exhibited significant cytotoxicity, while
the corresponding trimer model with the aromatic linker (2) was almost inactive. Val36 is the
central residue in the C3-symmetric structure proposed by Huang and coworkers.** An increase in
flexibility of the linker at position 36 might have allowed the formation of the proposed tertiary
structure. This indicates that a Cs-symmetric trimeric structure proposed by the analysis of the

150-kDa AB42 oligomers® could be one of the toxic conformations of the AP oligomers.



Unexpectedly, the intermolecular parallel B-sheet-type trimer model with a longer linker of 5
carbon atoms (7) showed little cytotoxicity (Figure 2B). It is quite noteworthy that the cytotoxicity
of the trimer model with a shorter cross-linker of 3 carbon atoms (6) was almost equal to that of
E22P-AB40. This suggests that the shorter the length of the cross-linker, the higher the

cytotoxicity.

Aggregative Ability of the Trimer Models. The aggregative abilities of the trimer models
4-7 were assessed using the fluorescent reagent thioflavin T (Th-T), which binds the B-sheet
structure in AP aggregates.*® Each AB peptide was incubated with Th-T, and the fluorescence was
measured every 10 min over 24 h. WT-APB42 and E22P-AB40 exhibited high fluorescence after a
4- and a 8-h incubation, respectively, suggesting the formation of highly aggregated fibrils (Figure
3A). Among the propeller-type trimer models including the previous models (2-5), only the
fluorescence of 4 with an alkyl linker at position 36 began to increase after a 7-h incubation, while
the other propeller-type trimer models were negative after a 24-h incubation. Huang and
coworkers suggested that the 32—40th residues formed anti-parallel B-sheet structures in the 150-
kDa oligomers of AB42.* Formation of C-terminal anti-parallel B-sheets in 4 could induce its
aggregation to show significant cytotoxicity (Figure 2A). In addition, Cs-symmetric structural
model of AB40 proposed by Tycko and coworkers using solid-state NMR and electron microscopy
could be another possible conformation of 4. Their model has intermolecular B-sheets formed
by 11-22nd and 30-39th residues, and extended to form twisted fibrils with triangular cross-
sections. Since position 36 is close to the center of a C-terminal triangular structure compared to
position 38, 4 might suit for the formation of this Cs-symmetric structure including intermolecular
[B-sheets.

On the other hand, the intermolecular parallel B-sheet-type trimer model with a shorter linker
(6) showed an increase in fluorescence, albeit weakly, soon after the initiation of incubation, while
7 with a longer linker did not (Figure 3B). This suggests that a trimer model with a shorter linker
could easily form a C-terminal hydrophobic core to develop larger aggregates. In accordance with
these results, the corresponding dimer model (E22P,G38DAP-AB40 dimer) formed protofibrils
after a 48-h incubation.**** Stabilizing intermolecular B-sheet structures and growing up to larger
oligomers would be important, as shown in the study reported that tetramers and octamers forming
B-sheets showed cytotoxicity by membrane disruption.®

Transmission electron microscopy (TEM) analysis confirmed the formation of aggregates
(Figure 4). After a 48-h incubation of each peptide in the absence of Th-T, WT-AB42 and E22P-
AP40 formed typical amyloid fibrils. In contrast, protofibrillar aggregates were observed for the
cytotoxic trimer models (4 and 6), while only amorphous aggregates were detected for the less

toxic models (5 and 7). This morphology is in good agreement with the Th-T intensity in Figure



3. In our previous data on several dimer and trimer models, only the cytotoxic models tended to
form protofibrillar aggregates.*®>** However, the morphology of aggregates of 4 was not like
typical fibrils regardless of its positive response in Th-T assay. The aggregation process and/or

the tertiary structure might be different from that of WT-AB42 and E22P-A[340.

Oligomerization of the Trimer Models. We attempted to evaluate the oligomer size of the
trimer models 4-7 by ion mobility-mass spectrometry (IM-MS) (Figure 5). Recently, IM-MS
combined with native ionization techniques and ion mobility spectrometry (IMS) made it possible
to separate each multivalent ion derived from various AB oligomers.®'> The previously reported
trimer models with an aromatic linker at position 36 or 38 (2 and 3) were also measured for
comparison. The two-dimensional heat maps with m/z and drift time after a 4-h incubation are

shown in Figure 5. As reported previously,**>*

a 4-h incubation was required for the definitive
formation of higher molecular weight oligomers. Cross peaks on the maps were assigned to the
series of multivalent ions after deconvolution based on the measured and calculated masses (n =
1, 2, 3, ... of each trimer model denotes trimer, hexamer, nonamer, ..., respectively). The
propeller-type trimer models with an aromatic linker (2 and 3) formed 3-9-mer (» = 1-3) and
3-18-mer (n = 1-6), respectively, which is consistent with previous results.** Among the alkyl-
linked propeller-type trimer models cross-linked at position 36 or 38 (4 and 5), 3—6-mer (n = 1-2)
were detected for 4, while higher molecular weight oligomers (9—18-mer, n = 3—6) were observed
for 5. In contrast, both the intermolecular parallel -sheet-type trimer models (6 and 7) formed
relatively high molecular weight oligomers up to 15-mer (n = 5) and 18-mer (n = 6), respectively.
These results indicate that the trimer models tethered at position 38 tended to form larger
oligomers.

IM-MS could detect up to 20—30-mer oligomers, but peaks greater than 30-mer could not be
identified because of their weak intensity as reported previously.*>*® We then performed
polyacrylamide gel electrophoresis (PAGE) under nondenaturing conditions to assess
oligomerization of the trimer models beyond the range detectable by IM-MS (Figure 6). After a
24-h incubation, little bands ascribable to oligomers were detected in WT-AB42 and E22P-AB40
that formed typical fibrils and exhibited significant cytotoxicity.*’ The propeller-type trimer
model 4 showed a band of over 1000 kDa along with few bands corresponding to oligomers after
a 24-h incubation, suggesting that 4 could form over 30-mer aggregates that could not be
identified by IM-MS. A similar pattern was observed for the intermolecular parallel -sheet-type
trimer model 6. It is quite noteworthy that 4 and 6 exhibited significant cytotoxicity against SH-
SYS5Y cells (Figure 2).

In contrast, strong smears ranging from ca. 50—700 kDa were detected for the trimer models

5 and 7. As shown in Figure 2, cytotoxicity of 5 and 7 were extremely weak. This indicates that



the ability to form quasi-stable oligomers less than 30-mer could not correlate to the cytotoxicity.
The ability to form larger aggregates over 700 kDa (ca. 150-mer) would be more important to

induce cytotoxicity.

CONCLUSIONS

In summary, we synthesized two types of trimer models of E22P-A 40, the propeller-type trimer
models (4 and 5) and the intermolecular parallel B-sheet-type models (6 and 7), tethered by
flexible alkyl linkers at position 36 or 38 based on the recent structural studies on AP aggregates
(Figure 1). Their biological and physicochemical properties were quite different from each other.
The propeller-type trimer model that mimicked the anti-parallel B-sheet at the C-terminal region
of 150-kDa oligomers of AB42 (4)* formed protofibrillar aggregates to exhibit significant
cytotoxicity (Figure 2), suggesting that 4 could become one of the toxic trimer models. These
results also suggest that the flexible linker can make the model adopt a toxic conformation.

On the other hand, only the trimer model of the intermolecular parallel B-sheet-type with a
shorter linker (6) formed protofibrillar aggregates to exhibit significant cytotoxicity, while the
model with a longer linker (7) remained as globular aggregates of less than 50-mer, and was not
as cytotoxic as 6. The linker length between each E22P-AB40 of 6 is the same as that of a dimer
model at position 38 with a DAP linker, which exhibited significant cytotoxicity comparable to
that of the E22P-AB40 monomer.>* These results suggest that the length of the linker is quite
important to make the model adopt a toxic conformation and to afford toxic oligomers. Further
study is needed to optimize the length of the linker to develop an ideal trimer model with
intermolecular parallel B-sheets. Shorter linkers have an advantage in the formation of
hydrophobic core to form larger aggregates. In both propeller- and parallel-type trimer models,
the formation of an aggregation core at the C-terminal region would play an important role in
aggregation to induce cytotoxicity. Since APB42, unlike AB40, is hypothesized to form the C-
terminal hydrophobic core by radicalization,** cross-linking at the appropriate C-terminal position
of AB40 could make its aggregative ability similar to AB42.

