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Designing multi-target chemical tools is a vital approach to understanding the pathology of Alzheimer's
disease (AD), which involves a complex network of pathological factors, such as free organic radicals,
amyloid-f (AB), and metal-bound AB (metal-AB). The pyrogallol moiety, known for its ability to lower
redox potentials and interact with both AB and metal ions, presents a promising framework for this
molecular design. Here we show how simple structural variations of pyrogallol can be used to enhance
its ability to scavenge free organic radicals and regulate the aggregation of both metal-free Ap and
metal-AB. By incorporating multiple pyrogllol units into a macrocyclic scaffold via methylene bridges,
we achieve synergistic reactivity against several pathological targets. Our structure—reactivity relationship
studies also reveal that the macrocyclic structure noticeably improves antioxidant activity as well as
interactions with both AR and metal ions, leading to oxidation of AB peptides and influencing their
conformation and aggregation in both the absence and presence of metal ions. This work demonstrates
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Introduction

Alzheimer's disease (AD) is the most common form of
dementia, characterized by a decline in cognitive functions,
such as memory and language skills. Currently, more than 55
million people worldwide are affected by dementia, with over 10
million new cases emerging every year.' Numerous efforts to
understand the etiology of AD have identified multiple patho-
logical elements, including free radicals,>* amyloid-B (AB),*”
metal ions,*® and metal-bound AB (metal-AB),"*** and their
intertwined connections.>'* The brains of AD patients are
particularly vulnerable to oxidative stress, triggered by the
overproduction of free radicals, which can damage biomole-
cules and induce cellular death.®** Additionally, AB peptides are
prone to aggregation, forming neurotoxic aggregates that
accumulate as senile plaques (SPs) in AD-affected brains.'®"
High concentrations of metal ions [e.g., Cu(i/u) and Zn(u)] have
also been detected in the SPs,'® where they can coordinate to AB,
subsequently altering their aggregation dynamics."*?* In
particular, redox-active metal ions, such as Cu(i/u), can produce
reactive oxygen species through Fenton-like reactions and
exacerbate oxidative stress. To date, various chemical tools

Department of Chemistry, Korea Advanced Institute of Science and Technology
(KAIST), Daejeon 34141, Republic of Korea. E-mail: miheelim@kaist.ac.kr

1 Electronic supplementary information (ESI) available: Experimental section and
Fig. $1-516. See DOI: https://doi.org/10.1039/d4sc06417h

i These authors contributed equally to this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

that effectively manage the pathological components associated with AD.

and therapeutic candidates, including antioxidants,® anti-Ap
drugs,” and metal chelators,>**?* have been developed;
however, their effectiveness and safety remain controversial,
underscoring the limitations of single-target-based compounds
and the need for multi-target-directed chemical reagents to
address the multifactorial nature of AD.>'*>73¢

To delineate the complex pathologies of AD, the multiple
reactivities of some natural products, such as myricetin,”**"
epigallocatechin-3-gallate,** and baicalein,* have been identi-
fied against free organic radicals, metal-free AB, metal ions, and
metal-AB.%>*¢ Interestingly, these compounds share a common
structure, the pyrogallol moiety, implying its potential in
engaging their multifunctional properties. Thus, in this study,
we rationally designed a series of pyrogallol-based compounds
and evaluated their abilities to scavenge free organic radicals,
interact with Ap and metal ions, and influence the assembly of
AP in the absence and presence of metal ions, as depicted in
Fig. 1. We established the relationship between the chemical
structures of these compounds and their reactivities against the
pathological factors based on variations in the number of
hydroxyl groups on the pyrogallol moiety, arranged in either
methylene-linked macrocyclic or monomeric forms. Our find-
ings demonstrate that simple structural modifications onto the
pyrogallol group can serve as a foundation for developing
versatile chemical reagents to elucidate the intertwined
pathologies of AD.

Chem. Sci., 2025, 16, 889-900 | 889


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06417h&domain=pdf&date_stamp=2024-12-21
http://orcid.org/0000-0003-3377-4996
https://doi.org/10.1039/d4sc06417h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06417h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016002

Open Access Article. Published on 03 December 2024. Downloaded on 2/9/2026 6:43:01 AM.

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

(cc)

Chemical Science

(@)

Pyrogallol Moiety Macrocyclic Scaffold

« Antioxidant Property
* Metal Chelation
ApB Interaction

«  Semi-rigidity
» Conformational
Preorganization

cu(ll)

Free Radicals Metal-free AB Metallons Metal-bound Ap

(b)

(c)

View Article Online

Edge Article
1 5 10 15 20 25 30 35 40
AB4o: DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLMV GGVV
1 5 10 15 20 25 30 35 4042
AB4,: DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA lIGLMV GGVV IA
Variation I Variation | :
ariation OH Number of Hydroxyl Groups
HQ@.OH
HO # ~ OH Variation Il :
Ho'@ Q/ -OH Cyclization or Acyclization
HO N~

](\j’ V:?Hation ;1 | * Hydrophobicity and Hydrophilicity
HO' \O,; OH + Metal-binding Ability
« Redox Property

