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fAbstract: To elucidate the involvement of individual and
inter-related pathological factors [i.e., amyloid-$ (AB), metals,
and oxidative stress] in the pathogenesis of Alzheimer’s dis-
ease (AD), chemical tools have been developed. Characteris-
tics required for such tool construction, however, have not
been clearly identified; thus, the optimization of available
tools or new design has been limited. Here, key structural
properties and mechanisms that can determine tools’ regula-
tory reactivities with multiple pathogenic features found in
AD are reported. A series of small molecules was built up
through rational structural selection and variations onto the

\

framework of a tool useful for in vitro and in vivo metal-Af3
investigation. Variations include: (i) location and number of
an AP interacting moiety; (i) metal binding site; and (iii) den-
ticity and structural flexibility. Detailed biochemical, biophys-
ical, and computational studies were able to provide a foun-
dation of how to originate molecular formulas to devise
chemical tools capable of controlling the reactivities of vari-
ous pathological components through distinct mechanisms.
Overall, this multidisciplinary investigation illustrates a struc-
ture-mechanism-based strategy of tool invention for such
a complicated brain disease. )

Introduction

Alzheimer’s disease (AD) is a progressive and fatal brain disor-
der that is defined by progressive neuronal loss and cognitive
defects." Due to the unclear and complicated etiology of AD,
a cure for the disease has not been discovered. Amyloid-f3 (Ap)
peptides are suggested to be associated with AD pathogenesis
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because misfolded AP aggregates are primary components of
senile plaques found in the AD-afflicted brain (amyloid cascade
hypothesis).""? Upon the proteolytic cleavage of amyloid pre-
cursor protein (APP) by 3- and y-secretases, Af peptides are
produced. Two major isoforms, AP, and AP, (ca. 90% and 9%
in the brain, respectively), are aggregation-prone and are able
to form aggregates from monomers to various-sized oligomers
and fibrils."*? Based on recent findings, soluble AP oligomers
are observed to be toxic; however, a relationship between Ap
conformations and toxicity remains uncertain."“? Moreover,
the AD-affected brain exhibits highly concentrated metal ions
within senile plaques (e.g., ca. 0.4 mm for Cu”, 1.0 mwm for Zn",
09 mm for Fe"™.'%3 previous in vitro studies present that
these metal ions (particularly, Cu” and Zn") can interact with
AP peptides and facilitate peptide aggregation. Furthermore,
complexes of AP and redox-active metal ions, such as Cu”" and
Fe'™, are shown to overproduce reactive oxygen species (ROS)
through Fenton-like reactions leading to oxidative stress.!'™%
Thus, it has been proposed that individual or inter-related reac-
tivities of metal-free AP, metal ions, and ROS may contribute
to AD pathogenesis [specially, via an inter-communicator,
metal-bound AP (metal-Ap)] (Figure 1).l'c¢3d]

To elucidate the molecular-level underpinnings of individual
and inter-related risk features involved in AD pathogenesis,
small molecules capable of targeting and modulating their re-
activities have been developed as chemical tools.! Among
them, L2-b (N',N'-dimethyl-N*-(pyridin-2-ylmethyl)benzene-1,4-
diamine; Figure 1) was recently developed for regulating
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Individual and Inter-related ~ AmYylid-+#
Pathological Factors
Metals Oxidative
Stress

| Structural Portion (iii)

IP (eV) L2-b L2-b1 L2-b2 PMA1 PMA2 DPA1 DPA2
Gas Phase 5.92 6.72 5.83 8.36 7.21 7.46 8.39
Aqueous Phase 4.52 5.32 4.44 6.40 5.84 5.92 5.45

Figure 1. Structural investigations (i-iii) of small molecules to alter their ionization potentials (IPs) and reactivities with individual and inter-related AD patho-
logical factors. Structural variations: (i) the different position and number of the dimethylamino functionality; (i) the metal-binding sites with and without a di-
methylamino group; (ii)) the increased denticity and structural flexibility. Potential donor atoms for metal binding are indicated in blue. Isosurface plots of
compounds’ SOMOs (blue, N; gray, C; white, H) are depicted underneath compound structures. The calculated IPs in both the gas and aqueous phases are
summarized in the table (bottom). L2-b, N',N'-dimethyl-N*-(pyridin-2-ylmethyl)benzene-1,4-diamine; L2-b1, N,N-dimethyl-6-((phenylamino)methyl)pyridin-3-
amine; L2-b2, N'-((5-(dimethylamino)pyridin-2-yl)methyl)-N*,N*-dimethylbenzene-1,4-diamine; PMA1, pyridin-2-yl-methanamine; PMA2, 6-(aminomethyl)-N,N-
dimethylpyridin-3-amine; DPA1, bis(pyridin-2-ylmethyl)amine; DPA2, 6-((((5-(dimethylamino)pyridin-2-yl)methyl)amino)methyl)-N,N-dimethylpyridin-3-amine.