Although the trimer models 5 and 7 formed quasi-stable oligomers detected by IM-MS and
PAGE under nondenaturing conditions, they were not as cytotoxic as 4 and 6. This indicates that
the formation of stable oligomers is not always necessary for cytotoxicity, and that the
conformation of AP in toxic oligomers could be one of the critical factors. The importance of the
conformation rather than the oligomer size in cytotoxicity has also been suggested by recent
studies using sonicated AP42 fibrils,”> the chiral mutant library of AP42,°6” and fixed-
conformation analogs of AB42 with an intramolecular disulfide bond.* Moreover, the aggregative

process could be another possible contributor to the pathogenesis of AD. Nucleated



polymerization is reported to induce cytotoxicity.”*® The trimer models 4 and 6 formed
protofibrillar species, which could be the seeds for further aggregation.

This study showed that 4 and 6 could be useful as toxic trimer models. We are planning to
produce antibodies against these trimer models, which might contribute to AD diagnosis and/or
therapeutics in its early stage. However, caution should be used since they function in
heterogeneous conditions with metals, membranes, and proteins. Interactions between the models

and other constituents of the biological environment should be considered in further investigations.

MATERIALS AND METHODS

General remarks. Analytical thin-layer chromatography was performed with TLC Silica gel 60 Fas4
(Merck, Darmstadt, Germany). Silica gel column chromatography was carried out with Wakogel C-200
(Wako Pure Chemical Industries, Osaka, Japan) or Chromatorex BW-300 (Fuji Silica Chemical, Aichi,
Japan). Preparative HPLC was performed with a model 600E with a model 2487 UV detector (Waters,
Milford, MA, USA). Gel permeation chromatography was performed with a LaboACE LC-5060 with a
JAIGEL-1HR+2HR column, a UV-Vis 4ch 800LA UV/Visible detector, and an RI-700LA differential
refractometer (Japan Analytical Industry, Tokyo, Japan). Proton nuclear magnetic resonance ('"H NMR)
spectra were recorded on an AVANCE III 500 (Bruker, Germany) at 500 MHz. Chemical shifts were
reported relative to MesSi (8 0.0) in CDCls, and residual solvent of CD3OD (6 3.31) and D,O (6 4.79).
Multiplicity is indicated by one or more of the following: s (singlet); d (doublet); t (triplet); m (multiplet);
br (broad). Carbon nuclear magnetic resonance ('*C NMR) spectra were recorded on an AVANCE III 500
(Bruker, Germany) at 126 MHz. Chemical shifts were reported relative to CDCl; (& 77.0) and CD;0D (6
49.0). Infrared spectra were recorded on a FT/IR-470 Plus Fourier-transform infrared spectrometer (Jasco,
Tokyo, Japan). Specific rotations were recorded on a P-2200 digital polarimeter (Jasco, Tokyo, Japan).
Low- and high-resolution mass spectra were recorded on a JMS700 mass spectrometer (JEOL, Tokyo,
Japan) for FAB-MS (matrix, m-nitrobenzyl alcohol). The trimer models were synthesized using an
Initiator+ Alstra peptide synthesizer (Biotage, Uppsala, Sweden). Analytical HPLC was performed with a
Waters model 1525 binary HPLC pump with a model 2489 UV/Visible detector and EmpowerTM3
software (Waters, Milford, MA, USA). HR-ESI-qTOF-MS spectra were recorded on a Waters Xevo G2-S
qTOF (Waters, Milford, MA, USA). Absorbance and Fluorescence on microplates were recorded on
microplate readers, Multiskan FC and Fluoroskan Ascent (Thermo Fisher Scientific, Waltham, MA, USA).
Transmission electron microscopic observation was carried out with a JEM-1400 transmission electron
microscope (JEOL, Tokyo, Japan). HPLC was carried out on YMC PROTEIN-RP column (20 mm L.D. x
150 mm, 5 um, YMC, Kyoto, Japan) and XBridge Peptide BEH C18 OBD™ Prep Column (10 mm L.D. x
250 mm, 300 A, 5 um, Waters, Milford, MA, USA).

Materials for synthesis of tri-Fmoc-di-nV-Gly were obtained from Tokyo Chemical Industry (Tokyo,
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Japan), Sigma-Aldrich (St. Louis, MO, USA), FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan),
Nacalai Tesque (Kyoto, Japan), and other commercial suppliers and used without further purification.
HATU,>” CH,Cl,, and NH4OH (25%) were purchased from FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). DIPEA and Fmoc-L-Val-PEG-PS resin were purchased from Applied Biosystems (Foster
City, CA, USA). DMF, trifluoroacetic acid (TFA), m-cresol, 1,2-ethanedithiol, thioanisole, and diethyl ether
(peroxide free) were purchased from Nacalai Tesque (Kyoto, Japan). Piperidine was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fmoc amino acids were purchased from Applied Biosystems (Foster City,
CA, USA), Watanabe Chemical Industries (Hiroshima, Japan), Merck (Kenilworth, NJ, USA), or
PerSeptive Biosystems (Framingham, MA, USA).

Synthesis of Tri-Fmoc-di-nV-Gly. Compound 9. To a suspension of NaH (60%) (1.38 g, 34.5 mmol)
in dry Et,O/dry DMSO (100 mL/5 mL) was added 8 (1.40 g, 9.94 mmol) dropwise under an argon
atmosphere at room temperature. The mixture was stirred for 30 min. 4-Bromo-1-butene (3.35 g, 24.8
mmol) was added and the reaction mixture was stirred at room temperature overnight. Ten mL of H,O was
added dropwise to the reaction mixture at room temperature. The two layers were separated, and the
aqueous layer was extracted with Et,O 3 times. The organic layers were washed with brine, dried over
Na,SOs, filtered, and concentrated. The crude product was purified by silica gel column chromatography
(hexane/Et,O = 1/0 to 9/1) to afford 9 (1.65 g, 66%) as a pale yellow oil. 'H NMR: (500 MHz, CDCl;,
0.079 M): & 5.78 (ddt, J=17.0, 10.3, 6.5 Hz, 2H), 5.10-5.06 (m, 2H), 5.03-5.01 (m, 2H), 2.38-2.30 (m,
2H), 2.09-1.96 (m, 4H), 1.84 (ddd, J = 13.3, 12.6, 4.6 Hz, 2H), 1.51 (s, 9H) ppm; *C NMR: (126 MHz,
CDCls, 0.079 M): 6 167.3, 159.0, 136.2 (2C), 116.0 (2C), 83.8, 68.1, 38.4 (2C), 28.3 (2C), 27.8 (3C) ppm;
IR (neat on KBr plate): vimax 3081, 2979, 2933, 2856, 2136, 1748, 1644, 1370, 1148, 916, 843 cm™!; HRMS
(FAB): m/z caled for CisH24NO,: 250.1807 [M+H]"; found: 250.1810.

Compound 10. Isocyanide 9 (1.53 g, 6.13 mmol) was dissolved in EtOH (60 mL) containing 12 M
aqueous HCI solution (0.5 mL) and the resulting mixture was stirred for 1 h at room temperature. The
solvent was removed under reduced pressure and the remaining oil was taken up in toluene (30 mL). The
mixture was cooled to 0 °C, and CbzCl (3.12 g, 18.29 mmol) and 2 M aqueous Na,COs solution (15 mL)
were added. The reaction mixture was stirred at room temperature for 3 h. The two layers were separated,
and the aqueous layer was extracted with EtOAc 3 times. The organic layers were washed with 0.1 M
aqueous HCI solution and saturated aqueous NaHCO; solution, dried over Na;SOs, filtered, and
concentrated. The crude product was purified by silica gel column chromatography (hexane/Et,O = 1/0 to
9/1) to afford 10 (2.14 g, 94% for 2 steps) as a colorless oil. 'H NMR: (500 MHz, CDCl;, 0.079 M): &
7.38-7.28 (m, 5H), 5.90 (s, 1H), 5.75 (ddt, J = 16.7, 10.0, 6.7 Hz, 2H), 5.07 (s, 2H), 4.98-4.95 (m, 2H),
4.93-4.90 (m, 2H), 2.48-2.42 (m, 2H), 2.08—1.99 (m, 2H), 1.81-1.73 (m, 4H), 1.48 (s, 9H) ppm; *C NMR:
(126 MHz, CDCls, 0.079 M): 8 172.5, 153.8, 137.7 (2C), 136.8, 128.5 (2C), 128.0, 127.8 (2C), 114.9 (2C),
82.5,66.1, 63.6,34.9 (2C), 28.5 (2C), 27.9 (3C) ppm; IR (neat on KBr plate): vimax 3418, 3077, 2977, 2940,
1718, 1642, 1496, 1158, 912, 697 cm™'; HRMS (FAB): m/z caled for C2oH3pNO4: 374.2331 [M+H]*; found:
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374.2335.