1
w{;@ wegWedeos

1 2 3 4 5 6

Fig. 1 Multiple pathogenic factors and rationally selected compounds studied in this work. (a) Design rationale of compound 1 as a chemical
reagent for targeting and controlling four multiple pathological factors associated to AD, including free radicals, metal-free A (PDB 2LFM*” and
2M4J7), metalions, and metal—AB. (b) Amino acid sequences of AB4o and AB4,. Amino acid residues involved in the metal-coordination and self-
recognition sites are highlighted in bold/orange and bold/underline, respectively. (c) Chemical structures of 2—6 selected based on 1's structural
variations. The number of hydroxyl groups on the aromatic rings with and without the cyclization was changed, as highlighted in gray and blue,
respectively. 1, pyrogallol[4larene [1,3,5,7(1,3)-tetrabenzenacyclooctaphane-141°,18,3% 3% 36 54 55 5¢ 74 75 7°-dodecaoll; 2, resorcin[4larene
[1,3,5,7(1,3)-tetrabenzenacyclooctaphan-1#15,3% 36 5% 56 74 76-octaoll; 3, calix[4larene [1,3,5,7(1,3)-tetrabenzenacyclooctaphanel; 4, 4-meth-
ylpyrogallol (4-methylbenzene-1,2,3-triol); 5, 4-methylresorcinol (4-methylbenzene-1,3-diol); 6, toluene (methylbenzene).

Results and discussion
Rational selection and preparation of pyrogallol derivatives

As outlined in Fig. 1a, chemical and biological properties of
pyrogallol are reported to be suitable for targeting and
controlling multiple pathological features of AD: (i) three
electron-donating hydroxyl groups attached to an aromatic
ring characterize the electronic properties of pyrogallol,
contributing to its redox potential and antioxidant ability;***°
(ii) the oxygen (O) donor atoms in these hydroxyl groups can
chelate metal ions in a bidentate manner; (iii) the amphiphi-
licity of pyrogallol facilitates the interaction with AB via
hydrogen bonding and hydrophobic associations, thereby
modulating AP aggregation (Fig. 1b).***** Given these char-
acteristics, we selected the pyrogallol group for our molecular
design. We then questioned whether incorporating multiple
pyrogallol moieties within a single structural entity could
enhance the reactivity towards our desired pathological
targets. To maximize pyrogallol's potential, we considered
arranging them in a macrocyclic scaffold using methylene
bridges. The semi-rigidity driven by a methylene-linked
macrocyclic structure allows the molecule to optimize
binding configurations and enhance interactions with
peptides and proteins.** Given that the macrocyclization of
pyrogallols forms the intramolecular hydrogen bonds within
its scaffold, ensuing thermodynamic stability and the ability to
adopting various conformations (e.g., cone, chair, and
boat),*** the macrocyclization of pyrogallol moieties with
methylene bridges can further improve its interactions with AB
species. Consequently, we selected compound 1 for further
study, as illustrated in Fig. 1a and c.

890 | Chem. Sci., 2025, 16, 889-900

To identify the involvement of the number of hydroxyl
groups on the pyrogallol moieties in compound 1 in its reac-
tivities towards the pathological components, we replaced the
pyrogallol moieties in compound 1. As described in Fig. 1c, the
incorporation of resorcinol, which contains two hydroxyl
groups at the meta position, resulted in compound 2 with
relatively increased hydrophobicity compared to compound 1.
This increase in hydrophobicity facilitates hydrophobic inter-
actions with AB. Furthermore, compound 3 without hydroxyl
groups was selected to further enhance its hydrophobic prop-
erty, thereby improving hydrophobic contacts with AB. It should
be noted that compound 3 was included in our chemical series
to probe the reactivities of the backbone structure for
compounds 1 and 2 against our targeted pathological factors.

Additionally, the variation in the number of electron-
donating hydroxyl groups on the pyrogallol structure can vary
the redox potentials of the compounds as well as their capacity
to scavenge free organic radicals. Concurrently, unlike the
catechol moieties in the pyrogallol groups of compound 1, the
metal-chelation effect can be limited in compounds 2 and 3,
which further impacts the reactivity with metal-Af. In addition
to compounds 1-3, we included their monomeric counterparts,
represented by compounds 4-6 (Fig. 1c), to assess the relevance
of macrocyclization in directing the versatile reactivities of
these compounds against pathological components.

The selected compounds were synthesized following previ-
ously reported procedures* with modifications (for
compounds 1-3) and obtained from commercial sources (for
compounds 4-6). As presented in Scheme Sl1a,} compounds 1
and 2 were prepared by a condensation reaction of pyrogallol
and resorcinol, respectively, with formaldehyde under basic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions.*” For the synthesis of compound 3, as shown in
Scheme S1b,t the nucleophilic substitution reaction of 3a on
(OEt),POCI in the presence of Bu,NBr yielded compound 3b.
Subsequent dephosphorylation of 3b with potassium metal in
liquid ammonia afforded compound 3c. Friedel-Crafts deal-
kylation of 3¢ with AICl; produced the final product 3.** The
characterization of compounds 1-6, as well as intermediates 3b
and 3c, is summarized in Fig. S1-S8.7}