metal-Afp species, along with antioxidant activity, and its in
vitro and in vivo efficacy toward metal-Ap was demonstra-
ted.® 1 Until now, however, it has not been determined how
the molecular formulas and properties of such a tool could
lead to specific reactivities for the desired target, which has re-
stricted new or innovative tool invention. Here, we report our
multidisciplinary studies employing a newly designed chemical
library based on L2-b’s backbone (Figure 1). Our studies dem-
onstrate the importance of rationally constructing and tuning
structural features and mechanisms [e.g., peptide modifica-
tions, including degradation and covalent adduct formation,
by oxidative transformations of small molecules based on their
ionization potentials (IPs)] toward development of tools for
regulating distinct and inter-related pathological features in
AD. Moreover, through the design principle gained from struc-
tural and mechanistic details, a chemical tool for targeting and
controlling multiple distinguishable factors (i.e., metals, metal-
free AP, metal-AP, and oxidative stress) was successfully con-
structed. Overall, our studies illustrate how chemical tools can
be devised for investigating individual or inter-related patho-
logical factors in AD.

Results and Discussion

Rational selection and preparation of small molecules

To establish how structural characteristics can guide mechanis-
tic directions of chemical tools for desired reactivities toward
their distinct targets, a class of small molecules derived from
the backbone of L2-b was rationally designed (Figure 1). In our
chemical series, different structural variations or portions based
on the framework of L2-b were applied or selected (Figure 1):
(i) the position and number of the dimethylamino functionality,
important for AP interaction,” 9% on the backbone of L2-
b were altered, affording L2-b1 and L2-b2; (ii) the structural
moieties of L2-b and L2-b1/L2-b2 for metal binding (i.e.,
PMA1 and PMA2, respectively) were included; (iii)) the denticity
and structural flexibility on L2-b’s structure were varied gener-
ating DPA1 and DPA2. Moreover, the blood-brain barrier (BBB)
permeability of our compounds was also considered for their
biological applications. The potential BBB penetration of small
molecules was suggested based on Lipinski’s rules as well as
the values obtained from logBB calculation and the parallel ar-

(a) o
AN H @J‘“"z EtOH \N‘CH NaBH, @ﬁ
+ /
NN R 45°C, 10 min N NOR MeOH N HNO
I 90°C,1h 0°C, 5min
R=H R=H RT, 45 min R=H (L2-b1)
N(CHj), N(CHz), N(CH3); (L2-b2)
(b) N CHQO HzSO4 2
NaBH4 N Pd/C, Hz 1
| N 7 N
RT, 30 min SN RT 30 min
| (DPA2)

Scheme 1. Synthetic routes to (a) L2-b1, L2-b2 and (b) DPA2.
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Figure 2. Effects of small molecules on formation of metal-free A and metal-Af aggregates. (a) Scheme of inhibition experiments. Visualization of MW distri-
butions of resultant (b) AB,, and (c) AB,, species by gel/Western blot with an anti-Af antibody (6E10). Conditions: [AB] = 25 pum; [CuCl, or ZnCl,] = 25 pm;
[compound] = 50 um; pH 6.6 (for Cu" experiments) or pH 7.4 (for metal-free and Zn" experiments); 37 °C; constant agitation. TEM images of the (d) AB,, and

(e) A4, samples from (b) and (c), respectively.

tificial membrane permeability assay adapted for the BBB
(PAMPA-BBB) % (Supporting Information, Table S1).

L2-b, L2-b1, L2-b2, and DPA2 were prepared following the
previously reported methods with slight modifications (espe-
cially for L2-b1, L2-b2, and DPA2, the procedures are summar-
ized Scheme 1).°¥ L2-b1 and L2-b2 were obtained in relative-
ly high yield through the formation of imine followed by its re-
duction to amine using sodium borohydride (NaBH,).*>? In the
case of DPA2, the conversion of the primary amino group on
picolinonitrile to the dimethylamino functionality was carried
out, subsequently incorporating themselves to obtain the final
product. Note that PMA1, PMA2, and DPA1 are commercially
available.

