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Introduction

Lysine-targeting inhibition of amyloid §
oligomerization by a green perilla-derived
metastable chalcone in vitro and in vivot

Kazuma Murakami, (2 ** Yoshiki Sakaguchi,® Kota Taniwa,® Naotaka lIzuo,:°
Mizuho Hanaki? Taiji Kawase,“ Kenji Hirose,” Takahiko Shimizu§® and Kazuhiro Irie () *

Oligomers of amyloid B (AB) represent an early aggregative form that causes neurotoxicity in the
pathogenesis of Alzheimer's disease (AD). Thus, preventing Ap aggregation is important for preventing
AD. Despite intensive studies on dietary compounds with anti-aggregation properties, some identified
compounds are susceptible to autoxidation and/or hydration upon incubation in water, leaving
unanswered issues regarding which active structures in metastable compounds are actually responsible
for the inhibition of AB aggregation. In this study, we observed the site-specific inhibition of 42-mer AB
(AB42) oligomerization by the green perilla-derived chalcone 2’,3’-dihydroxy-4',6'-dimethoxychalcone
(DDC), which was converted to its decomposed flavonoids (dDDC, 1-3) via nucleophilic aromatic
substitution with water molecules. DDC suppressed AB42 fibrillization and slowed the transformation of
the B-sheet structure, which is rich in AB42 aggregates. To validate the contribution of dDDC to the
inhibitory effects of DDC on AB42 aggregation, we synthesized 1-3 and identified 3, a catechol-type
flavonoid, as one of the active forms of DDC. *H-">N SOFAST-HMQC NMR revealed that 1-3 as well as
DDC could interact with residues between His13 and Leul7, which were near the intermolecular B-sheet
(Gln15-Ala21). The nucleation in AB42 aggregates involves the rate-limiting formation of low-molecular-
weight oligomers. The formation of a Schiff base with dDDC at Lysl6 and Lys28 in the dimer through
autoxidation of dDDC was associated with the suppression of AB42 nucleation. Of note, in two AD
mouse models using immunoaffinity purification-mass spectrometry, adduct formation between dDDC
and brain Ap was observed in a similar manner as reported in vitro. The present findings unraveled the
lysine-targeting inhibitory mechanism of metastable dietary ingredients regarding Ap oligomerization.

to the extracellular space. They aggregate by forming a -sheet
structure to induce neurotoxicity."* Although AP aggregates

Alzheimer’s disease (AD) is the most prevalent neurodegenera-
tive disease. Senile plaques in the brain parenchyma of patients
with AD are mainly composed of 42-mer amyloid B protein
(Ap42), whereas vascular deposits largely consist of AB40.
Both forms are secreted from the AP precursor protein (APP)
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through oligomerization to generate fibrils as a final form, the
oligomers of both isoforms are more neurotoxic than the corres-
ponding fibrils, and AB42 is more neurotoxic than AB40, identify-
ing AP42 oligomers as the primary targets for drug development.
“Oligomer” is a broadly defined term used in this work for
soluble assemblies in aqueous solution ranging from dimers to
large assemblies (~150-mer); on the contrary, insoluble aggre-
gates are termed fibrils.**

A nucleation-dependent polymerization model has been
used to explain AP aggregation in vitro, namely two-phase
process of nucleation and subsequent elongation, followed by
a plateau phase in which the amount of aggregates reaches an
equilibrium®” (Fig. S1, ESIt). Soluble oligomers as metastable
intermediates of AP aggregates that correspond to products of the
nucleation phase more strongly contribute to AD etiology than
insoluble fibrils as the end product of aggregation.**° There-
fore, the development of oligomerization and/or nucleation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modulators is a promising approach for delaying the develop-
ment of toxic oligomers, redirecting the self-assembly process
toward dissociation back to less toxic monomers, or in some
cases accelerating the process into less toxic fibrils'®'* for AD
treatment.

Several showcase and extensive reviews have discussed naturally
occurring products exerting anti-aggregation effects through
any of the aforementioned mechanisms.’>™** Our group has
also reported many natural products from crude drug and
functional food components involved in the inhibition of AB42
aggregation,”” and the underlying mechanism offers three
structural features: [1] the catechol structure in flavonoids that
can form Michael adducts or Schiff bases upon autoxidation
with side chains of Lys16 and Lys28;'® [2] the conjugated flat
structure originating from o,B-unsaturated carbonyl groups and
aromatic rings that can interact with the side chains of Phe19
and Phe20;'”'® and [3] a carboxy group structure in triterpenoid
or anthraquinoid that can generate a salt bridge with basic
amino acid residues of Lys16 and Lys28"° (Fig. S1, ESI{). Pyrone
moieties as Michael acceptors expanded from catechol struc-
tures can contribute to the suppression of AB42 aggregation.>*>'
Repositioning warfarin with 2-pyrone to delay the nucleation
phase of AP42 through Michael addition is a promising
approach to identify anti-AD drugs because warfarin is widely
used as coagulant drug.'" However, there have been no valida-
tion studies regarding whether small ligands covalently bind to
brain A in the pathological condition of AD.
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Attention must be paid to natural products in water or body
fluid condition because such compounds can be readily
decomposed. One example with potential use for AD treatment
is curcuminoid from Curcuma longa L., which has been sug-
gested to inhibit AB aggregation both in vitro** and in vivo> and
to cross the blood-brain barrier (BBB) in mice,* fulfilling
clinical studies. However, most of curcumin consumed by
animals is subject to chemical degradation processes such as
solvolysis,>*?*® autoxidation,>® and photodegradation,* and
thus, the likely false activity of curcumin has been controversial
given evidence that curcumin is a metastable, reactive, and
nonbioavailable compound.””

Akaike and colleagues reported that 2’,3’-dihydroxy-4',6"-
dimethoxychalcone (DDC, Fig. 1A), a component of green
perilla (Perilla frutescens var. crispa f. viridis), induced cellular
resistance to oxidative stress through activating the nuclear
factor erythroid 2-related factor 2 (Nrf2)-antioxidant response
element (ARE) pathway,® and subsequently, DDC prevented
neurotoxicity in primary cortical neurons deduced from AB42
aggregates.”® However, activation of the Nrf2-ARE pathway by
DDC did not lead to neuroprotective effects, and DDC pre-
incubation was required for neuroprotection,> prompting us to
consider the direct contact of AB42 oligomers with DDC or its
decomposition forms as the underlying mechanism rather than
Nrf2-ARE pathway activation. This study revealed the site-
specific inhibitory mechanism of DDC against AB42 aggregation
through which DDC is transformed into its decomposition
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Fig. 1 Characterization of DDC for its anti-AB42 aggregation properties. (A) Structure of DDC. (B) Th-T aggregation assay. Ap42 (25 uM) and DDC (0.1~
100 puM) were incubated in PBS at 37 °C. Data are expressed as the mean + s.d. (n = 8). (C) Sedimentation assay. Ap42 (25 pM) and DDC (100 uM) were
incubated in PBS at 37 °C. Data are presented as means =+ s.d. (n = 2). (D) TEM analysis of aggregates generated from AB42 (25 uM) in the presence and
absence of DDC (100 pM) after incubation for 48 h at 37 °C. Scale bar = 200 nm. (E) Secondary structure analysis by CD measurement. AB42 (25 pM)
treated with HFIP and DDC (100 uM) were incubated in PBS at 37 °C. (F) The effect of TCEP, a reductant, on AB42 aggregation. AB42 (25 uM) and DDC
(100 uM) was incubated in the presence and absence of TCEP (100 uM) at 37 °C. Green shadows indicate the nucleation phase, where the relative