Redox potentials and antioxidant ability

Since the redox properties of the compounds are associated
with their antioxidant ability, the redox potentials of
compounds 1-6 were first computed using the previously re-
ported density functional theory (DFT) calculations.*® As
depicted in Fig. 2a, the redox potentials [E° values vs. standard
hydrogen electrode (SHE)] of the compounds were calculated to
decrease as the number of hydroxyl groups on the benzene ring
increased. Among the macrocyclic compounds, compound 1
exhibited the lowest redox potential at 1.042 V, with the redox
potentials increasing in the order of compounds 2 and 3 with
values of 1.084 V and 1.612 V, respectively. Similarly, their
monomeric counterparts showed an increase in redox poten-
tials with a decrease in the number of hydroxyl groups on the
benzene ring, in the order of 4, 5, and 6, ranging from 1.106-
1.835 V. Additionally, the redox potentials of the macrocyclic
compounds 1-3 were computed to be lower than those of their
monomeric counterparts 4-6.

(a) .
Compound (\'f\fscaslilii) Evomo (€V) Eiuwo (€V) AE (eV) TEAC Value

1 1.042 -5.633 -0.460 5.173 3.64 £0.04
2 1.084 -5.708 —0.482 5.226 1.63+0.03
3 1.612 —6.422 -0.259 6.163 n.d.a
4 1.106 -5.823 —0.474 5.349 1.37+0.03
5 1.225 —6.090 -0.237 5.853 1.22+0.03
6 1.835 —6.642 -0.283 6.359 n.d.a

Fig.2 Redox properties of compounds and their ability to quench free
organic radicals. (a) Calculated redox potentials (E° vs. SHE), HOMO
and LUMO energies, and HOMO-LUMO energy gap of 1-6 and their
TEAC values determined by the TEAC assay. The solvation energy in
DFT calculations was treated with CHzOH (e = 32.7). Conditions for the
TEAC assay: CHzOH; 25 °C; A,ps = 745 hm. n.d., not determined due
to the limited solubility or antioxidant activity under our experimental
conditions. (b) Isosurface plots (isodensity value = 0.03 a.u.) of their
HOMOs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Second, the redox properties of compounds 1, 2, 4, and 5
were investigated by cyclic voltammetry in CH;CN. All measured
compounds displayed irreversible oxidation peaks, as presented
in Fig. S9,7 making it difficult to obtain the E,,, values. The
anodic peak potentials (Ep,) of compounds 1 and 4 were 0.47 V
and 0.41 V at 250 mV s~ * vs. Ag/Ag(1), respectively, consistent
with previously reported values for the pyrogallol moiety.*” For
compounds 2 and 5, E,, values of 0.63 V and 0.45 V, respectively,
were observed, which aligns with the trend of increasing redox
values as the number of hydroxyl groups on the benzene ring
decreases. It should be noted that we were unable to obtain
cyclic voltammograms of compounds 3 and 6 due to their
limited solubility in CH;CN.

We next examined the ability of the compounds to quench
free organic radicals by the Trolox equivalent antioxidant
capacity (TEAC) assay, which employs the cationic radical form
of  2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(Fig. 2a). Compounds 1, 2, 4, and 5 displayed TEAC values
greater than 1.0, relative to the vitamin E analog Trolox,*
indicating that their radical scavenging ability is superior to
that of Trolox. Aligning with our DFT calculations, compound 1
demonstrated the highest TEAC value [3.64 (+0.04)] among the
compounds, which presents a strong capacity to quench free
organic radicals. As expected, compound 6, which has a rela-
tively higher redox potential, showed negligible radical scav-
enging ability. It should be noted that the TEAC value for
compound 3 could not be determined due to its limited solu-
bility in CH;0H.

To better understand the redox potentials and radical scav-
enging abilities of the compounds, we analyzed their redox
activity at the orbital level. The HOMO (highest occupied
molecular orbital) and LUMO (lowest occupied molecular
orbital) levels are closely linked to the oxidation and reduction
potentials, respectively. Additionally, the energy gap between
the HOMO and LUMO is associated with the redox potential, as
a smaller energy gap correlates with a lower redox potential,
influencing a compound's tendency for oxidation or reduc-
tion.” As illustrated in Fig. 2b, compound 1 presented the
highest HOMO level (—5.633 eV) among compounds 1-6, with
a decrease in the HOMO level observed for compounds 2 and 3,
which have fewer hydroxyl groups at the orbital lobes-localized
portions. This trend was consistently observed for the mono-
meric compounds 4-6. The orbital lobes localized at the
hydroxyl groups in the HOMO of the compounds suggest that
a greater number of electron-donating hydroxyl functionalities
on the benzene ring may elevate the HOMO level. In addition,
a comparison of the HOMO levels between compounds 1-3 and
4-6 revealed that macrocyclization of the monomeric units
tends to reduce the HOMO level. Taken together, an increase in
the number of hydroxyl groups on the benzene ring, along with
macrocyclization, correlates with the compounds' ability to
scavenge free radicals, with corresponding reductions in redox
potentials and increment in HOMO levels. Notably, compound
1, which contains multiple pyrogallol moieties in a macrocyclic
configuration, highlights the importance of the pyrogallol
moieties and their macrocyclization in enhancing the antioxi-
dant ability of these compounds.