Influence on metal-free and metal-induced A} aggregation

The ability of our small molecules (Figure 1) to modulate AP
aggregation in both the absence and presence of metal ions
was monitored through inhibition and disaggregation experi-
ments (reaction schemes of both studies shown in Figure 2a
and Supporting Information, Figure S1a, respectively). The ex-
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periments were performed using AP, and A, two major AP
isoforms found in the AD-affected brain.'> The molecular
weight (MW) distributions and morphological changes of the
resultant AP species were analyzed by gel electrophoresis with
Western blotting (gel/Western blot) and transmission electron
microscopy (TEM), respectively.**" If a compound could gener-
ate a variety of smaller Af} species, the gel/Western blot would
indicate significant smearing. The large aggregates produced
upon treatment with a compound can be visualized by TEM,
but are too large to penetrate into the gel matrix, thus pre-
senting very little smearing on the gel/Western blot (Figure 2;
Supporting Information, Figure S1).

In inhibition experiments (analysis of compounds’ effect on
formation of Af} aggregates, Figure 2a), various MW distribu-
tions of both metal-free AP, and metal-Af,, species were dis-
played to different extents from the samples containing L2-b2
(lane 2, Figure 2b) compared to compound-untreated peptides
(lane C, Figure 2b). On the other hand, much less significant
influence on AP aggregation was observed upon incubation
with the other compounds (i.e., L2-b1, PMA1, PMA2, DPA1,
and DPA2) with and without metal ions. Moreover, similar to

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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AB.o both metal-free and metal-treated AP,, aggregation path-
ways were altered by treatment with L2-b2 (lane 2, Figure 2¢),
noticeably different from L2-b1, PMA1, PMA2, DPA1, and
DPA2. In addition to gel/Western blot analyses, the morpholo-
gies of both metal-free AB,/AB4, and metal-Ap,./AP4, aggre-
gates produced upon incubation with L2-b1 or L2-b2 were
monitored by TEM. The resultant AR, and AP, aggregates
generated by treatment with L2-b2 were shown to be more
amorphous aggregates and/or smaller fibrils than those ob-
tained under compound-free and L2-b1-treated conditions
(Figure 2d ande).

The results from disaggregation experiments (determination
of the ability of compounds to disassemble preformed AP ag-
gregates; Supporting Information, Figure STa) are similar to
those from the inhibition studies (Supporting Information, Fig-
ure S1b-e). Preformed metal-free AB,, and metal-treated AP,
aggregates incubated with L2-b2 displayed various-sized pep-
tide aggregates to different degrees (lane 2, Supporting Infor-
mation, Figure S1b). Similar to inhibition experiments, L2-b1,
PMA1, PMA2, DPA1, and DPA2 could not detectably disaggre-
gate preformed AP,, aggregates or redirect their further aggre-
gation under both metal-free and metal-treated conditions
(Supporting Information, Figure S1b). In the case of AP, L2-
b2 was also indicated to dismantle preformed metal-free and
metal-treated AP, aggregates, distinct from the other com-
pounds (Supporting Information, Figure S1c). Expected from
the gel/Western blot studies, more noticeable morphological
changes upon treatment of L2-b2 to preformed metal-free and
metal-bound Af4/AP,, aggregates were visualized, indicating
more amorphous aggregates or thinner fibrils than the resul-
tant AP aggregates from compound-free and L2-b1-added
samples (Supporting Information, Figure S1d and e).

Collectively, our gel/Western blot and TEM results suggest
that structural variations of small molecules govern their dis-
tinct reactivities toward both metal-free and metal-induced AP
aggregation. L2-b2, which has the overall structure of L2-
b with an additional dimethylamino group on the pyridine
ring (Figure 1), is observed to redirect both metal-free Af and
metal-AB aggregation pathways; however, L2-b1 with the di-
methylamino functionality, differently positioned from the
backbone of L2-b, is not able to alter peptide aggregation re-
gardless of the presence of metal ions. PMA1 and PMA2, the
metal chelating portions of L2-b and L2-b1/L2-b2, respectively
(Figure 1), could not significantly control AP aggregation in
both the absence and presence of metal ions. In addition,
DPA1 and DPA2 (Figure 1), the small molecules with the great-
er metal binding denticity and structural flexibility than L2-b,
are not capable of distinguishably impacting AP aggregation
even in the presence of metal ions. Therefore, the results and
observations from both the inhibition and disaggregation
studies employing our chemical series validate that the overall
framework of L2-b with the dimethylamino group(s) at proper
position(s), instead of individual structural components, could
achieve inhibitory reactivities of small molecules with metal-
free AP and/or metal-Af.
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Biological activities