aggregation of AB42 is 50%.
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oducts of DDC and the proposal of their structures. (A) The UPLC chromatogram of DDC after its

incubation in the buffer together with the measured mass of the generated compounds from DDC [e.g. the closed form (cDDC), the decomposition
products (dDDC, 1-3), the oxidized form, the reduced form of olefin, and the methylated form]. After DDC (50 pM) was incubated in 25 mM ammonium
acetate (pH 7.4) at 37 °C for 4 h, an aliquot was subjected to LC/Q Tof-MS. (B) Proposal of the structures of dDDC. DDC was supposed to be converted
into dDDC through nucleophilic aromatic substitution with water molecule to the unstable intermediates [DDC, or DDC,, (—14 Da)l. Further processing of
MS/MS spectrometry by FlavonoidSearch suggested three possible flavonoids (1-3), whose molecular weight was identical to the chalcone form (DDC,
or DDC,), by intramolecular cyclization. These candidates can form the corresponding Schiff base with Ap42-Lys16,28.

Results

forms (dDDC [1-3], Fig. 2) through nucleophilic aromatic sub-

stitution with water molecules using a combination of LC-mass
spectrometry (MS)-based metabolomics,
experiments, and immunoaffinity purification-MS in AD mouse
models. We also discussed the significance of considering

biodegradability for AD prevention and tre:

insight into designing specific inhibitors for A oligomerization

was obtained.
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Inhibition of the aggregation and B-sheet transformation of

NMR perturbation AB42 by DDC through its autoxidation

First, we synthesized DDC as previously described.*® To explore
the effect of DDC on AB42 aggregation, a fluorescence assay using
thioflavin-T (Th-T), one of the most common probes for monitoring
the aggregation of generic amyloidogenic proteins,* was conducted.
As presented in Fig. 1B, DDC inhibited the aggregation of Ap42

atment, and structural

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(25 puM) in a concentration-dependent manner (0.1-100 pM)
during incubation for 24 h, and the ICs, was calculated as 10.6 +
1.3 pM via nonlinear regression (Fig. S2, ESIf). Comparing to
the previously reported ICso; of flavonoids,'® DDC exhibited
similarly strong anti-aggregative ability as dietary polyphenols
(e.g, morin, 30.3 uM; taxifolin, 33.0 uM). There is inherent bias
of the Th-T assay when evaluating the anti-amyloidogenic proper-
ties of compounds because of competitive binding with Th-T, as
exemplified by (—)-epigallocatechin-3-gallate,”* curcumin, and
resveratrol.®® To validate the potential anti-aggregative activity of
DDC, a sedimentation assay using HPLC after centrifugation was
performed. After incubation for approximately 1.5 h at 37 °C, Ap42
started to nucleate, eventually reaching a plateau after 4 h (Fig. 1C).
Conversely, the aggregation of AP42 was delayed after 2 h of
incubation in the presence of DDC, and AB42 treated with DDC
did not completely aggregate after 24 h. This result was in good
agreement with that of the Th-T assay (Fig. 1B). Using transmission
electron microscopy (TEM) to further investigate the morphology of
the aggregate, the bundles of amyloid fibrils generated from AB42 in
the presence of DDC were sparse, and the short fibrils are observed
(Fig. 1D), and their width was shortened (Fig. S3A, ESIT).

We also examined the effect of DDC on the secondary
structure of AB42 using circular dichroism (CD) spectroscopy.
As presented in Fig. 1E, the intensities of the positive peak at
195 nm and negative peak at approximately 210 nm increased
when AB42 was incubated alone at 37 °C, indicating transfor-
mation into a B-sheet. By contrast, in the presence of DDC, the
signal intensities of AB42 were weaker than those of Af42 alone
even after 24 h of incubation. These results suggest that the
preventive effects of DDC on AB42 nucleation are related to
disturbance of the B-sheet transformation of AB42.

Autoxidation of catechol moieties to o-quinone is essential
for preventing AP aggregation.'® As presented in Fig. 1F, the
inhibitory effects of DDC against AB42 aggregation in the presence
of tris(2-carboxyethyl)phosphine (TCEP) as a reducing agent were
diminished, especially in the nucleation phase (approximately a
2 h incubation), implying a role of DDC autoxidation in the
inhibition of AB42 oligomerization.

Structural determination of DDC decomposition products (1-3)

It is well known that chalcones can undergo degradation,
demethylation, autoxidation, or isomerization to flavonoids.**
In an attempt to determine the structure of dDDC, DDC pre-
incubated in ammonium acetate buffer for 4 h at 37 °C was
subjected to LC-MS/MS. Total ion chromatography (TIC) revealed
several peaks in addition to that of intact DDC (Fig. 2A). To survey
the metabolomics of the chalcone, the obtained information on
MS was processed and annotated by FlavonoidSearch,*® which is
a database of probable mass fragments for >6000 flavonoids
(FsDatabase) for automatic annotation adhering to the MS/MS-
aglycone rule using the mass spectra of decomposition peaks as
queries with the assistance of CFM-ID as a general identification
tool for metabolites.*® These analyses deduced the intact form
of DDC (m/z 301.1074, [M + H'] calcd for C,5H;,05 300.0908) in
addition to the closed form of DDC (cDDC, Fig. 2B) as a
flavanone (m/z 301.1074, [M + H'] caled for C;;H;,05

© 2022 The Author(s). Published by the Royal Society of Chemistry
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300.0908), dDDC (—14 Da; m/z 287.0909, [M + H'] caled for
C16H1505 287.0919), and the methylated form of DDC
(m/z 315.1238, [M + H'] caled for C;3H;505 315.3370; Fig. 2A).
These data suggested three possible decomposed flavonoids
(—14 Da; 1-3 as dDDC) of DDC (chalcone), which might be
generated contingent upon nucleophilic aromatic substitution
with water molecules and subsequent cyclization of the corres-
ponding chalcones (DDC, and DDCy,) to flavonoids (Fig. 2B).

Evaluation of DDC and 1-3 for their inhibitory activities on
AP42 fibrillization and oligomerization

Compounds 1 and 3 were newly identified compounds, whereas 2
was previously isolated from cheilanthoid fern (Notholaena
neglecta)®’” and green perilla leaves,*® respectively, with low yields.
To characterize the contribution of these decomposition pro-
ducts (1-3) to the inhibitory activity of DDC on AB42 oligomer-
ization, 1-3 were synthesized using conventional approaches
(Scheme S1, ESIt), and were subjected to the Th-T aggregation
test. The aggregation of AB42 (10 uM) mixed with each compound
(50 uM) was monitored in the presence of Th-T reagent (20 uM).
To characterize the effect of each compound on AB42 nucleation,
AB42 treated with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was
used. In the competitive assay to assess the inherent fluorescence
of 1-3, we did not observe significant interference with Th-T
fluorescence upon the binding of AP42 aggregates to 1-3 as well
as DDC (Fig. S4A, ESIf). Furthermore, the inherent potent
fluorescence of any compound itself over Th-T fluorescence was
not observed (Fig. S4B, ESIt).