Compound 11. A solution of 10 (1.05g, 2.80 mmol) in CH,Cl, (30 mL) was cooled to =78 °C. The
solution was bubbled with O3 until the color of it turned blue (12 min). Excess ozone was removed from
the reaction mixture by purging with O, for 5 min. To the mixture was added Ph;P (2.21 g, 8.43 mmol) at
—78 °C. The reaction mixture was stirred at =78 °C for 10 min and warmed to 0 °C with stirring for an
additional 2 h. The reaction mixture was washed with water, and the aqueous layer was extracted with
CHCI; 3 times. The combined organic layers were washed with brine, dried over Na,SQ,, filtered, and
concentrated. The crude product was purified by silica gel column chromatography (hexane/EtOAc = 4/1
to 1/1) to afford a mixture containing dialdehyde as a colorless oil. To a solution of (Z)-a-phosphonoglycine
trimethyl ester (1.63 g, 4.91 mmol) in CH,Cl, (8 mL) was added DBN (624 mg, 5.02 mmol). The mixture
was stirred at 0 °C for 10 min, to which a solution of the above mixture containing dialdehyde in CH,Cl,
(12 mL) was then added slowly at 0 °C. The reaction mixture was gradually warmed to room temperature
with stirring overnight and was washed with 1 M aqueous HCI solution. The aqueous layer was further
extracted with EtOAc 3 times. The organic layers were washed with brine, dried over Na,SOyg, filtered, and
concentrated. The crude product was purified by silica gel column chromatography (hexane/EtOAc = 13/7
to 3/2). The fractions containing 11 were concentrated and further purified by gel permeation
chromatography (CHCI;) to afford 11 (488 mg, 22% for 2 steps) as a colorless oil. 'H NMR: (500 MHz,
CDCls, 0.035 M): 6 7.36—7.27 (m, 15H), 6.55 (t, J=7.4 Hz, 2H), 6.29 (br s, 2H), 5.92 (s, 1H), 5.09 (s, 4H),
5.00 (s, 2H), 3.71 (s, 6H), 2.46-2.41 (m, 2H), 2.21-2.12 (m, 2H), 2.07-2.00 (m, 2H), 1.91-1.85 (m, 2H),
1.42 (s, 9H) ppm; *C NMR: (126 MHz, CDCls, 0.035 M): & 171.8, 164.9 (2C), 154.3, 154.1 (2C), 136.4,
136.2 (2C), 135.9 (2C), 128.54 (4C), 128.50 (2C), 128.3 (2C), 128.2 (4C), 128.0, 127.8 (2C), 125.9 (2C),
83.2, 67.4 (2C), 66.5, 63.4, 52.4 (2C), 34.1 (2C), 27.8 (3C), 23.4 (2C) ppm; IR (neat on KBr plate): Vmax
3329,3033,2962, 1714, 1660, 1504, 1260, 1063, 799, 698 cm™'; HRMS (FAB): m/z calcd for C4,HsoN3O12:
788.3394 [M+H]"; found: 788.3391.

Compound 12. A solution of [Rh(cod),]BF4 (5.2 mg, 12.8 pmol) and (S,S)-QuinoxP* (5.6 mg, 16.7
pmol) in degassed MeOH (1 mL) was stirred vigorously at room temperature under nitrogen atmosphere.
After 35 min, additional degassed MeOH (4 mL) was added to the mixture. Compound 11 (407 mg, 516
pmol) was charged in a hydrogenation bottle. After the bottle was evacuated and filled with hydrogen
several times, the catalyst solution was added. The hydrogen pressure was adjusted to 4 atm, and the mixture
was stirred vigorously overnight at room temperature. The reaction mixture was concentrated, and the crude
product was purified by silica gel column chromatography (hexane/EtOAc = 7/3 to 3/2) to afford 12 (399
mg, 98%) as a colorless oil; ee and de were determined by HPLC (Daicel CHIRAL CEL OD-RH, A =254
nm, CH;CN/H,0 = 11/9, 0.5 mL/min, 96% ee, 94% de). [a]p® +12.8 (¢ = 1.05, CHCl5); 'H NMR: (500
MHz, CDCls, 0.020 M): 8 7.37-7.27 (m, 15H), 5.86 (s, 1H), 5.24 (d, /= 8.2 Hz, 1H), 5.20 (d, /= 7.9 Hz,
1H), 5.11-5.08 (m, 4H), 5.04-5.03 (m, 2H), 4.35-4.28 (m, 2H), 3.693 (s, 3H), 3.689 (s, 3H), 2.34-2.25 (m,
2H), 1.82-1.74 (m, 2H), 1.72-1.57 (m, 4H), 1.41 (s, 9H), 1.37-1.23 (m, 2H), 1.10-0.97 (m, 2H) ppm; *C
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NMR: (126 MHz, CDCl3, 0.020 M): 6 172.8, 172.7, 172.1, 155.8 (2C), 153.9, 136.6, 136.2 (2C), 128.51
(4C), 128.49 (2C), 128.17, 128.16, 128.1 (4C), 128.0, 127.8 (2C), 82.7, 67.0 (2C), 66.2, 63.7, 53.7, 53.6,
52.3(2C), 35.2,35.0,32.4,32.3,27.7 (3C), 19.8, 19.6 ppm; IR (neat on KBr plate): vinax 3345, 3033, 2953,
2868, 1714, 1503, 1215, 1065, 698 cm™!; HRMS (FAB): m/z caled for C4oHsaN3O12: 792.3707 [M+H]*;
found: 792.3711.

Tri-Fmoc-di-nV-Gly. To a solution of 12 (364 mg, 460 umol) in CH>Cl, (4.5 mL) was added TFA (4.5
mL) at room temperature. The mixture was stirred for 2 h. The volatile component in the reaction mixture
was removed under reduced pressure. The residue was reconstituted in Et;O and washed with saturated
aqueous NH4Cl solution. The aqueous layer was further extracted twice with Et;O. The combined organic
layers were dried over Na,SOs, filtered, and concentrated. Residual solvent was removed by azeotropic
drying with pentane to afford monocarboxylic acid as a colorless oil. To a solution of the monocarboxylic
acid in MeOH (15 mL) was added 2 M aqueous NaOH solution (2.30 mL). The reaction mixture was stirred
at room temperature for 2 h. The volatile component in the reaction mixture was removed under reduced
pressure. The residual water layer was adjusted to a pH of 1 using 1 M aqueous HCI solution and extracted
with EtOAc 3 times. The organic layers were washed with brine and dried over Na,SOj. Filtration and
concentration afforded a crude tricarboxylic acid as a white solid. To a solution of the tricarboxylic acid in
MeOH (15 mL) was added Pd/C (10 wt%, 88.5 mg). The reaction mixture was stirred overnight under a
hydrogen atmosphere at room temperature. The reaction mixture was filtered through celite and washed
with H,O to afford di-nV-Gly as a white solid. 'H NMR: (500 MHz, D,0, 0.017 M): & 3.86 (t, J= 5.9 Hz,
1H), 3.81 (t, J = 6.4 Hz, 1H), 1.97-1.81 (m, 8H), 1.62-1.53 (m, 1H), 1.50-1.42 (m, 1H), 1.41-1.29 (m,
2H) ppm; *C NMR: (126 MHz, D-0, 0.017 M): § 174.9, 173.73, 173.68, 64.4, 54.0, 53.7, 35.7,35.3,30.3,
30.0, 19.3, 18.7 ppm.