Chem. Sci., 2025, 16, 889-900 | 891
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Interactions with AR and Cu(u)

Possible interactions between the compounds and AP were
visualized by molecular docking simulations employing the
monomeric structure of AR, (PDB 2LFM?*) identified by nuclear
magnetic resonance spectroscopy in aqueous solutions. As
displayed in Fig. 3a, all compounds were situated in a pocket
near the N-terminal and a-helical regions of AP4. For the
compounds containing pyrogallol functionality, compounds 1
and 4 could form hydrogen bonds with AP through their
hydroxyl groups. Specifically, the hydroxyl moieties of

(a) 1 4

-4
- + Cu(ll) (1 equiv)
- + Cu(ll) (2 equiv)

Absorbance

400 500 600
Wavelength (nm)

Fig. 3 Interactions of compounds with monomeric AB4o and Cuf(i). (a)
Possible interactions of compounds 1-6 with monomeric AB4o (PDB
2LFM*) visualized by docking studies. The representative models with
the highest binding affinity towards AB4o are shown in the figure.
Binding energies between compounds 1-6 and AB4o are —10.1, —8.8,
7.6, —47, —4.3, and —4.0 kcal mol™, respectively. Other docked
models of compounds 1-6 against AB4o are presented in Fig. S10.}
Hydrogen bonds (2.0-4.0 A) and C-H-m interactions (3.3-4.1 A)
between compounds and AB4g are indicated with dashed lines. O, H,
and N atoms are indicated in red, white, and blue, respectively. (b)
Electronic absorbance spectra of compound 4 obtained upon addition
of Cu(i). Conditions: [compound] = 250 uM (1% v/v DMSO); [Cu(i)] =
250 and 500 uM; H,0O; 37 °C.
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compound 1 acted as hydrogen-bond donors, interacting with
the side chains of Arg5 (guanidinium group), Gln15 (amide
moiety), Lys16 (amino group), and Glu22 (carboxylic acid), as
well as the backbone amide and carbonyl groups between Ser8
and His13. Similarly, the hydroxyl groups in compound 4
formed hydrogen bonds with the guanidinium group of Arg5
and the backbone amide group between His6 and Asp7. Addi-
tionally, C-H-m interactions were observed between the
benzene rings of compounds 1 and 4 with the side chains of
Lys16 and Arg5, respectively. Given that amino acid residues
adjacent to the B-turn motifs (Val12-GIn15, Ala21-Asp23),7°-°>
self-recognition site (Leul7-Ala21),”* and salt bridge (Lys16-
Glu22)*** are critical for structural transition during the
fibrillization of AP, therefore, such intermolecular contacts of
compounds 1 and 4 with the peptide may affect its conforma-
tion and aggregation dynamics.

Although compounds 2 and 5 contain the resorcinol func-
tionality, which has fewer hydroxyl groups than the pyrogallol in
compounds 1 and 4, they still interact with AP through
hydrogen bonding with the side chains of Arg5 and GIn15 and
the backbone carbonyl and amide moieties of Ser8-Gly9, Gly9-
Tyr10, and Tyr10-Glu11. The additional hydroxyl groups in the
macrocyclic scaffold of compound 2 were further involved in
hydrogen bonding with Lys16 and Glu22. C-H- interactions of
the benzene rings of compounds 2 and 5 were visualized with
Lys16 (for 2) and Gln15 (for 5). Compounds 3 and 6, which lack
hydrogen-bond donors, can contact with AB via C-H-X (where X
= O or N) interactions, such as Arg5 (for 3 and 6), Ser8, Arg5-
His6, Tyr10-Glu11, and GlIn15 (for 3), and Phe4-Arg5 (for 6). C-
H-7 interactions were also observed with Phe4 (for 3 and 6),
Args5 (for 3), and Val18 (for 6). Collectively, all compounds can
interact with AB through various intermolecular interactions,
including hydrogen bonding and hydrophobic interactions.
Our observations suggest that the macrocyclic compounds
(1-3), compared to their monomeric counterparts (4-6), benefit
from a relatively large surface area, which may enhance inter-
actions with AP. Additionally, a greater number of hydroxyl
groups on the benzene ring increases the number of hydrogen-
bond donors, making the pyrogallol-containing compounds (1
and 4) more favorable for hydrogen bonding with Ap compared
to the resorcinol-containing compounds (2 and 5) and those
without hydroxyl groups (3 and 6). Thus, compound 1, which
contains multiple pyrogallol moieties in a macrocyclic scaffold,
may preferentially associate with AB through a combination of
multiple hydrogen bonds and hydrophobic interactions.

We further investigated whether the pyrogallol moiety,
including the O donor atoms in its hydroxyl groups, can interact
with Cu(u) in aqueous solution by electronic absorption (Abs)
spectroscopy. As illustrated in Fig. 3b, the addition of increasing
concentrations of Cu(u) to a solution of compound 4 resulted in
a gradual increase in Abs at 270 nm, along with the appearance
of a broad optical band at 340 nm. Previous studies have re-
ported that such spectral changes can occur when pyrogallol is
oxidized into 1,2-benzoquinone-3-ol upon interaction with
Cu(n).*®**7 These observations suggest that the pyrogallol-
containing compounds, 1 and 4, can interact with Cu(u). It
should be noted that we were unable to quantitatively measure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Cu(u)-binding affinity of compound 4 due to the limited
stability of Cu(u)-4 complexes, and the Abs spectrum of
compound 1 treated with Cu(u) could not be obtained because
of its limited aqueous solubility in the presence of Cu(u).