As presented in Fig. 3A, AB42 required approximately 3 h for
nucleation and reached a plateau after approximately 8 h.
Given the slightly faster velocity of nucleation in Fig. 1B, C
and F than in Fig. 3A, the inconsistency in the aggregation
curve of AB42 might originate from differences in incubation
conditions such as temperature, HFIP treatment, and co-
incubation with Th-T. Both 1 and 3 slightly delayed the nuclea-
tion of AB42 and suppressed aggregation in a similar manner as
DDC. The inhibitory effects of 3 were significantly stronger than
that of 2 after 3 h of incubation. Treatment of AB42 with 1-3
produced the decreased amount of amyloid fibrils compared to
no treatment (Fig. 3B). The width of AB42 fibrils was shortened
by incubating with each flavonoid in spite of no significant
differences among the width of fibrils treated with each flavo-
noid (Fig. S3B, ESIt). By contrast, the inhibitory effect of cDDC,
which is one of the major products of DDC during incubation
(Fig. 2A) was prepared by cyclization of 1 by acetic acid
treatment, on AP42 aggregation was weaker than that of DDC
(Fig. S5A, ESIT), and fibril formation was partially observed in
the presence of ¢cDDC (Fig. S5B, ESIT). The fibril width did not
significantly alter by adding ¢cDDC (Fig. S3C, ESIt). The ICs,
of 1-3 were deduced to be 33.4 £+ 1.4, 55.3 & 2.0, and 14.0 +
1.2 pM, respectively (Fig. S2, ESIT).

In an attempt to clarify the ability of DDC and 1-3 to delay
the nucleation of Ap42, we performed dot blotting using an
oligomer-specific antibody (A11),>° the specificity of which for
AB42 oligomer versus the monomer and fibril was previously
confirmed by our group.'* Although All-immunoreactive

RSC Chem. Biol., 2022, 3,1380-1396 | 1383
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Fig. 3 Inhibitory effects of DDC and 1-3 on the fibrillization and oligomerization of AB42. (A) Th-T test of DDC and 1-3 against AB42 aggregation. Time
response curves of aggregation of AB42 (10 uM) treated with HFIP during incubation for 24 h at 25 °C in the presence of each compound (50 uM) are
indicated. Data are presented as the mean =+ s.d. (n = 3). Green shadows indicate the nucleation phase, where the relative aggregation of AB42 is 50%.
(B) TEM analysis of AB42 aggregates incubated with DDC and 1-3 after Th-T test. Scale bar = 200 nm. (C) Dot blotting of AB42 using an oligomer-specific
antibody (A11). After AB42 (10 uM) was incubated with DDC and 1-3 (10 or 50 uM) for 1 h at 37 °C, an aliquot (1 uL, 45 ng) was used for the analysis.
Relative intensity to AB42 alone of dot blots in the upper panel for 10 uM of each compound for light gray circle and 50 uM of each compound for dark

gray circle are indicated in the lower panel. Veh, vehicle.

oligomers were readily detected after the incubation of AB42
alone (10 uM) for 1 h, the signals for oligomers were decreased
in the presence of DDC and 1-3 (Fig. 3C). Indeed, the signals in
the presence of 1-3 were generally decreased in a concentration-
dependent manner (10 and 50 uM), and in 3 displayed stronger
inhibitor effects than 1 and 2. These findings indicate that the
delay of the nucleation phase might be related to mitigation of
AB42 oligomerization.

NMR analyses of the interacting residues of Ap42 with DDC and 1-3

To investigate the mechanism by which DDC and 1-3 associate
with full-length AB42, "H-"°N heteronuclear multiple quantum
coherence (HMQC) NMR analysis was performed by focusing on
the chemical shift perturbations of uniformly "°N-labeled AB42,
which generally remained in the monomeric state following
pretreatment with HFIP. To suppress the aggregation velocity of
AB42 during the measurement, we adopted band-selective
optimized-flip-angle short-transient (SOFAST)*° HMQC at 4 °C,
which gave 2D spectra in approximately 30 min (Fig. 4). The
assignment of the chemical shifts of AP42 alone was in good
agreement with previous reports*'™** including our studies,"”™*°
excluding the overlapping cross-peaks (Ala2/Ala30 and Val24/
1le31) and missing cross-peaks (His6) as observed previously**
(see also the full spectra in Fig. S6, ESIT).

In light of adding DDC and 1-3 to AP42, Fig. 4 presents the
superimposed HMQC spectra of AB42 alone (25 pM) and AB42
treated with DDC and 1-3 (250 pM). The chemical shifts of
Asp7, His13, His14, Lys16, and Leul7 were largely perturbed
when AP42 was treated with DDC or 1-3 (Fig. 4), and in
particular, the extent of perturbation by 3 was comparable to
that of DDC (Fig. 4A and D). These perturbed regions were
included in the intermolecular B-sheet in the S-shaped fold of
ex vivo AP42 aggregates from AD brains, as revealed by recent

1384 | RSC Chem. Biol., 2022, 3,1380-1396

solid-state NMR**™*” and cryo-EM*® studies, which is also
important for AB42 oligomerization.*® His13 and His14 could
induce AP42 neurotoxicity by chelating copper or zinc ions to
produce a phenoxyl radical at Tyr10.%**

Formation of a Schiff base by DDC with Lys16 and Lys28 in the
B-sheet region of Ap42 via autoxidation

Although 1-3 and DDC interacted with AB42 (Fig. 4), DDC can
easily undergo nucleophilic aromatic substitution to 1-3 in the
buffer, followed by intramolecular cyclization. To further deter-
mine the molecular interaction between AB42 and dDDC, we
subjected a mixture of AB42 and DDC in ammonium acetate
buffer after 10 min of incubation at 37 °C to liquid chromato-
graphy/quadrupole time-of-flight mass spectrometry (LC/Q-Tof-
MS). As presented in Fig. 5A, possible peaks of AB42 adducts
with dDDC (—14 Da, ¢z = 7.22 min) were detected along with
AB42 (tg = 7.35 min) in TIC. The mass envelope at charge
distribution (¢g = 7.22 min) corresponded to the Schiff base, but
not the Michael adduct, of AB42-Lys16/Lys28 with DDC (Fig. 5B,
deconvoluted mass: 4779.68, calcd: 4780.39). Another peak
(tr = 7.35 min) originated from the unreacted AB42 (Fig. 5A,
deconvoluted mass: 4514.95, calcd: 4514.14). It is of interest to
note that the mixture of AB42 and DDC underwent spontaneous
autoxidation to generate the AP42 adduct with dDDC, which
could be required to prevent AP42 aggregation. Indeed, no
adduct peaks for AP42 with intact DDC were observed, as
exemplified by apomorphine, which was easily autoxidized to
form the Michael adduct of AB42-Lys16/Lys28 with the oxidized
apomorphine.® The flavonoid forms (1-3) of DDC proposed in
Fig. 2B are suggested to form the corresponding Schiff base
with AB42-Lys16/Lys28.

To characterize the adduct of DDC with AB42 and specific
amino acids involved in its interaction, we employed LC-MS/MS

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00194b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 October 2022. Downloaded on 6/9/2026 11:04:32 PM.