To a suspension of di-nV-Gly in HyO/acetone (5 mL/5 mL) were added Fmoc-OSu (498 mg, 1.48 mmol)
and Na,COs3 (273 mg, 2.58 mmol) at 0 °C. The reaction mixture was gradually warmed to room temperature
with stirring overnight. The reaction mixture was adjusted to a pH of 2 using 1 M aqueous HCI solution
and extracted 3 times with EtOAc. The organic layers were washed with brine, dried over Na,SOy, filtered,
and concentrated. The crude product was purified by silica gel column chromatography (hexane/EtOAc =
2/1 to 1/2, 1% acetic acid). The central amino group of the product could not be protected. The compound
was suspended in H>O/acetone (5 mL/5 mL), and Fmoc-OSu (221 mg, 654 umol) and Na,CO; (282 mg,
2.64 mmol) were added at 0 °C. The reaction mixture was gradually warmed to room temperature with
stirring overnight. The reaction mixture was adjusted to a pH of 1 using 1 M aqueous HCI solution and
extracted 3 times with EtOAc. The organic layers were washed with brine, dried over Na,SOy, filtered, and
concentrated. The crude product was purified by silica gel column chromatography (hexane/EtOAc = 7/3
to 3/7, 1% acetic acid) and HPLC (YMC Pack ODS-A No0.2015000608, A = 254 nm, CH3;CN/H,0 = 7/3,
0.1% TFA, 8.0 mL/min, retention time 19.4 min) to afford tri-Fmoc-di-nV-Gly (278 mg, 62% for 4 steps)
as a white solid. [a]p?® +23.4 (¢ = 1.15, CHCl3); 'H NMR: (500 MHz, CD3OD, 0.013 M): § 7.80—7.56 (m,
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12H), 7.41-7.22 (m, 12H), 4.34-3.92 (m, 11H), 2.22—0.82 (m, 12H) ppm; *C NMR: (126 MHz, CD;0D,
0.013 M): 6 176.5, 175.9 (2C), 158.7 (2C), 156.3, 145.2 (6C), 142.5 (6C), 128.7 (6C), 128.1 (6C), 126.3
(6C), 120.9 (6C), 68.1, 68.0, 67.4, 64.0, 55.2, 55.0, 48.3 (3C), 35.7, 35.5, 32.63, 32.57, 21.7, 21.4 ppm; IR
(neat on KBr plate): vimax 3399, 3326, 3067, 3019, 2952, 2591, 1715, 1516, 1450, 1337, 1218, 1802, 741
cm™!; HRMS (FAB): m/z caled for Cs7Hs4N3O12: 972.3707 [M+H]"; found: 972.3716.

Synthesis and Preparation of Ap Peptides. The E22P-AB40 trimer models were synthesized in a
stepwise fashion on 0.1 mmol of preloaded Fmoc-L-Val-PEG-PS (loading: 0.18 mmol/g) resin by Initiator+
Alstra (Biotage) using the Fmoc method as reported previously.*® Each coupling reaction was carried out
using each Fmoc amino acid (0.4 mmol, 0.5 M in DMF), HATU (0.4 mmol, 0.5 M in DMF), and DIPEA
(0.8 mmol, 1.0 M in DMF) for 5 min at 75 °C with microwave irradiation. The coupling reaction of histidine
was carried out for 10 min at 50 °C to avoid racemization. The coupling reaction of tri-Fmoc-/ButA was
carried out for 10 min at 75 °C. The coupling reactions of tri-Fmoc-di-nV-Gly and tri-Fmoc-di-hnL-Gly
were carried out for 20 min at 75 °C. After each coupling reaction, the N-terminal Fmoc group was
deblocked with 20% piperidine in DMF. The one-third molar equivalent of each trimer linker (0.033 mmol)
was employed instead of Fmoc-L-Val at position 36 or Fmoc-L-Gly at position 38 in order to avoid
formation of the mono-coupled and/or di-coupled peptides.

After the completion of chain elongation followed by Fmoc deblocking, the resultant peptide resin,
washed with DMF and CH»Cl,, was shaken for 2 h at room temperature in a mixture containing TFA (16
mL), m-cresol (0.4 mL), 1,2-ethanedithiol (1.2 mL), and thioanisole (2.4 mL) for final deprotection and
cleavage from the resin. Each crude peptide was precipitated by diethyl ether at 4 °C, followed by
purification using HPLC on a YMC PROTEIN-RP column with elution at 8.0 mL/min by an 80-min linear
gradient (curve 6) of 20—60% CH3CN containing 0.1% TFA. Subsequent purification was carried out using
XBridge Peptide BEH C18 OBD™ Prep Column with elution at 3.0 mL/min by a 40-min linear gradient
(curve 6) of 20-40% CH3CN containing 0.1% TFA for 4 and 5, at 5.5 mL/min by a 60-min exponential
gradient (curve 8) of 30-60% CH3CN containing 0.1% TFA for 6, or at 5.5 mL/min by a 60-min exponential
gradient (curve 7) of 30-50% CH3CN containing 0.1% TFA for 7. Lyophilization produced each peptide,
the purity of which was checked by HPLC (>98%, Figure S2). Molecular weights and formulae were
confirmed by HR-ESI-qTOF-MS measurements (Figure S3).

MTT Assay. MTT assay was carried out using the method reported previously.*>** A human
neuroblastoma SH-SYSY cell line (ATCC, Manassas, VA, USA) was maintained in a 1:1 mixture of Eagle’s
minimum essential medium and Ham’s F12 medium (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) containing 10% fetal bovine serum (Biological Industries, Beit Heamek, Israel) and 1% MEM non-
essential amino acid (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Each A} was dissolved
in 0.15% NH4OH to give a 110 uM stock solution, which was diluted with 0.15% NH4OH to appropriate
concentrations (11 and 36 uM), and each 10 pL aliquot was subsequently added to 100 uL of the culture

medium containing near-confluent cells (2 x 10* cells/well) to give final concentrations, 1, 3.3, and 10 uM.
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After being treated at 37 °C for 24 h, 15 pL/well of Dye solution in CellTiter 96® Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI, USA) was added to the cells, followed by a 4-h incubation at
37 °C. The solubilization/stop solution (100 pL/well) was subsequently added to the cells. Next, the
resultant cell lysate was incubated overnight in the dark at room temperature before performing
measurements at 570 nm using a microplate reader (Multiskan FC, Thermo Fisher Scientific). Absorbance
obtained by the addition of vehicle (0.15% NH4OH) was taken as 100%.

Thioflavin-T (Th-T) Assay. The aggregative ability of each A was assessed by Th-T fluorescence
assay.>® Th-T fluorescence was measured automatically based on the previously described procedure®3-68:69
with slight modifications. For instance, 390 puL of 50 mM sodium phosphate and 100 mM NaCl was
aliquoted into a 1.5 mL tube, and 10 uL of 1 mM Th-T solution in distilled water was added. Each A} was
dissolved with 0.15% NH4OH and adjusted to the desired concentration. One hundred pL of each A
solution was added to the tube so as to become the final desired concentration (WT-AB42: 10 uM, E22P-
APB40: 20 puM, trimer models 2—7: 6.7 uM). Each solution was aliquoted into a 96-well black plate and
fluorescence was measured automatically every 10 min at 430 nm excitation and 485 nm emission using a
microplate reader (Fluoroskan Ascent, Thermo Fisher Scientific). For each assay, a vehicle control without
AP solution was subtracted as blank to calculate substantial fluorescence.

Transmission Electron Microscopy (TEM) Analysis. The aggregates of each AP solution (WT-Ap42,
E22P-AB40: 25 puM, trimer models 4-7: 8.3 uM) in 50 mM sodium phosphate and 100 mM NaCl (pH 7.4)
after a 48-h incubation were examined under a transmission electron microscope (JEM-1400, JEOL) based
on the previously described procedure.*®>* After each AP aggregate was centrifuged (4 °C, 15,000 rpm, 10
min), the supernatant was removed from the pellet. The resultant pellet was centrifuged (4 °C, 15,000 rpm,
10 min) again, and resuspended in water (WT-AB42, E22P-AB40: 100 pL, trimer models 4—7: 50 pL) using
avortex for 1 min. Following this, the sample was spun down (room temperature, 6,000 rpm, 0.5 min). The
sample suspension (15 pL) was applied to a 400-mesh carbon-coated cooper grid (thickness: 15-20 nm;
Veco, Eerbeek, Nethrelands), allowed to incubate for 5 min, and negatively stained twice with 2% uranyl
acetate (Merck, Kenilworth, NJ, USA). Stained samples were subsequently subjected to TEM.