Impact on the formation of AP aggregates in the absence and
presence of metal ions

To determine the influence of the compounds on the formation
of AP aggregates, we monitored the molecular weight (MW)
distribution and morphology of the resultant metal-free Ap and
metal-AP species by gel electrophoresis with western blotting
(gel/western blot) using an anti-Ap antibody (6E10) and trans-
mission electron microscopy (TEM), respectively (Fig. 4a). Of
note, relatively smaller AB aggregates (ca. <245 kDa) were
analyzed by gel/western blot, while larger species that cannot
penetrate the gel matrix were visualized by TEM. As illustrated
in Fig. 4b, 5a, and S11a,f upon treatment of compounds 1, 2,
and 4, the MW distribution of AB,, both in the absence and
presence of metal ions was notably changed. When compound 1

View Article Online

Chemical Science

was incubated with metal-free AB,, the intensity of the bands
across the 11-245 kDa range increased, while new bands at 5-48
kDa and around 245 kDa were appeared upon the addition of
compound 2 to AP, under metal-free conditions. Compound 4
intensified the bands corresponding to metal-free AB,, aggre-
gates with relatively small (5-11 kDa) and large (ca. 245 kDa)
MW. In the case of metal-AB,, samples, an amplified variation
in the MW distribution with compounds 1, 2, and 4 was indi-
cated. Conversely, compounds 3, 5, and 6 showed minimal or
no significant reactivity towards both metal-free AB,, and
metal-AB,o.

TEM studies further supported the reactivity of compounds
1, 2, and 4 with AB,, in the absence and presence of metal ions.
Incubation of compound 1 with metal-free AB,, produced
thinner and shorter fibrils, distinct from the dense fibril
bundles observed in compound-untreated metal-free AB,.
Compounds 2 and 4 also induced the morphological transitions
towards AB,, under metal-free conditions, showing smaller and
chopped fibrils. In the case of Cu(u)- and Zn(m)-associated Ao,

Inhibition

+ Compound « Gel/Western blot

AB4 or AB,, Monomers + Cu(ll) or Zn(ll)

AB,4, or AB,, Species

Experiments 24 h, 37 °C, Agitation TEM
(b) AByg 1 (c) AB,;
Metal-free Metal-free Cu(ll) Zn(ll) i Metal-free Metal-free Cu(ll) Zn(ll)
kDa :
245 ' :
75 i Cf
48 ;
25 | :
20 | !
| H 1
5 |- 5 |l
C123456 | C1234568
Cu(ll) : Cu(ll)
kDa ' kDa 2
245 1 245
75 P75
48 |48
25 .25 3
20 120
5 sl 5 e | n
C123456 ; C1234586
Zn(l | Zn(l)
kDa = : i
245 :
75 !
48 |
25 |
20 |
5|

C1234586

C1234586

Fig.4 Effects of 1-6 on the formation of metal-free and metal-induced AB aggregates. (a) Scheme of the inhibition experiments. Analyses of the
MW distribution and morphology of the resultant (b) AB4o and (c) AB4» aggregates by gel/western blot with an anti-Ap antibody (6E10) and TEM,
respectively. Lanes: (C) AB & Cu(m) or Zn(i); (1) C+ 1, (2) C+2;(3)C+ 3; (4) C+ 4, (5)C +5; (6) C + 6. The original gelimages are shown in Fig. S11.1
Conditions: [AB] = 25 puM; [Cu(i) or Zn()] = 25 uM; [1, 2, or 3] =25 uM and [4, 5, or 6] = 100 uM (1% v/v DMSO); 20 mM HEPES, pH 7.4 [for metal-
free and Zn(i)-added samples] or pH 6.8 [for Cu(i)-treated samples], 150 mM NaCl; 37 °C; 24 h; constant agitation. Scale bars = 200 nm.
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Fig. 5 Summary of the (a) gel/western blot and (b) TEM results obtained from the inhibition experiments described in Fig. 4. °The circle symbol
(O) indicates a noticeable effect, compared to the control samples containing Ap with and without metal ions. °The dash (-) denotes no
significant changes, relative to the control samples. “The triangle symbol (A) represents relatively mild or less reactivity.

small amorphous aggregates with and without fibrillary species
were visualized upon the addition of compounds 1, 2, and 4,
whereas large assemblies of amorphous or filamentous struc-
tures were observed in the compound-free metal-AB,,. The
morphologies and sizes of aggregates in AB,, samples con-
taining compounds 3, 5, and 6 were similar to those of the
compound-free samples, both in the absence and presence of
metal ions, as summarized in Fig. 5b.