(cc)

Paper
A AB42 + DDC
vas | 119
Y10 _ & =
V24131 @ 20 g_
H14 £ vi2 &
9 ous  [121E
e~ »
H13 i 122 ©
0
TIF20
' F123 §
L17 ©rs G A2A0 =
OIF19 124 2
T T T T T T 125
8.4 8.2 8.0 7.8

H chemical shift (ppm)

0.06 1

Intermolecular B-sheet region
(Q15~A21, D24~132)

€
Q
£0.05 1
E
20.04 1
©
Qo
5 003
¥
o
=
< 0.02
o
5
3 0.01
£
a
0
Residue
G AB42 + 2
vao | 119
N27 E3 . E22 0. N
\ ¥ V24131 @ Fi20 E
@ o @ vz =
® ous [121E
oo @
L34 F122
ke)
: . 123 §
E11 K16 17 ©rs (@ A2A30 £
SIF19 124 £
T ! ! T T T 125
8.4 8.2 8.0 7.8

H chemical shift (ppm)

o

o

=
s

Intermolecular B-sheet region
(Q15~A21, D24~132)

g

o

o
.

o
o
~

e
o
o

o
5]
=

Difference in chemical shift (ppm)
o
o
w

Residue

View Article Online

RSC Chemical Biology

B AB42 + 1
N27 E3 . E22 veo [ 119
3 Yio_ @ -
NV V24131 (0] ~120 §
O o7 H14 o vz g
a K28 F4 © PPN 121 %
4 £
2 H13 © 3 L122 &
Lo
OF
JF20 A L 123 g
E11 K16 Gur Ors  ©AzA% £
OF19 124 2
T T T T T T 125
8.4 8.2 8.0 7.8

H chemical shift (ppm)

Intermolecular B-sheet region
(Q15~A21, D24~132)

Difference in chemical shift (ppm)
o o o o o
o =) o o )
o N w » (4]
N N . N N

Residue
D AB42 +3

119
N27 ?3 ,yE22 Y10 "V39 g

N o V24131 o~ k20
@& H14 i\ iz g
@ ous [121E
=) 5
H13 L34 L1220 =
g S
9 F20 ‘ 13 g
G117 @ORs ) A2/A30 2
GIF19 124 2

T T T T T . 125

£t 8.2 8.0 7.8

H chemical shift (ppm)

0.06 7
14 Intermolecular B-sheet region
(Q15~A21, D24~132)

0.04 A 7

13
I || \I‘
J0E by

TOOONTO®D®ON

Difference in chemical shift (ppm)
o
o
w

LE8 fY38Iegz8ssey
TOSSTTSLNSPELI=a8ps e

Residue

Fig. 4 NMR analyses of the interaction of Ap42 with DDC and 1-3. Expanded *H-*N SOFAST-HMQC spectra of AB42 in the absence or presence of (A)
DDC, (B) 1, (C) 2, and (D) 3. AB42 uniformly labeled with °N (25 pM) after HFIP treatment was either treated with each compound (250 uM) or left
untreated in PB (pH 7.4), and measurements were conducted for approximately 30 min at 4 °C. Upper, the superimposed HMQC spectra. Black cross
peaks, AB42 alone; red cross peaks, Ap42 treated with each compound. Lower, *H-"N chemical shift differences in HMQC spectra between Ap42 alone
and AB42 treated with each compound calculated by the Pythagorean theorem. * The cross peaks of residues (Ala2/Ala30 and Val24/Ile31) overlapped.
# The cross peaks of His6 and Asp7 not observed. Full spectra of each measurement are shown in Fig. S6 (ESI¥).

with collision-induced dissociation, an alternative fragment
peptide (E22P,M350x-AB9-35) derived from AB42 as a toxic
conformer surrogate®® because it was difficult to assign all
of the observed fragments from full-length AB42. As presented
in Fig. 5B, possible peaks of the E22P,M350x-A9-35 adduct

© 2022 The Author(s). Published by the Royal Society of Chemistry

resulting from Schiff base formation with dDDC was detected
with the mass envelop at charge distribution (deconvoluted M +
H': 3211.54, caled: 3210.69) together with unreacted E22P,M350x-
AB9-35. A large number of fragmented b and y ions as the +2
charged peaks were detected, yielding a high degree of confidence
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Fig. 5 Formation of AB42 adduct at Lys16,28 with DDC in LC-MS/MS analysis. (A) LC/Q Tof-MS analysis of AB42 treated with DDC, showing TIC (left) and
the deconvoluted mass spectrometry (middle and right) of the adduct of AB42 treated with DDC (tg = 7.22 min) and unreacted Ap42 (tg = 7.35 min)
indicated as arrows. After AB42 (25 pM) and DDC (50 uM) was incubated in 25 mM ammonium acetate (pH 7.4) at 37 °C for 10 min, an aliquot was
subjected to the analysis. (B) LC/Q Tof-MS analysis of the E22P,M350x-AB9-35 as a model of toxic conformer of AB42 treated with DDC, showing UV at
220 nm (left) and measured mass (right) of Ap adduct treated with DDC (tg = 8.88 min). The relative intensities of mass spectra to a reference are
indicated. After E22P,M350x-AB9-35 (25 uM) was incubated with DDC (50 pM) in 50% acetonitrile containing 0.01% NH4OH at 37 °C for 10 min, an aliquot
was subjected to the analysis. (C) MS/MS profile of E22P,M350x-AB9-35 with DDC in the measurement of (B). Shown are the sequences of (upper) Lys16
or (lower) Lys28 of E22P,M350x-AB9-35 with DDC. The lines between amino acids show the observed fragment ions, corresponding to the +2 charged
peaks labeled as ‘b’ (N-terminal fragment) ions and those labeled as 'y’ (C-terminal fragment) ions. The precursor ion in expanded MS/MS spectra was set
at 1071.2 Da, corresponding to adduct of E22P,M350x-AB9-35 with DDC as a +3 ion in (B).

in the sequence identification of E22P,M350x-Af39-35 and its Schiff
base with dDDC at Lys16 or Lys28 (Fig. 5C).

Inhibition of AB42 oligomerization by DDC via association with
the dimer

To study the suppressive mechanism of DDC in the nucleation
phase of AP42, ion mobility (IM)-MS was performed to char-
acterize the early oligomeric profile of AB42 with DDC. Avoiding
the disruption of noncovalent interactions among amyloid

1386 | RSC Chem. Biol., 2022, 3,1380-1396

oligomers by avoiding organic solvents and using nano-
electrospray ionization enabled us to observe the nearly native
status of amyloid oligomers in the presence of aggregation
inhibitors.>®** After deconvolution based on the observed
mass, peaks corresponding to oligomeric orders of AB42 were
assigned to the series of multivalent ions depending on their
drift time (dt). The peaks for the dimer and trimer in addition
to the monomer were apparently observed immediately after
dissolution with the buffer (Fig. 6A). By contrast, the addition of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DDC led to the disappearance of some of these oligomer peaks,
and the adduct peaks of the monomer and dimer with dDDC
(—14 Da) were found (Fig. 6A). The two-dimensional heat map
composed of the domain of m/z and dt revealed that the adduct
peaks of AB42 with dDDC adjacent to unbound AB42 peak were
observed after adding DDC (Fig. 6B).