Ion Mobility-Mass Spectrometry (IM-MS). IM-MS was measured using the method reported
previously.*3* Each trimer model (2—7) was dissolved in 0.2% NHsOH at 80 uM, followed by a 10-fold
dilution with 25 mM ammonium acetate before incubation for 4 h at 37 °C. The incubated sample (8 uM)
was centrifuged for 5 min at 18,000 g before infusion into the MS apparatus using a glass capillary
(Nanoflow Probe Tip, Waters, Milford, MA, USA). Mass spectra and ion mobility experiments were
conducted on SYNAPT XS HDMS (Waters, Milford, MA, USA) using a nano-electrospray as an ionization
source. The instrument was operated in negative ion mode with a capillary voltage of 0.7-1.0 kV, a sample
cone voltage of 150 V, and a source temperature of 50 °C. For the ion mobility measurement, nitrogen gas
was used in the ion mobility cell, and the cell pressure was maintained at approximately 2.83 mbar with a

wave velocity of 650 m/s and a wave height of 40 V. Data acquisition and processing were performed with

15



MassLynx (V4.2) and DriftScope (V3.0) software supplied with the instrument. The Csl cluster ions were
used for m/z scale as a calibrator.

Nondenaturing PAGE. A[ aggregates under nondenaturing conditions were observed using
nondenaturing PAGE based on a previously described procedure” with slight modifications. AP peptides
prepared at 400 uM in DMSO were diluted to make final concentrations (WT-AB42, E22P-AB40: 2 uM,
trimer models 4—7: 0.67 uM) in phosphate-buffered saline (PBS: 137 mM NaCl, 8.1 mM Na,HPO,, 2.68
mM KCl, 1.47 mM KH,POy4, pH 7.4) in protein LoBind tubes. The samples were incubated at 37 °C for 24
h. Then 7.5 pL of each sample mixed with 2.5 pL of NativePAGE 4x sample buffer (Thermo Fisher,
Waltham, MA, USA) and 3.75 pL of NativeMark unstained protein standard (Thermo Fisher, Waltham,
MA, USA) mixed with 1.25 uL of NativePAGE 4x sample buffer were loaded onto a NativePAGE 4-16%,
Bis-Tris gel (Thermo Fisher, Waltham, MA, USA), and electrophoresed for 30 min at 150 V using the dark
blue running buffer of the manufacturer. At that time, proteins had migrated through a third of the gel length,
and buffer was then exchanged for light blue running buffer. The gel was further electrophoresed at 250 V
for 60 min. After electrophoresis, proteins were transferred to PVDF membrane (Immobilon-P, Merck
Millipore, Burlington, MA, USA). Membranes were blocked in 5% skim milk dissolved in Tris-buffered
saline with 0.1% Tween 20 (TBST: 20 mM Tris-HCIL, pH 7.4, 150 mM NaCl, 0.1% Tween 20) for 1 h at
room temperature. Membranes were incubated with 82E1 antibody’! at 0.3 pug/mL in blocking buffer for
16 h at 4 °C. On the following day, membranes were washed for 10 min x 3 with TBST and incubated for
1 h in HRP-labeled anti-mouse immunoglobulin G (IgG) (Thermo Fisher, Waltham, MA, USA) at 1:5000
in TBST. Membranes were washed for 10 min x 3 with TBST and exposed to Chemi-Lumi One
chemiluminescent substrate (Nacalai Tesque, Kyoto, Japan). The chemiluminescent signal was recorded

with ImageQuant LAS 500 (GE Healthcare, Chicago, IL, USA).

ASSOCIATED CONTENT
Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:
XXXXXXX.

"H and '*C NMR spectra of new compounds; HPLC profiles for ee and de determination of compound
12; HPLC profiles for purity check and ESI-qTOF-MS data of AB40 trimers (4—7); projection of 2D spectra
of 2—7 in Figure 5 in the main text on the mass spectra axis; the calculated and observed masses of 2—7 in

Figure 5 in the main text (PDF).

AUTHOR INFORMATION
Corresponding Author

Kazuhiro Irie — Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto
University, Kyoto 606-8502, Japan; orcid.org/0000-0001-7109-8568; Phone: +81-75-753-6281; Email:

16



irie.kazuhiro.2z@Xkyoto-u.ac.jp; Fax: +81-75-753-6284

Authors

Ayumi Uchino — Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto
University, Kyoto 606-8502, Japan

Yumi Irie — Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto
University, Kyoto 606-8502, Japan

Chihiro Tsukano — Division of Food Science and Biotechnology, Graduate School of Agriculture,
Kyoto University, Kyoto 606-8502, Japan

Taiji Kawase — Nihon Waters K. K., Tokyo 140-0001, Japan

Kenji Hirose — Nihon Waters K. K., Tokyo 140-0001, Japan

Yusuke Kageyama — Molecular Neuroscience Research Center, Shiga University of Medical Sciences,
Shiga 520-2192, Japan

Ikuo Tooyama — Molecular Neuroscience Research Center, Shiga University of Medical Sciences,
Shiga 520-2192, Japan; orcid.org/0000-0001-8504-9666

Ryo C. Yanagita — Department of Applied Biological Science, Faculty of Agriculture, Kagawa
University, Kagawa 761-0795, Japan

Author Contributions

K.I. designed the project. A.U. and K.I. analyzed and interpreted the experiments. A.U. synthesized the
trimer linkers under the guidance of C.T. A.U. synthesized the trimer models under the guidance of K.I. and
Y.I. A.U. performed the Th-T and TEM analysis. Y.I. performed the MTT assay and nondenaturing PAGE
analysis. T.K. and K.H. performed the IM-MS measurements. Y.K. and I.T. supervised the nondenaturing
PAGE. R.C.Y. performed the molecular modeling of analogs 3 and 4. A.U. and K.I. drafted the manuscript,

and K.I., C.T. and L.T. reviewed the manuscript.

Funding
This work was supported by JSPS KAKENHI [Grant Number 19H00921] to K.I. and I.T.

Notes
The authors declare that this research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

ACKNOWLEDGMENTS
The authors thank Dr. Tatsuya Awano and Professor Junji Sugiyama at the Graduate School of

Agriculture, Kyoto University for TEM measurements. The authors are grateful to Professor Masaya Nagao

17



and Dr. Katsutoshi Nishino at the Graduate School of Biostudies, Kyoto University for chemiluminescence
measurements, and Dr. Tsuneo Imamoto at Nippon Chemical Industrial Co. Ltd for providing the catalyst,

(S,9)-QuinoxP*.

ABBREVIATIONS

AD, Alzheimer’s disease; AP, amyloid B; di-hnL-Gly, a,a-di-L-homonorleucyl-L-glycine; di-nV-Gly, oo~
di-L-norvalyl-L-glycine; DAP, L,L-2,6-diaminopimelic acid; DAZ, L,L-2,8-diaminoazelaic acid; IM-MS,
ion mobility-mass spectrometry; NMR, nuclear magnetic resonance; PAGE, polyacrylamide gel
electrophoresis; PtA, 1,3,5-phenyltris-L-alanine; 7ButA, tert-butyltris-L-alanine; TEM, transmission

electron microscopy; Th-T, thioflavin-T.

18



REFERENCES

(1

@)

3)

“)

)

(6)

™)

®)

©

(10)

(11)

(12)

Glenner, G. G.; Wong, C. W. Alzheimer's disease: initial report of the purification and characterization
of a novel cerebrovascular amyloid protein. Biochem. Biophys. Res. Commun. 1984, 120, 885-890.
Masters, C. L.; Simms, G.; Weinman, N. A.; Multhaup, G.; McDonald, B. L.; Beyreuther, K. Amyloid
plaque core protein in Alzheimer disease and down syndrome. Proc. Natl. Acad. Sci. U. S. A. 1985,
82, 4245-4249.

Jarrett, J. T.; Berger, E. P.; Lansbury, P. T. Jr. The carboxy terminus of the B amyloid protein is critical
for the seeding of amyloid formation: implications for the pathogenesis of Alzheimer’s disease.
Biochemistry 1993, 32, 4693—-4697.

Walsh, D. M.; Lomakin, A.; Benedek, G. B.; Condron, M. M.; Teplow, D. B. Amyloid B-protein
fibrillogenesis: detection of a protofibrillar intermediate. J. Biol. Chem. 1997, 272, 22364-22372.
Nguyen, P. H.; Ramamoorthy, A.; Sahoo, B. R.; Zheng, J.; Faller, P.; Straub, J. E.; Dominguez, L.;
Shea, J.-E.; Dokholyan, N. V., Simone, A. D.; et al. Amyloid oligomers: a joint
experimental/computational perspective on Alzheimer's disease, Parkinson's disease, type II diabetes,
and amyotrophic lateral sclerosis. Chem. Rev. 2021, 121, 2545-2647.

Kotler, S. A.; Walsh, P.; Brender, J. R.; Ramamoorthy, A. Differences between amyloid-3 aggregation
in solution and on the membrane: insights into elucidation of the mechanistic details of Alzheimer’s
disease. Chem. Soc. Rev. 2014, 43, 6692—-6700.