Furthermore, we assessed the reactivity of compounds
towards the aggregation propensity of AB,,, another major
isoform of AB, with AB,,,” as presented in Fig. 4c, 5a, and S11a.t
In the absence of metal ions, compound 1 notably varied the
MW distribution of AB,, at ca. 5 kDa and 48-75 kDa. Compound
2 increased the intensity of smearing at 5-11 kDa and 48-75
kDa. A slight reduction in signal intensity at ca. 5 kDa was
observed upon incubation of compounds 5 and 6 with metal-
free AB,,, while compounds 3 and 4 did not noticeably affect
the size distribution under our gel/western blot experiments.
TEM investigations showed that shorter fibrils were produced
when AB,, was treated with compounds 1, 2, 4, and 6 with
metal-free AB,,, in contrast to the longer fibrils observed for
compound-untreated and 3-treated samples. Incubation with
compound 5 led to the formation of amorphous metal-free AB,,
aggregates.

For Cu(u)-AB,,, compounds 1, 2, and 4 modified the MW
distribution of the resultant aggregates, relative to that of
compound-free sample, to different extent. Compounds 3, 5,
and 6 exhibited relatively mild reactivity towards Cu(i)-AB,s,
with shifts in the MW distribution at 48-75 kDa (for 3) and 11-
20 kDa/48-75 kDa (for 5 and 6). As shown in the TEM studies,
the 1-added Cu(u)-AB,, showed chopped filamentous species,

894 | Chem. Sci,, 2025, 16, 889-900

while compounds 2 and 4-6 formed smaller aggregates. The 3-
treated Cu(u)-AB,, sample displayed relatively large-sized
aggregates, similar to those observed in the compound-free
sample.

The samples of Zn(u)-AB,4, with compounds 1 and 4 displayed
reduced signal intensity at 5-20 kDa, with intense smearing
bands larger than ca. 25 kDa, and the formation of new bands at
5-11 kDa and 25-245 kDa, respectively, showing smaller
unstructured aggregates. This morphology was similar to those
of Zn(u)-AB4, incubated with compound 2, which exhibited
slightly reduced intensity of smearing bands at 48-245 kDa.
Compounds 3 and 5 changed signal intensity at 48-245 kDa and
5-11 kDa. The MW distribution of Zn(u)-AB,, was not notably
altered by incubation with compound 6. TEM studies revealed
that the dense network of fibrils observed in the compound-free
Zn(u)-AB,4, sample remained unchanged in the samples with 3, 5,
and 6. Taken together, our inhibition studies elucidate the
significant reactivity of pyrogallol-containing compounds (1 and
4) towards both metal-free AB and metal-AB, implying that
pyrogallol moiety acts critical in modulating the aggregation of
AR with and without metal ions. Additionally, the comparison of
macrocyclic compounds (1 and 2) with their monomeric coun-
terparts (4 and 5) supports that the conformation status of the
compounds can differ their effects on AP aggregation in the
absence and presence of metal ions.

Reactivity with preformed AP aggregates with and without
metal ions

To investigate the ability of compounds to disassemble pre-
formed AP aggregates or modulate their further aggregation
pathways, metal-free AR or metal-AB was preincubated for 24 h

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to form peptide aggregates and the compounds were treated,
with an additional 24 h incubation (Fig. 6a). As depicted in
Fig. 6b, 7a, and S11b,f compound 1 exhibited weaker band
intensity at 4-11 kDa, corresponding to monomeric and dimeric
A4, in the absence of metal ions. A slight reduction in band
intensity at ca. 5 kDa was observed upon incubation of metal-
free AB4o with compound 4. Compounds 2, 3, 5, and 6 did not
significantly alter the MW distribution of AB,, without metal
ions. To clarify whether the AB,, species resulting from treat-
ment with compound 1 could not penetrate the gel matrix or if
6E10 antibody could not sufficiently recognize the Asp1-Lys16
residues of the resultant AB,,,*® we additionally performed gel/
western blot analysis using anti-AB 22-35 antibody, which has
an epitope that includes Glu22-Met35.*° The results showed
that compound 1 generated gel-permeable AB,, aggregates in
the range of 11-245 kDa and reduced the amount of monomeric
A, at around 4 kDa. In the TEM images, various sizes of metal-
free A, fibrils, with and without amorphous aggregates, were
observed in the 1-, 2-, and 4-added samples. This was different
from the filamentous species detected in the samples without

View Article Online

Chemical Science

compounds and in those added with compounds 3, 5, and 6, as
summarized in Fig. 7b. In the case of metal-free AB,,, the use of
6E10 revealed that compound 1 reduced the signal intensity
across the gel lane from 5 kDa to 245 kDa, and compounds 2-6
weakened the band intensity at ca. 5 kDa and 75-245 kDa
(Fig. 6¢c and S11bf). With the anti-Ap 22-35 antibody, the
disappearance of bands at 5-11 kDa along with intensified
signals at 48-75 kDa, was observed with the addition of
compound 1. TEM analysis revealed that treatment with
compounds 1, 2, and 4 resulted in metal-free AB,, aggregates,
characterized by thinner and shorter fibrils and amorphous
species. In contrast, longer fibrils were observed in the
compound-free sample as well as those treated with 3, 5, and 6,
as schematically depicted in Fig. 7b.