The arrival time distribution (ATD) of z/n = —3 ions (z/n =
charge/oligomer number) displayed one distinct peak repre-
senting the monomer (dt = 8.4 ms) with AB42 alone, whereas

View Article Online
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additional peaks representing a more extended conformation
of the monomer including the monomer + dDDC adduct
(dt = 9.9 ms) appeared when AP42 was treated with dDDC
(Fig. 6C). Moreover, the ATD of z/n = —5/2 ions revealed one
predominant peak as the dimer (dt = 9.5 ms) for AB42 alone
based on the deconvolution analysis (Fig. 6C). In the presence
of DDC, dt of the dimer + dDDC adduct (dt = 13.4 ms) was
largely retarded compared to that of the dimer, resulting in the
change of the oligomeric conformation to an extended state by
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Fig. 6

Inhibition of Ap42 oligomerization by associating with the dimer by DDC. (A) NanoESI-TOF-MS of Ap42 treated with DDC. Immediately after AB42

(40 pM) was mixed with DDC (80 uM) in 25 mM ammonium acetate (pH 7.4), an aliquot was subjected to the analysis. Peaks for AB42 and AB42—-DDC
complex are noted with white and red circles, respectively. (B) The two-dimensional heat map composed of the domain of m/z and drift time of IM—MS
of AB42 treated with DDC. Immediately after AB42 (40 pM) was mixed with DDC (80 uM) in 25 mM ammonium acetate (pH 7.4), an aliquot was subjected
to the analysis. The signal amplitude with linear scale is color-coded, increasing from purple (low intensity) to blue (high intensity). The area in the
rectangle is shown magnified in below panel. (C) Drift time in IM=MS for z/n = —3, and —5/2 peaks of AB42 without (black) or with (red) DDC. z/n =
charge/oligomer number. The number of units such as monomer (Mon), dimer (Dim), trimer (Tri), and tetramer (Tet) was determined by their drift time.
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DDC and the suppression of further oligomerization (n > 3).
Therefore, DDC could generate a Schiff base with Lys16 or
Lys28 in the B-sheet region of the AB42 monomer or dimer via
conversion to 3, resulting in the prevention of higher-order
oligomer formation.

Detection of AB42 adducts with dDDC in the brains of AD
mouse models

To assess whether AP can also form adducts with DDC in vivo,
we performed immunoprecipitation combined with MS (IP-MS)
using aged Tg2576/PS2 mice (9 months old)’> as an animal
model of AD that predominantly produces AB40 together with
AB42 in the brain. Soluble AP was extracted by homogenizing
the brain extracts of AD mouse models treated with DDC in a
buffer for 30 min without detergents to avoid hampering
the AB-ligand interaction. A previous IP-MS study using 6E10
antibody targeting AP1-16 revealed that several AP cleavage
products such as AB11-40 and other unidentified fragments in

>

Tg2576/PS2 AB40
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100 , AB38

Intensity (%)
n
o
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addition to AB1-X (X = 33, 34, 37, 38, 40, 42, and 43) in the
brains of Tg2576 mice.”® Thus, to characterize the profile of
AB1-X, in which Asp1 was retained, the antibody (82E1) against
the N-terminus of AP was used for immunoprecipitation,
followed by analysis by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS). We
predominantly detected AB38, AB40, and AB42 in the vehicle
treatment group, and shorter AP cleavage products were less
frequently observed (Fig. 7A). It should be noted that the
adducts of both AB40 and APB42 with dDDC in addition to the
intact Ap were detectable (Fig. 7A).

Given the preferable formation of protofibrils (PFs), which
are toxic oligomers, by E22G-Ap42,%” APPNVSF/NLGE knock-in
mice>® preferably producing E22G-AB42 (arctic mutation) repre-
sent an oligomer-generating aged model. We also used aged
APPNVCFNLGE (96 months old) for IP-MS experiments. Similarly,
using 82E1 antibody for immunoprecipitation, we mainly observed
E22G-AB42 in the vehicle treatment group (Fig. 7B).
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Fig. 7 MALDI-TOF-MS profile of brain Ap immunoprecipitated from two lines of AD mouse models fed with DDC. DDC was orally administered to (A)
Tg2576/PS2 mice at the age of 9 months and (B) APPN-"G-F/NL-G-F mjce at the age of 26 months. After 30 min of administration, full-length Ap starting at
Aspl was extracted by brain homogenization using Tris—HCl buffer without the detergent, and the subsequent immunization precipitation using the anti-
N-terminus of the Ap (82E1) antibody. Adducts of AB40 and Ap42 with dDDC in addition to unreacted AB38, AB40, and AB42 were observed in (A), and
E22G-AB42 adducts with dDDC in addition to unreacted E22G-AB42 were observed in (B), respectively.
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Treatment with DDC induced the adduct formation of E22G-
AB42 with dDDC together with AB (Fig. 7B). Ion suppression of
AB signals by adduct formation in the DDC-treated old mice (26
months old: Fig. 7B) might be due to its lower amount of soluble
brain AB than that of the DDC-treated young mice (9 months
old: Fig. 7A).

Discussion

As exemplified by the ongoing curcumin debate,’ the metast-
ability of highly reactive food compounds and the compound
structure that is responsible for biological activity are impor-
tant interests for drug development using natural products.
Despite difficulty in the comprehensive identification or anno-
tation of flavonoids,®®®! flavonoids can be modified under
physiological conditions such as those in the intestine or liver,
and in particular, it is worth noting that the conversion of
chalcones to flavonoids plays a role in the anti-aggregation
activity of DDC, and 3 could be one of the active forms of DDC.
The current findings provided structural insight into the inhi-
bition of AB42 oligomerization by DDC through its converting
to dDDC via nucleophilic aromatic substitution with water
molecules, and Lys residues in AB42 could be specifically
targeted by forming a Schiff base with the decomposed forms
through autoxidation of dDDC. Overall, comprehensive MS
studies coupled with synthetic approaches deciphered that 3
is one of the most responsible decomposed flavonoids among
dDDC moieties for the inhibitory activity of DDC. In other
words, the trapping of 3 by AB42 might maintain its stability.
Although 1-3 have never been isolated from green perilla, 3
might exhibit anti-AB aggregation activity even at low levels.
Alternatively, regardless of the binding activity of DDC with
dimers, AP42 aggregation partly occurred as shown in Th-T
assay, implying that either DDC adducts with dimers could not
be enough for complete inhibition of AB42 aggregation process
or these adducts might be not long-term stable.

To our knowledge, we demonstrated for the first time by
IP-MS using Tg2576/PS2 mice orally treated with DDC that
dDDC generated covalent adducts with both AB40 and AP42,
the latter of which is a minor species of brain AB. Further
evaluation using APPNYOFNECF mice  which preferentially
exhibit PF formation, implied the preferable recognition of
DDC by AP oligomers. The levels of PFs were reported to
correlate with the cognitive impairment of Arctic AD transgenic
mice.®®> Rats have been used instead of mice to analyze the
brain accumulation of oral compounds because of their bigger
brain size.**** In our study, aging (9 and 26 months) in
transgenic mice might have affected the BBB permeability,
resulting in the successful detection of Af adducts with an
orally consumed compound. Indeed, BBB degradation is con-
sidered an early biomarker of human cognitive dysfunction.®®
Although the characterization of soluble and insoluble A in the
transgenic mouse brain as an AD model has been investigated
using MS by some groups,®®®” this study successfully identified
the Schiff base of an anti-aggregative food component with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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full-length AB probed using an antibody targeting the
N-terminus of AP in a similar manner as in vitro studies. These
rationales of the association of metastable functional food
components with AB oligomer in vitro and in vivo could support
the design and development of anti-AD drugs. However, the
N-terminus of AP extracted from plasma and small intestine was
not deleted, or most of the immunoprecipitated AP was
degraded (data not shown). Further in vivo experiments are
needed to elucidate the pharmacokinetics of A adducts in
the digestive system, such as the use of radioisotope-labeled Ap.