Korshavn, K. J.; Satriano, C.; Lin, Y.; Zhang, R.; Dulchavsky, M.; Bhunia, A.; Ivanova, M. L; Lee, Y.-
H.; La Rosa, C.; Lim, M. H.; Ramamoorthy, A. Reduced lipid bilayer thickness regulates the
aggregation and cytotoxicity of amyloid-B. J. Biol. Chem. 2017, 292, 4638—4650.

Sciacca, M. F.; Lolicato, F.; Tempra, C.; Scollo, F.; Sahoo, B. R.; Watson, M. D.; Garcia-Vinuales, S.;
Milardi, D.; Raudino, A.; Lee, J. C.; Ramamoorthy, A.; La Rosa, C. Lipid-chaperone hypothesis: a
common molecular mechanism of membrane disruption by intrinsically disordered proteins. ACS
Chem. Neurosci. 2020, 11,4336-4350.

Matsuzaki, K. AP—ganglioside interactions in the pathogenesis of Alzheimer’s disease. BBA —
Biomembranes 2020, 1862, 183233.

Sciacca, M. F. M.; Kotler, S. A.; Brender, J. R.; Chen, J.; Lee, D.; Ramamoorthy, A. Two-step
mechanism of membrane disruption by AP through membrane fragmentation and pore formation.
Biophys. J. 2012, 103, 702-710.

Fatafta, H.; Kav, B.; Bundschuh, B. F.; Loschwitz, J.; Strodel, B. Disorder-to-order transition of the
amyloid-f peptide upon lipid binding. Biophys. Chem. 2022, 280, 106700.

Cerofolini, L.; Ravera, E.; Bologna, S.; Wiglenda, T.; Boddrich, A.; Purfiirst, B.; Benilova, I.; Korsak,
M.; Gallo, G.; Rizzo, D.; Gonnelli, L.; Fragai, M.; De Strooper, B.; Wanker, E. E.; Luchinat, C. Mixing
APB(1-40) and AP(1-42) peptides generate unique amyloid fibrils. Chem. Commun. 2020, 56,

19



8830-8833.

(13) Subedi, S.; Sasidharan, S.; Nag, N.; Saudagar, P.; Tripathi, T. Amyloid cross-seeding: mechanism,
implication, and inhibition. Molecules 2022, 27, 1776.

(14) Maynard, C. J.; Bush, A. I.; Masters, C. L.; Cappai, R.; Li, Q.-X. Metals and amyloid-f in Alzheimer’s
disease. Int. J. Exp. Pathol. 2005, 86, 147-159.

(15) Walsh, D. M.; Klyubin, L.; Fadeeva, J. V.; Cullen, W. K.; Anwyl, R.; Wolfe, M. S.; Rowan, M. J.;
Selkoe, D. J. Naturally secreted oligomers of amyloid B protein potently inhibit hippocampal long-
term potentiation in vivo. Nature 2002, 416, 535-539.

(16) Ono, K. Alzheimer’s disease as oligomeropathy. Neurochem. Int. 2018, 119, 57-70.

(17) Jarosz-Griffiths, H. H.; Noble, E.; Rushworth, J. V.; Hooper, N. M. Amyloid-f receptors: the good,
the bad, and the prion protein. J. Biol. Chem. 2016, 291, 3174 —3183.

(18) Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress
and the amyloid beta peptide in Alzheimer's disease. Redox Biol. 2018, 14, 450-464.

(19) Lesné, S.; Koh, M. T.; Kotilinek, L.; Kayed, R.; Glabe, C. G.; Yang, A.; Gallagher, M.; Ashe, K. H. A
specific amyloid-f protein assembly in the brain impairs memory. Nature 2006, 440, 352-357.

(20) Lambert, M. P.; Barlow, A. K.; Chromy, B. A.; Edwards, C.; Freed, R.; Liosatos, M.; Morgan, T. E.;
Rozovsky, I.; Trommer, B.; Viola, K. L.; Wals, P.; Zhang, C.; Finch, C. E.; Krafft, G. A.; Klein, W. L.
Diffusible, nonfibrillar ligands derived from A4, are potent central nervous system neurotoxins.
Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 6448—6453.

(21) Hoshi, M.; Sato, M.; Matsumoto, S.; Noguchi, A.; Yasutake, K.; Yoshida, N.; Sato, K. Spherical
aggregates of B-amyloid (amylospheroid) show high neurotoxicity and activate tau protein kinase
I/glycogen synthase kinase-3p. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 6370-6375.

(22) Yasumoto, T.; Takamura, Y.; Tsuji, M.; Watanabe-Nakayama, T.; Imamura, K.; Inoue, H.; Nakamura,
S.; Inoue, T.; Kimura, A.; Yano, S.; Nishijo, H.; Kiuchi, Y.; Teplow, D. B.; Ono, K. High molecular
weight amyloid Bi.42 oligomers induce neurotoxicity via plasma membrane damage. FASEB J. 2019,
33,9220-9234.

(23) Shankar, G. M.; Li, S.; Mehta, T. H.; Garcia-Munoz, A.; Shepardson, N. E.; Smith, L.; Brett, F. M.;
Farrell, M. A.; Rowan, M. J.; Lemere, C. A.; Regan, C. M.; Walsh, D. M.; Sabatini, B. L.; Selkoe, D.
J. Amyloid-P protein dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and
memory. Nat. Med. 2008, 14, 837-842.

(24) Li, S.; Jin, M.; Koeglsperger, T.; Shepardson, N. E.; Shankar, G. M.; Selkoe, D. J. Soluble AB
oligomers inhibit long-term potentiation through a mechanism involving excessive activation of
extrasynaptic NR2B-containing NMDA receptors. J. Neurosci. 2011, 31, 6627-6638.

(25) Wogulis, M; Wright, S.; Cunningham, D.; Chilcote, T.; Powell, K.; Rydel, R. E. Nucleation-dependent
polymerization is an essential component of amyloid-mediated neuronal cell death. J. Neurosci. 2005,

25,1071-1080.

20



(26) Jan, A.; Adolfsson, O.; Allaman, I.; Buccarello, A.-L.; Magistretti, P. J.; Pfeifer, A.; Muhs, A.; Lashuel,
H. A. AB42 neurotoxicity is mediated by ongoing nucleated polymerization process rather than by
discrete AB42 species. J. Biol. Chem. 2011, 286, 8585—-8596.

(27) Sahoo, B. R.; Cox, S. J.; Ramamoorthy, A. High-resolution probing of early events in amyloid-f
aggregation related to Alzheimer’s disease. Chem. Commun. 2020, 56, 4627-4639.

(28) Cawood, E. E.; Karamanos, T. K.; Wilson, A. J.; Radford, S. E. Visualizing and trapping transient
oligomers in amyloid assembly pathways. Biophys. Chem. 2021, 268, 106505.

(29) Morgan, G. J. Transient disorder along pathways to amyloid. Biophys. Chem. 2022, 281, 106711.

(30) Klyubin, L; Betts, V.; Welzel, A. T.; Blennow, K.; Zetterberg, H.; Wallin, A.; Lemere, C. A.; Cullen,
W. K.; Peng, Y.; Wisniewski, T.; Selkoe, D. J.; Anwyl, R.; Walsh, D. M.; Rowan, M. J. Amyloid 3
protein dimer-containing human CSF disrupts synaptic plasticity: prevention by systemic passive
immunization. J. Neurosci. 2008, 28, 4231-4237.

(31) Matsumura, S.; Shinoda, K.; Yamada, M.; Yokojima, S.; Inoue, M.; Ohnishi, T.; Shimada, T.; Kikuchi,
K.; Masui, D.; Hashimoto, S.; Sato, M.; Ito, A.; Akioka, M.; Takagi, S.; Nakamura, Y.; Nemoto, K.;
Hasegawa, Y.; Takamoto, H.; Inoue, H.; Nakamura, S.; Nabeshima, Y.; Teplow, D. B.; Kinjo, M.;
Hoshi, M. Two distinct amyloid B-protein (Ap) assembly pathways leading to oligomers and fibrils
identified by combined fluorescence correlation spectroscopy, morphology, and toxicity analyses. J.
Biol. Chem. 2011, 286, 11555-11562.

(32) Townsend, M.; Shankar, G. M.; Mehta, T.; Walsh, D. M.; Selkoe, D. J. Effects of secreted oligomers
of amyloid B-protein on hippocampal synaptic plasticity: a potent role for trimers. J. Physiol. 2006,
572,477-492.