In the presence of metal ions, the MW distribution of AR,
and AB,, aggregates incubated with compounds 1, 2, and 4 was
significantly varied. In contrast, compounds 3, 5, and 6
exhibited mild or no reactivity against preformed metal-AB
aggregates in gel/western blot experiments. When we used anti-
AB 22-35 antibody, in the presence of Cu(u), smearing

(@
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Influence of 1-6 on preformed metal-free AB and metal—Ap aggregates. (a) Scheme of the disaggregation experiments. Analyses of the
(c) AB42 aggregates through gel/western blot with two antibodies [e.g., 6E10 and
AR+ CumorZn(n); DC+1,2)C+2,3)C+3;(4C+4(5C+5;(6)C+ 6. The original gel

images are shown in Fig. S11.1 Conditions: [AB] = 25 uM; [Cu(i) or Zn(i)] = 25 uM; [1, 2, or 3] = 25 uM and [4, 5, or 6] = 100 uM (1% v/v DMSO);
20 mM HEPES, pH 7.4 [for metal-free and Zn(i)-added samples] or pH 6.8 [for Cu(i)-treated samples], 150 mM NaCl; 37 °C; 24 h; constant

agitation. Scale bars = 200 nm.
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throughout 5-245 kDa were detected for the 1- and 4-treated
sample, different from compound-unadded Cu(u)-Af4,. For
Zn(u)-AB,,, the aggregates probed by anti-AB 22-35 antibody
indicated the signal intensity changing at ca. 5 kDa and 75-245
kDa upon the addition of compound 1. Morphological analysis

indicated that smaller aggregates with both amorphous and
fibrillary characteristics were formed when compounds 1, 2, 3,
and 4 were incubated with Cu(u)-AB,. In contrast, the
compounds-untreated samples displayed a bunch of fibrils,
while compounds 5 and 6 also changed the morphology of
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Cu(u)-AB,o aggregates, resulting in amorphous aggregates. For
Zn(u)-AB,o, the samples treated with compounds 1, 2, and 4
showed chopped fibrils mixed with unstructured aggregates,
whereas the compound-free sample and those added with
compounds 3, 5, and 6 exhibited filamentous species. In the
case of metal-AB,,, the samples incubated with compounds 1,
2, and 4 presented smaller amorphous aggregates with or
without thinner fibrils, while the compound-untreated and 3-,
5-, and 6-treated samples displayed relatively larger aggregates.

Collectively, our inhibition and disaggregation studies
demonstrate that the pyrogallol-containing compounds (1 and 4)
significantly affect the aggregation of AB in both the absence and
presence of metal ions. These results suggest the importance of
pyrogallol functionality, which is responsible for AP interactions
through a combination of hydrogen bonding, hydrophobic
contacts, and metal binding, in directing the reactivity towards
metal-free AR and metal-AB. The distinct reactivities of the
macrocyclic compounds (1-3) and their monomeric counterparts

Singly oxidized AB4, with 1

View Article Online
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(4-6) towards AP assembly with and without metal ions are
supported by their different degrees of interactions with AB and
metal ions, depending on the number of hydroxyl groups
attached to the benzene ring. Moreover, the methylene-linked
macrocyclization of pyrogallol, resorcinol, and benzene units
from 4-6 into 1-3 influenced the aggregation of AB under both
metal-free and metal-present conditions. In particular, the
macrocyclic compound 2 notably modified the assembly path-
ways of metal-free AP and metal-AB, while its monomeric
counterpart 5 displayed minor or no reactivity. These observa-
tions imply that the interaction with AP amplified by the
increased surface area resulting from the macrocyclization of
monomeric units, can contribute to the reactivity towards A in
the absence and presence of metal ions. Furthermore,
compounds 3 and 6 displayed little or no reactivity, indicating
that the hydrophilicity of compounds, with the assistance of
hydrophobicity, may play a role in determining their ability to
modulate the aggregation of A with and without metal ions.
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Chemical modifications onto AP

To provide the mechanistic details on how metal-free AR and
Cu(m)-Ap can be chemically modified by the compounds 1-6, we
analyzed the samples of AB,, incubated with the compounds,
both in the absence and presence of Cu(u) by electrospray
ionization-mass spectrometry (ESI-MS). As illustrated in Fig. 8a,
metal-free AB,, treated with compounds 1, 2, and 4 displayed
a new peak at 1449 m/z, with a mass shift of +16 Da from the
monomeric APy, corresponding to singly oxidized metal-free
AB,0. Concurrently, we observed chemical transformations of
pyrogallol-containing compounds 1 and 4 into pyrogallol
quinone or purpurogallin derivatives (Fig. S127), while APy,
oxidation was not detected under anaerobic conditions, as
illustrated in Fig. S13.1 These observations suggest that O, plays
a role in the oxidation of compounds and the subsequent
production of ROS, which can oxidize Ap.****

To further identify the oxidized amino acid residues in A,
we conducted tandem MS (ESI-MS?). When collision-induced
dissociation (CID) energy was applied to the peak at 1449 m/z,
as presented in Fig. 8b, oxidized b fragments were observed
starting from b3s5, indicating that Met35 in metal-free AB,, can
be oxidized by compounds 1, 2, and 4. Given that the oxidation
of Met into Met sulfoxide enhances the polarity of AB peptides,
potentially leading to the destabilization of B-strand structure
and disrupting the hydrophobic interactions,**** such modi-
fication can ensue the alternation in AP aggregation process.
Conversely, this oxidative modification of AB,, was not observed
with compounds 3, 5, and 6 (Fig. S147).