In most cases, the covalent bond formation between AB with
a small molecule ligand was the formation of a Michael
adduct.®® Conversely, this study uniquely observed Schiff base
formation between AB42 and dDDC even though only one study
on the Schiff base of a-synuclein with baicalein has been
reported.®® Schiff base formation between AB40 fibrils and
epigallocatechin-3-gallate was also suggested, but direct obser-
vation via MS was not indicated.”® The partial contribution of 2,
a non-catechol-type dDDC, to anti-aggregation, supports for
Schiff base formation in the inhibitory mechanism of AB42
aggregation. Comparisons of the ICs, value each compound in
the Th-T test suggested that the anti-aggregation activities of 1
and 3 as catechol-type flavonoids exceeded that of 2 as a
non-catechol-type flavonoid, implying the significance of the
catechol structure to inhibition. In particular, the regiochemistry
of 3 regarding the methoxy and hydroxyl groups on the A-ring was
closer to that of DDC. Furthermore, there are reports on the
inhibition of AR aggregation by 2’,3'-catechol-type flavonoids
(e.g., negletein”") such as 3, but not 4’,5'-catechol-type flavonoids
(e.g., norwogonin, isoscutellarein) such as 1.

The suppression of the Al1-reactive oligomerization of Af42
by 3 was associated with its apparent delay of nucleation in a
similar manner as DDC. These findings imply the preferable
inhibition of toxic oligomers by 3 and supported the hypothesis
of the oligomeropathy of AB in the pathology of AD.>*%°
Considering our nine-group classification method of natural
products based on their ability to modulate the nucleation
and/or elongation phases," DDC or 3 was categorized into
Group I, in which both the nucleation and elongation phases
were hampered. These findings did not contradict our rationale
that these compounds,'® as exemplified by (R)-apomorphine,"®
as all compounds were antitoxic and they contained catechol
and flatness, were promising scaffolds for anti-AD drugs. There
is a possibility that DDC itself can be degraded into dDDC
during the comparison assays with each dDDC, and thus dDDC
mixtures may contribute to inhibitory activity of DDC in these
assays. Alternatively, the concentration of DDC used in each
assay might affect the amount of intact DDC (e.g. 250 uM in
SOFAST-HMQC measurement; 50 pM in dot blotting and Th-T
assay).

LC-MS-based metabolomics is a powerful tool for the
exhaustive analysis of metastable natural products such of
DDC with predictable reliability and efficacy.”>”®> NMR-based
metabolomics can reinforce the structure determination of
citrus-derived compounds from their chemical shifts and coupling
parameters.”* Computational analysis based on a chemical

RSC Chem. Biol., 2022, 3,1380-1396 | 1389
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database such as FlavonoidSearch as performed in this study also
facilitated the identification of active compounds with anti-AD
properties. Our group recently developed an activity-differential
search for AP42 aggregation inhibitors from crude drugs using
LC-MS combined with principal component analysis by drawing
correlations between the extracts of different parts of the same
plant and their biological activity.”” These accumulated studies on
metastable bioactive natural products have proven useful for drug
development.

Recently, preclinical studies by Saito et al. on (+)-taxifolin
revealed the pleiotropic neuroprotective effects of taxifolin in
cerebral amyloid angiopathy by restoring impaired cerebral
blood flow’® and suppressing triggering receptor expressed on
myeloid cells 2-associated inflammation,”” apart from its direct
association with AB42 (Michael adduct formation at Lys16/
Lys28).'® Their group is currently preparing a clinical trial of
(+)taxifolin in patients with cerebral amyloid angiopathy.”® Their
pharmacokinetic studies on (+)-taxifolin in mice, given by
solution orally via gavage with a dose (300 mg kg™ ') that was
preventive for A accumulation, showed the maximum concen-
tration (Cpax) Of blood levels of (+)-taxifolin was 19 uM.”® Although
this value does not seem far from the effective concentration
in vitro, the optimal dose and usage of (+)-taxifolin in clinical
studies for AD should be assessed for safety and tolerance. Indeed
no side effects were found in the previous clinical studies on
treatment with taxifolin 40-120 mg per day for 2 weeks ~ 3
months.” The similar concerns might be applicable to DDC or its
decomposed flavonoids. Because DDC also site-specifically targets
Lys16/Lys28 in AP, (+)-taxifolin and DDC might share a common
mechanism. Considering AD as a potential mixed dementia,*
DDC might be promising for preventing aggregation in disease-
causing amyloidosis. These findings highlight the need for con-
sideration on off-target effects and dosage regulation.

Experimental procedures
Thioflavin-T (Th-T) fluorescence assay

The aggregative ability of AB42 was evaluated by the thioflavin-T
(Th-T; Sigma-Aldrich, St. Louis, MO, USA) fluorescence assay
using synthesized AP42.5"*” In the measurement at several
time points as described elsewhere,® AB42 was dissolved in
0.1% NH,OH at 250 uM, followed by a 10-fold dilution with
phosphate buffered saline (PBS: 50 mM sodium phosphate and
100 mM NaCl, pH 7.4) to a final concentration of 25 pM. After
incubating of AP42 solution (25 pM) without or with each
sample using 100 x concentrated stock at 37 °C for the desired
duration, 2.5 pL of the reaction solution was frozen in a 96-well
black plate (Thermo-Fisher Scientific, Waltham, MA, USA) and
stored at —80 °C. DDC was dissolved in EtOH at 10 mM, and
then assayed at 0.1-100 pM. The resulting fluorescence values
after a 24 h incubation were plotted against concentration using
GraphPad Prism 9.3.1 (GraphPad Software, San Diego, CA) to
deduce ICs, value from nonlinear regression. For investigation
of the relevance of autoxidation of DDC to its anti-aggregative
ability against AB42, TCEP was dissolved in distilled water

1390 | RSC Chem. Biol., 2022, 3,1380-1396
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at 10 mM, and used at 100 pM in the assay. For measuring
fluorescence, the sample aliquot was added to 250 pL of 5.0 uM
Th-T (Sigma) in 5.0 mM Gly-NaOH (pH 8.5) using 1 mM Th-T
solution in distilled water as a stock solution, followed by the
measurement at 430 nm excitation and 485 nm emission using
a Fluoroskan Ascent microplate reader (Thermo-Fisher Scienti-
fic). Th-T relative fluorescence was expressed after subtraction
of vehicle control without AB42.