(33) Spencer, R. K.; Li, H.; Nowick, J. S. X-ray crystallographic structures of trimers and higher-order
oligomeric assemblies of a peptide derived from ABi7-3¢. J. Am. Chem. Soc. 2014, 136, 5595-5598.

(34) Kreutzer, A. G.; Hamza, 1. L.; Spencer, R. K.; Nowick, J. S. X-ray crystallographic structures of a
trimer, dodecamer, and annular pore formed by an ABi7_3¢ B-hairpin. J. Am. Chem. Soc. 2016, 138,
4634-4642.

(35) Kreutzer, A. G.; Yoo, S.; Spencer, R. K.; Nowick, J. S. Stabilization, assembly, and toxicity of trimers
derived from AB. J. Am. Chem. Soc. 2017, 139, 966-975.

(36) Shinoda, K.; Sohma, Y.; Kanai, M. Synthesis of chemically-tethered amyloid-f segment trimer
possessing amyloidogenic properties. Bioorg. Med. Chem. Lett. 2015, 25, 2976-2979.

(37) Shinoda, K.; Kanai, M; Sohma, Y. Design, synthesis, and properties of a chemically tethered
amyloid-f segment trimer resistant to intertrimer mis-aggregation. J. Org. Chem. 2020, 85, 1635—
1643.

(38) Paravastu, A. K.; Leapman, R. D.; Yau, W.-M.; Tycko, R. Molecular structural basis for polymorphism
in Alzheimer’s $-amyloid fibrils. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 18349-18354.

21



(39) Xiao, Y.; Ma, B.; McElheny, D.; Parthasarathy, S.; Long, F.; Hoshi, M.; Nussinov, R.; Ishii, Y. AB(1-
42) fibril structure illuminates self-recognition and replication of amyloid in Alzheimer's disease. Nat.
Struct. Mol. Biol. 2015, 22, 499-505.

(40) Colvin M. T.; Silvers, R.; Ni, Q. Z.; Can, T. V.; Sergeyev, 1.; Rosay, M.; Donovan, K. J.; Michael, B.;
Wall, J.; Linse, S.; Griffin, R. G. Atomic resolution structure of monomorphic AB42 amyloid fibrils.
J. Am. Chem. Soc. 2016, 138, 9663-9674.

(41) Wilti, M. A.; Ravotti, F.; Arai, H.; Glabe, C. G.; Wall, J. S.; Bockmann, A.; Giintert, P.; Meier, B. H.;
Riek, R. Atomic-resolution structure of a disease-relevant AB(1-42) amyloid fibril. Proc. Natl. Acad.
Sci. U. S. 4. 2016, 113, E4976-E4984.

(42) Gremer, L.; Scholzel, D.; Schenk, C.; Reinartz, E.; Labahn, J.; Rvelli, R. B. G.; Tusche, M.; Lopez-
Iglesias, C.; Hoyer, W.; Heise, H.; Willbold, D.; Schrdder, G. F. Fibril structure of amyloid—3(1-42)
by cryo-electron microscopy. Science 2017, 358, 116-119.

(43) Kollmer, M.; Close, W.; Funk, L.; Rasmussen, J.; Bsoul, A.; Schierhorn, A.; Schmidt, M.; Sigurdson,
C. J.; Jucker, M.; Féndrich, M. Cryo-EM structure and polymorphism of A amyloid fibrils purified
from Alzheimer’s brain tissue. Nat. Commun. 2019, 10, 4760.

(44) Yang, Y.; Arseni, D.; Zhang, W.; Huang, M.; Lovestam, S.; Schweighauser, M.; Kotecha, A.; Murzin,
A. G.; Peak-Chew, S. Y.; Macdonald, J.; Lavenir, I.; Garringer, H. J.; Gelpi, E.; Newell, K. L.; Kovacs,
G. G.; Vidal, R.; Ghetti, B.; Ryskeldi-Falcon, B.; Scheres, S. H. W.; Goedert M. Cryo-EM structures
of amyloid-f 42 filaments from human brains. Science 2022, 375, 167-172.

(45) Huang, D.; Zimmerman, M. 1.; Martin, P. K.; Nix, A. J.; Rosenberry, T. L.; Paravastu, A. K.
Antiparallel B-sheet structure within the C-terminal region of 42-residue Alzheimer’s amyloid-f3
peptides when they form 150-kDa oligomers. J. Mol. Biol. 2015, 427, 2319-2328.

(46) Irie, Y.; Hanaki, M.; Murakami, K.; Imamoto, T.; Furuta, T.; Kawabata, T.; Kawase, T.; Hirose, K.;
Monobe, Y.; Akagi, K.; Yanagita, R. C.; Irie, K. Synthesis and biochemical characterization of quasi-
stable trimer models of full-length amyloid 40 with a toxic conformation. Chem. Commun. 2019, 55,
182-185.

(47) Morimoto, A.; Irie, K.; Murakami, K.; Ohigashi, H.; Shindo, M.; Nagao, M.; Shimizu, T.; Shirasawa,
T. Aggregation and neurotoxicity of mutant amyloid B (AB) peptides with proline replacement:
importance of turn formation at positions 22 and 23. Biochem. Biophys. Res. Commun. 2002, 295,
306-311.

(48) Irie, K. New diagnostic method for Alzheimer’s disease based on the toxic conformation theory of
amyloid B. Biosci. Biotechnol. Biochem. 2020, 84, 1-16.

(49) Miravalle, L.; Tokuda, T.; Chiarle, R.; Giaccone, G.; Bugiani, O.; Tagliavini, F.; Frangione, B.; Ghiso,
J. Substitutions at codon 22 of Alzheimer’s AP peptide induce diverse conformational changes and
apoptotic effects in human cerebral endothelial cells. J. Biol. Chem. 2000, 275, 27110-27116

(50) Tomiyama, T.; Shimada, H. APP Osaka mutation in familial Alzheimer’s disease — its discovery,

22



phenotypes, and mechanism of recessive inheritance. Int. J. Mol. Sci. 2020, 21, 1413.

(51) Warner, C. J. A.; Dutta, S.; Foley, A. R.; Raskatov, J. A. Introduction of D-glutamate at a critical
residue of AP42 stabilizes a prefibrillary aggregate with enhanced toxicity. Chem. Eur. J. 2016, 22,
11967-11970.

(52) Foley, A. R.; Raskatov, J. A. Understanding and controlling amyloid aggregation with chirality. Curr.
Opin. Chem. Biol. 2021, 64, 1-9.

(53) Uchino, A; Tsukano, C.; Imamoto, T.; Irie, K. Synthesis of alkyl bridged-tris-o.-amino acids as Cs-
symmetric and linear linkers. Eur. J. Org. Chem. 2021, 1370-1377.

(54) Irie, Y.; Murakami, K.; Hanaki, M.; Hanaki, Y.; Suzuki, T.; Monobe, Y.; Takai, T.; Akagi, K.; Kawase,
T.; Hirose, K.; Irie, K. Synthetic models of quasi-stable amyloid 40 oligomers with significant
neurotoxicity. ACS Chem. Neurosci. 2017, 8, 807-816.

(55) Fukuda, H.; Shimizu, T.; Nakajima, M.; Mori, H.; Shirasawa, T. Synthesis, aggregation, and
neurotoxicity of the Alzheimer’s AB1-42 amyloid peptide and its isoaspartyl isomers. Bioorg. Med.
Chem. Lett. 1999, 9, 953-956.

(56) Imamoto, T.; Tamura, K.; Zhang, Z.; Horiuchi, Y.; Sugiya, M.; Yoshida, K.; Yanagisawa, A.; Gridneyv,
I. D. Rigid P-chiral phosphine ligands with tert-butylmethylphosphino groups for rhodium-catalyzed
asymmetric hydrogenation of functionalized alkenes. J. Am. Chem. Soc. 2012, 134, 1754—-1769.

(55) Carpino, L. A. 1-Hydroxy-7-azabenzotriazole. An efficient peptide coupling additive. J. Am. Chem.
Soc. 1993, 115, 4397-4398.

(58) Ghasemi, M.; Turnbull, T.; Sebastian, S.; Kempson, I. The MTT assay: utility, limitations, pitfalls, and
interpretation in bulk and single-cell analysis. /nt. J. Mol. Sci. 2021, 22, 12827.

(59) Naiki, H.; Gejyo, F. Kinetic analysis of amyloid fibril formation. Methods Enzymol. 1999, 309,
305-318.