As depicted in Fig. 9a, the peak assigned to singly oxidized
AB4o (1449 m/z) was visualized for Cu()-AB,, incubated with
compounds 1, 2, and 4, while such oxidation was not detected
in the absence of O, (Fig. S15%). As observed in the metal-free
samples, the peaks corresponding to the oxidized compounds
were also monitored under aerobic conditions (Fig. S12t). The
fragmental analysis by applying the CID energy to this peak
revealed b fragments starting from b, ; in both non-oxidized and
oxidized forms (Fig. 9b). This implies that His13, His14, or
Met35 in Cu(u)-AB4 can be oxidized upon treatment of
compounds 1, 2, and 4. Interestingly, an additional peak at 1453
m/z, indicative of doubly oxidized AB,,, was detected in Cu(u)-
AB, added with compounds 1 and 4 (Fig. 9a). Upon application
of the CID energy to this peak, as disclosed in Fig. 9c, singly
oxidized b fragments smaller than b;; were not monitored,
while singly and doubly oxidized b ions larger than by, and b3,
respectively, were shown. This suggests that compounds 1 and 4
can concurrently oxidize two of the amino acid residues: His13,
His14, and Met35. In addition to Met, the oxidation of His into
2-oxo-His can impact the aggregation of AB. As His engage the
ability to participate in hydrogen bonding and m-m stacking
through its imidazole ring,°~* which are involved in the
aggregation processes of AP, its oxidative transformation can
alter the assembly pathways of AB. Since His13 and His14 are
also responsible for metal coordination to A (Fig. 1b),'>° the
formation of 2-oxo-His can interfere with metal binding to AB,
resulting in the change in the self-assembly of metal-AB.
Overall, compounds 1, 2, and 4 can oxidize AP peptides in both
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the absence and presence of Cu(u) in distinct ways, possibly
affecting their aggregation profiles to varying degrees.

Conclusions

AD is a complex and multifactorial condition that demands the
development of chemical reagents capable of targeting and
controlling multiple pathological elements, such as free organic
radicals, metal-free AR, metal ions, and metal-AB. In this study,
we introduced a series of rationally selected compounds that
exhibit versatile reactivities against these pathological compo-
nents. These compounds were strategically designed by varying
the number of hydroxyl moieties on the pyrogallol group,
arranged in either macrocyclic or monomeric forms.

Our comprehensive biophysical and biochemical investiga-
tions demonstrated that these compounds can effectively
quench free organic radicals and modify the aggregation path-
ways of both metal-free AB and metal-Ap to different degrees.
Notably, the macrocyclic compounds (1-3), with the distinct
number of hydroxyl groups on the benzene ring, revealed that
the increased number of hydroxyl groups lowers the redox
potential, enhances interactions with A via multiple hydrogen
bonds, and promotes metal binding. These factors contribute to
their ability to scavenge free organic radicals, modulate the
assembly of both metal-free AR and metal-AB, and induce
oxidative modifications onto the peptides.

Similarly, their monomeric counterparts, 4-6, displayed
distinct reactivities towards the pathological targets based on
the number of hydroxyl groups. Moreover, the macrocyclization
of 4-6 into 1-3 using methylene bridges resulted in reduced
redox potentials and maximized interactions with AB by
expanding the surface area of the semi-rigid compounds.
Findings in these studies suggest that simple adjustments in
the number of hydroxyl groups and molecular conformations
can fine-tune the reactivities of compounds towards the path-
ological factors associated with AD. In future studies, we will
investigate the linear counterparts of compounds 1-3 to deter-
mine whether the flexibility or rigidity of molecular structure is
critical for their reactivity against our targeted pathological
elements. This approach may provide an effective strategy to
design multi-target-directed chemical reagents.

More importantly, compound 1, featuring multiple pyro-
gallol moieties in a macrocyclic structure, exhibited the lowest
redox potential among the tested compounds. It demonstrated
a strong ability to interact with metal-free and metal-treated AB
through a combination of multiple hydrogen bonding, hydro-
phobic interactions, and metal chelation. These properties
enabled it to effectively quench free organic radicals and alter
the aggregation profiles of both metal-free AR and metal-Ap,
inducing oxidative modifications in multiple amino acid resi-
dues. It should be noted, however, that the cytotoxicity of
compounds 1-3 under our experimental conditions prevented
us from assessing their impact on AB-induced cytotoxicity
(Fig. S16%). Additionally, structural variations of compound 1
with biocompatible functionalities, such as esters and boronic
esters/acids, may further enhance its biological applications.®”
Collectively, our findings highlight that minor modifications

© 2025 The Author(s). Published by the Royal Society of Chemistry
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onto the pyrogallol structure can lead to the development of
multifunctional chemical reagents with the potential to regu-
late key pathological features found in AD, providing valuable
molecular insights into the disease's complicated pathologies.
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