In the continuous measurement for 24 h described elsewhere,'®
AP42 pre-treated with HFIP in order to remove the unavoidable
aggregation seeds during preparation of AB42 was used for assay.
AB42 was mixed in PBS without or with each compound (DDC,
¢DDC, and 1-3) plus Th-T solution, and the final concentration of
AP42 (100 pM in 0.1% NH,OH as a stock) and Th-T (1 mM in
distilled water as a stock) was adjusted to be 10 and 20 uM in PBS,
respectively. The final concentration of each compound was set to
be 50 pM from 10 mM stock in EtOH. The solution was aliquoted
into a 96-well black plate (Greiner Bio-One, Monroe, NC, USA)
before measuring the fluorescence at 430 nm excitation and
485 nm emission (100 pL per well for 96-well) at 25 °C with
agitation at 10 min intervals using a microplate reader (Fluoroskan
Ascent; Thermo Scientific). Th-T relative fluorescence was
expressed after subtraction of vehicle control without AB42.

In interference test to examine whether each compound
competes to Th-T for binding AP aggregates, Th-T fluorescence
was measured immediately by adding each compound (50 uM)
after incubation of the AB42 solution (10 uM) alone at 37 °C for
24 h. In another interference test to examine whether each
compound competes to Th-T itself for showing fluorescence,
Th-T fluorescence was measured immediately by mixing with
each compound (50 pM).

Sedimentation assay

A sedimentation assay using HPLC (Waters model 1525 with a
model 2489 UV detector, Waters, Milford, MA, USA) was per-
formed as described previously, with a slight modification.?®®
Preparation of the AB42 solution (25 pM) without or with DDC
(100 uM) was the same as that described for the Th-T assay.
After incubation at 37 °C for the desired period, each sample
was centrifuged at 17900g at 4 °C for 10 min. Then, 25 pL of
each supernatant was analyzed by reversed-phase HPLC on a
Develosil-packed column (ODS-UG-5, 6.0 mm i.d. x 100 mm),
with elution at 1.0 mL min~' by a 30 min linear gradient of
10-50% CH3CN in 0.1% NH,OH. The absorption peak at
220 nm was integrated into the area proportional to the amount
of substance. The value of the area at each period was subtracted
from the highest value, and the percentage of the obtained one to
the highest one was defined as “insoluble Ap42”.

Transmission electron microscopy (TEM)

The aggregate of each Af solution (25 pM) without or with DDC
(100 uM) in PBS after a 48 h incubation in a similar manner to
Th-T assay was examined under a TEM (JEM-1400, JEOL, Tokyo,
Japan). Alternatively, in the case of 1-3, the aggregate prepared from
each AP solution after Th-T assay was applied to TEM observation.
After each AP aggregate was centrifuged (4 °C, 17 900g, 10 min),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the supernatant was removed from the pellet. The resultant
pellet was gently resuspended in water using a vortex for 1 min
just before TEM analysis. The sample suspension (15 uL) was
applied to a 400-mesh carbon-coated copper grid (thickness:
20-25 nm; Veco, Eerbeek, Netherlands) and incubated for 5 min
before being negatively stained twice with 2% uranyl acetate.
Stained samples were subjected to TEM. Fibril width was
measured using Image] (Wayne Rasband, NIH, MD, USA).

CD spectrometry

CD spectra were measured using a 0.1 mm quartz cell on J-805
instrument (JASCO, Tokyo, Japan) as described elsewhere.™ In
brief, HFIP-treated AB42 solution in 0.1% NH,OH at 250 uM
and DDC in EtOH at 10 mM were diluted with PBS to a final
concentration of 25 uM and 100 pM, respectively, and were then
incubated at 37 °C. After several intervals, an aliquot (200 uL)
was loaded into the quartz cell, and the CD spectrum was
recorded at 190-250 nm. The spectra of AB42 are shown after
subtraction of the spectrum of the vehicle alone, and those
in the presence of DDC are shown after subtraction of the
spectrum for DDC alone.

LC-MS/MS of DDC

DDC was dissolved at 10 mM, and then diluted with 25 mM
ammonium acetate at 50 pM. The resultant solution was
incubated for 4 h at 37 °C. After being centrifuges at 17 900g
for 10 min at 4 °C, an aliquot (1 pL) of the supernatant was
subjected to a liquid chromatography/quadrupole time-of-flight
mass spectrometry (LC/Q Tof-MS) on an Acquity UPLC BEH C18
(particle size 1.7 pm, 2.1 mm LD. x 100 mm, Waters). The
mobile phases consisted of solvent A (acetonitrile containing
0.1% formic acid) and solvent B (H,O containing 0.1% formic
acid) under the following gradient program: 5% A for 1 min,
5-25% A for 2 min, 25% A for 5 min, 25-55% A for 2 min, and
55% A for 1.5 min at a flow rate of 0.45 mL min'. LC-MS/MS
analysis was performed on an Acquity UPLC H-class coupled
with Xevo G2-S (Waters). MS analysis was performed under the
following parameters: capillary voltage for ionization, 2.5 kv
(positive mode); sampling cone voltage, 30 V; source tempera-
ture, 100 °C; desolvation temperature, 300 °C; cone gas flow,
50 L h™"; desolvation gas flow, 800 L h™". The collision energy
was set at 25-40 V.

Flavonoid analysis

The analysis was performed using FlavonoidSearch®® as a free
web server for prediction of flavonoid decomposition. The
identity of each fragment ion in LC-MS and LC-MS/MS was
evaluated using the m/z value with a given mass tolerance. The
essential fragments determined by the annotation rule in these
web servers were used for prioritization of the search results
with an assistance of CFM-ID.*® Candidates with fewer of the
essential fragments missing were prioritized higher than those
with more of the essential fragments missing at the same
similarity score. Flavonoid structures were obtained from one
of the largest flavonoid databases (metabolomics.jp) for virtual
fragment generation. The candidates were first selected using

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the precursor m/z from the deposited flavonoids with a given
mass tolerance. Mismatches between the structures and flavo-
noid names were manually curated with reference to the
original literature cited at the website.

Synthesis of 1-3

Experimental procedures with detailed spectroscopic data are
shown in ESL¥

Dot blotting

AB42 solution (10 uM) was incubated with or without each
compound (DDC and 1-3, 10 or 50 pM) at 37 °C for 1 h. 1 UL (45 ng)
of each AP sample was applied to the nitrocellulose membrane
(0.2 pm pore size, Biorad), and the membrane was blocked with
Blocking Reagent for Can Get Signal (TOYOBO, Tokyo, Japan). The
membrane was then probed with A11 antibody®® at 1 pg mL™*
(Invitrogen, Carlsbad, CA), followed by treatment with the secondary
antibody (anti-rabbit IgG or anti-mouse IgG). Development was
performed with ECL chemiluminescence (GE Healthcare). The first
and second antibodies were diluted with Can Get Signal Solution 1
and 2 (TOYOBO), respectively. Phosphatase buffered saline plus
potassium (PBS'K; 1.5 mM KH,PO,, 8.1 mM Na,HPO,, 140 mM
NaCl, 2.7 mM KCl, pH 7.4) including 0.5% Tween-20 was used as a
washing buffer.