(60) Ciudad, S.; Puig, E.; Botzanowski, T.; Meigooni, M.; Arango, A. S.; Do, J.; Mayzel, M.; Bayoumi,
M.; Chaignepain, S.; Maglia, G.; Cianferani, S.; Orekhov, V.; Tajkhorshid, E.; Bardiaux, B.; Carulla,
N. AB(1-42) tetramer and octamer structures reveal edge conductivity pores as a mechanism for
membrane damage. Nat. Commun. 2020, 11,3014.

(61) Bernstein, S. L.; Dupuis, N. F.; Lazo, N. D.; Wyttenbach, T.; Condron, M. M.; Bitan, G.; Teplow, D.
B.; Shea, J.-E.; Ruotolo, B. T.; Robinson, C. V.; Bowers, M. T. Amyloid-f protein oligomerization
and the importance of tetramers and dodecamers in the actiology of Alzheimer’s disease. Nat. Chem.
2009, 7, 326-331.

(62) Kloniecki, M.; Jablonowska, A.; Poznanski, J.; Langridge, J.; Hughes, C.; Campuzano, 1.; Giles, K.;
Dadlez, M. lon mobility separation coupled with MS detects two structural states of Alzheimer’s
disease AP1-40 peptide oligomers. J. Mol. Biol. 2011, 407, 110-124.

(63) Matsushima, Y.; Irie, Y.; Kageyama, Y.; Bellier, J.-P.; Tooyama, 1.; Maki, T.; Kume, T.; Yanagita, R.

C.; Irie, K. Structure optimization of the toxic conformation model of amyloid 42 by intramolecular

23



disulfide bond formation. ChemBioChem 2022, 23, ¢202200029.

(64) Murakami, K.; Irie, K.; Ohigashi, H.; Hara, H.; Nagao, M.; Shimizu, T.; Shirasawa, T. Formation and
stabilization model of the 42-mer AP radical: implications for the long-lasting oxidative stress in
Alzheimer’s disease. J. Am. Chem. Soc. 2005, 127, 15168—15174.

(65) Vadukul, D. M.; Maina, M.; Franklin, H.; Nardecchia, A.; Serpell, L. C.; Marshall, K. E.
Internalisation and toxicity of amyloid-f 1-42 are influenced by its conformation and assembly state
rather than size. FEBS Lett. 2020, 594, 3490-3503.

(66) Foley, A. R.; Lee, H.-W.; Raskatov, J. A. A focused chiral mutant library of the amyloid 3 42 central
electrostatic cluster as a tool to stabilize aggregation intermediates. J. Org. Chem. 2020, 85,
1385—-1391.

(67) Foley, A. R.; Finn, T. S.; Kung, T.; Hatami, A.; Lee, H.-W.; Jia, M.; Rolandi, M.; Raskatov. J. A.
Trapping and characterization of nontoxic AB42 aggregation intermediates. ACS Chem. Neurosci.
2019, 10, 3880—3887.

(68) Matsushima, Y.; Yanagita, R. C.; Irie, K. Control of the toxic conformation of amyloid 42 by
intramolecular disulfide bond formation. Chem. Commun. 2020, 56, 4118—4121.

(69) Murakami, K.; Yoshioka, T.; Horii, S.; Hanaki, M.; Midorikawa, S.; Taniwaki, S.; Gunji, H.; Akagi,
K.; Kawase, T.; Hirose, K.; Irie, K. Role of the carboxy groups of triterpenoids in their inhibition of
the nucleation of amyloid p42 required for forming toxic oligomers. Chem. Commun. 2018, 54,
6272-6275.

(70) Kageyama, Y; Irie, Y.; Matsushima, Y.; Segawa, T.; Bellier, J.-P.; Hidaka, K.; Sugiyama, H.; Kaneda,
D.; Hashizume, Y.; Akatsu, H.; Miki, K.; Kita, A.; Walker, D. G.; Irie, K.; Tooyama, I. Characterization
of a conformation-restricted amyloid B peptide and immunoreactivity of its antibody in human AD
brain. ACS Chem. Neurosci. 2021, 12, 3418-3432.

(71) Horikoshi, Y.; Sakaguchi, G.; Becker, A. G.; Gray, A. J.; Duff, K.; Aisen, P. S.; Yamaguchi, H.; Maeda,
M.; Kinoshita, N.; Matsuoka, Y. Development of AB terminal end-specific antibodies and sensitive

ELISA for AP variant. Biochem. Biophys. Res. Commun. 2004, 319, 733-737.

24



1 10 20 22 30 36 38 40
A APB40: DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV

AB42: DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV IA

34 35 3738
B (E22P-AB1-33)-LM /., _GGVV

: (E22P-AB1-33)-LM 3534
36: 2 3435 WML-(E22P-AB1-33)

GGWV
3738

1,3,5-Phenyltris-L-alanine (PtA) E22P E22P,V36PtA-AB40 trimer (2)

o

3435 3738
(E22P-AB1-33)-LM,,, _GGVV

(E22P-AB1-33)-LM
3435

COH

tert-Butyltris-L-alanine (tButA)

3637

(E22P-AB1-35)-VG

Hozcm\(cozH 38
ﬁHz o NH, E22p n e
n = 2: a,a-Di-L-norvalyl-L-glycine i n=3:6 (E22P-AB1-35)VG
(di-nV-Gly) n=57
n = 4: o,0-Di-L-homonorleucyl-L-glycine ssar
(di-hnL-Gly) (E22P-AB1-35)VG

E22P,G38di-nV-Gly-AB40 trimer (6)

n=1:
n = 3: E22P,G38di-hnL-Gly-AB40 trimer (7)

Figure 1. (A) Sequence of WT-AB40 and 42. (B) Structures of 1,3,5-phenyltris-L-alanine (PtA) and
propeller-type AB40 trimer models (1-3) synthesized in the previous study.*® (C) Structures of tert-
butyltris-L-alanine (zButA), o,a-di-L-norvalyl-L-glycine (di-nV-Gly), a,a-di-L-homonorleucyl-L-glycine
(di-hnL-Gly), and propeller-type and intermolecular parallel B-sheet-type AP40 trimer models (4-7)
synthesized in this study.
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Figure 2. Cytotoxicity against SH-SYSY cells of (A) the trimer models 2—5 and (B) the trimer models 6
and 7, along with that of E22P-AB40 monomer after a 24-h incubation at 37 °C. Absorbance obtained after
adding vehicle (0.15% NH4OH) was taken as 100%. *p < 0.001; n.s., not significant. Data are expressed as
the mean £ SD (n = 3).
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Figure 3. (A) Th-T fluorescence of the trimer models 3—7 (6.7 uM) along with that of WT-AB42 (10
pM) and E22P-AB40 (20 uM) in the presence of Th-T (20 pM) measured automatically every 10 min. Data
are expressed as the mean + SD (n = 4). (B) Enlarged figure of the fluorescence range 0 to 2.5 in the figure

3A, except for the data of WT-AB42 and E22P-AB40.
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Figure 4. TEM analysis of the aggregates of the trimer models 4—7 (8.3 uM) along with that of WT-
AP42 and E22P-AB40 (25 uM) after a 48-h incubation at 37 °C. Scale bar = 200 nm (magnification: 30 k).
WT-AB42 and E22P-AB40 formed mature fibrils. The trimer models 4 and 6 formed protofibrillar species,

and 5 and 7 remained as amorphous aggregates.
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Figure 5. IM-MS of the trimer models 2—7 (8 uM) after a 4-h incubation at 37 °C. “n” denotes an integer

corresponding to the number of units coexisting depending on their drift time.
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Figure 6. Non-denaturing PAGE of the trimer models 4-7 (0.67 uM) along with that of WT-A42 and
E22P-AB40 (2 uM) after a 24-h incubation at 37 °C.
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Scheme 1. Synthesis of tri-Fmoc-a,o-di-L-norvalyl-L-glycine. DMSO: dimethyl sulfoxide, Cbz:

benzyloxycarbonyl, DBN:

1,5-diazabicyclo[4.3.0]non-5-ene,

(S,8)-QuinoxP*-Rh: (S,S)-2,3-bis(tert-

butylmethylphosphino)quinoxaline(1,5-cyclooctadiene)rhodium(I)tetrafluoroborate, TFA: trifluoroacetic

acid, Fmoc-OSu: N-(9-fluorenylmethoxy-carbonyloxy)succinimide.
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