H-'N SOFAST-HMQC NMR measurement

"H-""N SOFAST-HMQC measurement was carried out using a
Bruker Avance II 950 MHz spectrometer with TCI CryoProbeTM
(Bruker Biospin, Germany) mainly according to our previous
report.’” Uniformly "*N-labeled AB42 (67.7 ug; rPeptide, Bogart,
GA, USA) treated with HFIP was dissolved at 250 uM in 10 mM
NaOH, containing 10 mM EDTA. Each compound (DDC and
1-3) was dissolved in EtOH at 10 mM, and 5 pL of the solution
was diluted with 165 puL of 5 mM phosphate buffer (PB: 5 mM
sodium phosphate, pH 6.98) containing 5% D,O (10 pL). Then,
250 uM of the AB42 solution (20 uL) was added, so that the final
concentrations of Af42 and each compound were 25 uM and
250 pM in 200 pL solution, respectively. Peaks were assigned by
referring to previous findings.'”*'** Each distance in the
'"H-'>N chemical shifts between the cross peaks of AP42 alone
and AP42 in the presence of each compound was calculated by
the Pythagorean theorem. N chemical shifts were scaled one-
tenth relative to '"H chemical shifts because the measurement
range (7.6-8.7 ppm) of observations of "H was approximately
one-tenth of that (107-128 ppm) of °N.

LC-MS analysis of Ap42 with DDC

The AB42 (250 uM in 0.1% NH,OH) and DDC (5 mM in EtOH)
was adjusted to be 25 uM and 50 UM in 20 mM ammonium acetate,
respectively. The mixture was incubated at 37 °C for 10 min, and
centrifuged for 5 min at 17 900g at 4 °C. The supernatant (1 pL) was
injected into LC/Q Tof-MS on an Acquity UPLC Peptide BEH C18
(particle size 1.7 ym, 2.1 mm LD. x 150 mm) and eluted by 10 min
linear gradient of 10-50% acetonitrile containing 0.1% NH,OH at
0.2 mL min~". LC-MS analysis was performed on an Acquity
UPLC H-class coupled with Xevo G2-S (Waters). The instrument
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was operated in negative ion mode with a capillary voltage of
2.0 kv, a sample cone voltage of 25 V, a source temperature of
120 °C, a desolvation temperature of 400 °C, a cone gas flow
of 50 L h™, and a desolvation gas flow of 800 L h™™.

LC-MS/MS of E22P,M350x-Af9-35 with DDC

The E22P,M350x-AB9-35 (250 uM in 0.1% NH,OH) and DDC
(10 mM in EtOH) was adjusted to be 25 pM and 50 pM in 50%
acetonitrile containing 0.1% NH,OH, respectively. The mixture
was incubated at 37 °C for 10 min, and centrifuged for 5 min at
17900 g at 4 °C. The supernatant (1 pL) was injected into LC/Q
Tof-MS on an Acquity UPLC Peptide BEH C18 (particle size
1.7 pm, 2.1 mm LD. x 150 mm, Waters) and eluted by a 10 min
linear gradient of 10-40% acetonitrile containing 0.1% NH,OH
at 0.3 mL min~'. LC-MS/MS analysis was performed on an
Acquity UPLC H-class coupled with Xevo G2-S (Waters). The
instrument was operated in positive ion mode with a capillary
voltage of 3.0 kV, a sample cone voltage of 40 V, a source
temperature of 120 °C, a desolvation temperature of 450 °C, a
cone gas flow of 50 L h™', and a desolvation gas flow of
800 L h™". The collision energy was set at 38 V. The precursor
ion was set to be m/z 1071.2 (M + 3H]*").

Ion mobility-mass spectrometry (IM-MS)

AB42 was dissolved in 0.1% NH,OH at 400 pM, and DDC was
solubilized in EtOH at 8 mM, followed by a 10-fold and 100-fold
dilution with 25 mM ammonium acetate (pH 7.4), respectively.
The resultant solution (Ap42: 40 uM, DDC: 80 uM) was centri-
fuged for 4 min at 2000g (4 °C) before infusion into the MS
apparatus using a glass capillary (Nanoflow Probe Tip, Waters).
Mass spectra and ion mobility experiments were accomplished
on SYNAPT G2-Si HDMS (Waters) using a nanoelectrospray as
an ionization source (NanoESI-TOF-MS). The instrument was
operated in negative ion mode with a capillary voltage of 1.0 kv,
a sample cone voltage of 10 V, a source temperature of 50 °C,
and a desolvation 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
2.95 mbar with a wave velocity of 300-1000 m s~ " and a wave
height of 10-40 V. Data acquisition and processing were
performed with the MassLynx (V4.1) and DriftScope (V2.8)
software supplied with the instrument. The CsI cluster ions
were used for m/z scale as a calibrator.

Animal experiments

All experimental procedures were performed in accordance
with specified guidelines for the care and use of laboratory
animals, and were approved by the Animal Care and Use
Committee of Chiba University. Tg2576/PS2 mice,* which
were developed by crossbreeding with Tg2576 and human
mutant PS2 (N141I) transgenic mice, at 9 months of age and
APPNFCFNLGF 1y ock-in mice®® at 26 months of age were used
for experiments. All mice were maintained in a 24 + 1 °C room,
with 55% =+ 10% relative humidity, under a 12 h light/dark
cycle, with ad libitum access to food and drinking water. DDC
(3 mg) suspended in 0.3 mL polypropyleneglycol was orally
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administered to the mice starved overnight. Mice as a control
received administration of polypropyleneglycol without
DDC. Blood, brain, and small intestine were collected under
anesthesia by a combination of anesthetics (medetomidine
[0.3 mg kg '], midazolam [4.0 mg kg '], and butorphanol
[5.0 mg kg™ ']) after 30 min of DDC administration. Blood was
put in the tube coated with EDTA-2Na, and then centrifuged for
5 min at 6000 rpm at room temperature to obtain plasma. Brain
and small intestine were harvested after perfusion of ice-cold
PBS from the heart to completely remove the blood. Brain,
small intestine, and plasma were stored at —80 °C until use.

Immunoaffinity purification mass spectrometry (IP-MS)

For immunoprecipitation of AP from brain lysate of mice, we
added 25 pg of anti-N-terminus of AB antibody (82E1, 1 mg mL ™,
IBL) to brain lysate (~6 mg protein), followed by incubation on a
rotating platform for 1 h at 23 °C. Brain lysate was prepared using
Tris-HCIl buffer without detergents to avoid hampering the
interaction of AB-ligand, as previously reported.®* After centrifu-
gation for 20 min at 17900g at 4 °C, the supernatant was
removed, and the precipitate was washed with 0.9% NacCl
(500 pL) twice and sequentially washed with distilled water
(500 pL) twice. After the final wash, the precipitate was dried
in vacuo, and stored at —80 °C until use.

For mass analysis of immunoprecipitated AB, the dried
precipitate was dissolved with 10 pL of 50% acetonitrile con-
taining 0.1% trifluoroacetic acid, and 0.5 pL of the solution was
applied directly onto a MALDI-target plate. The droplet was
mixed on the spot with 0.5 uL of matrix solution of saturated
a-cyano 4-hydroxy cinnaminic acid (CHCA, Sigma) or sinapic
acid (Sigma) dissolved in 50% acetonitrile, 0.1% trifluoroacetic
acid, and allowed to dry. Mass spectra were acquired on a
Voyager DE Pro (Applied Biosystems, Foster City, CA, USA) in
the positive ion linear mode. External calibration was done with
respect to synthetic standard of AB42,%"%* E22G-AB42,% insulin
(Sigma), and insulin B oxidized form (Sigma).

Statistical analysis

The statistical significance of differences was analysed by
one-way analysis of variance and post hoc multiple comparisons
using Tukey’s test. Statistical significance was defined as
P < 0.05.
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