The capability of each compound to mediate cytotoxicity trig-
gered by metal ions, metal-free AP, and metal-Ap was exam-
ined. More than approximately 85% of cell survival was exhib-
ited when human neuroblastoma SK-N-BE(2)-M17 (M17) cells
was treated with the different compounds (up to 50 um with-
out metal ions; up to 25 um with metal ions; Supporting Infor-
mation, Figure S2). Additionally, the regulating activity of L2-
b2 against cytotoxicity induced by metal-free AR or metal-AB
was further verified (Figure 3a). As shown in Figure 3a, our
molecules in this study have relatively low toxicity in both the
absence and presence of metal ions under conditions tested.
Moreover, L2-b2, which has an additional dimethylamino
group on L2-b’s backbone, is observed to possibly alleviate
toxicity triggered by metal-free A and metal-Ap in living cells
due to its abilities to modulate AP aggregation (vide supra)
and scavenge free radicals (vide infra).

The scavenging ability of the different compounds against
free radicals was measured by the Trolox (vitamin E analogue)
equivalent antioxidant capacity (TEAC) assay, which can evalu-
ate compounds’ capability of quenching ABTS cation radicals
[ABTS'*; ABTS = 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfon-
ic acid)] in both an organic solution (i.e., EtOH) and a biological-
ly relevant environment (i.e., cell lysates).*9” As shown in Fig-

(a)

1 Ay ABs,
A120-Metal-free Ccu' Zn'  {Metal-free  Cu' Zn'
= 100 T
2
= 80 I
I
S 604
8 401

20
0
L2-b2 - + - + — + - + - = 4
(b) 3.0 -
In EtOH In Cell Lysates
1.5
5 2.0
g
Q
<
=R
0.04

Figure 3. Biological activities of small molecules. (a) Viability of cells treated
with L2-b2 and A,, or AP, in the absence and presence of CuCl, or ZnCl,.
SK-N-BE(2)-M17 (M17) cells were incubated with metal-free A} and metal-
AP followed by the addition of L2-b2. Cell viability (%) was determined by
the MTT assay compared to cells treated with DMSO only (0-1%, v/v). Condi-
tions: [AP] = 10 um; [CuCl, or ZnCl,] = 10 um; [L2-b2] = 20 pm. (b) Free or-
ganic radical scavenging capability of L2-b1, L2-b2, PMA1, PMA2, DPAT,
and DPA2, identified by the TEAC assay in EtOH or M17 cell lysates (inset).
The TEAC values are relative to that of a vitamin E analogue, Trolox (6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Error bars represent the
standard error from three independent experiments (P < 0.05).
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ure 3b, the TEAC values of L2-b1 and L2-b2 were determined
(0.8 £ 0.1 and 1.9 + 0.1 in EtOH; 0.7 + 0.1 and 1.1 + 0.1 in
M17 lysates, respectively). Compound L2-b2 presents a greater
ability to quench free organic radicals than Trolox in both
media. The noticeable free organic radical scavenging ability of
L2-b1 and L2-b2, compared to PMA1, PMA2, DPA1, and
DPA2, is expected from their relative lower IP values (vide
infra, Figure 1). Together, the entire framework of L2-b (with
and without additional dimethylamino group(s)) over individu-
al structural portions is responsible for relative lower IP values
that could offer the distinct scavenging activity of small mole-
cules with free radicals.

Mechanisms for modulating reactivities toward metal-free
and metal-bound A species

lonization potentials

The IPs of our small molecules (Figure 1) were calculated to an-
ticipate the possibility of their modulating ability toward A
aggregation and antioxidant capability. As depicted in
Figure 1, L2-b and L2-b2 are shown to have relatively lower IP
values than the other structures (i.e., L2-b2, PMA1, PMA2,
DPA1, and DPA2) in both the gas and aqueous phases. More-
over, the singly occupied molecular orbitals (SOMOs) indicate
that the structures of L2-b and L2-b2, composed of a dimethy-
lamino group on the benzene ring, are observed to be more
easily oxidized than the structure with the dimethylamino
functionality only on the pyridine ring (i.e., L2-b1). Based on
the IP values of our chemical series, oxidative transformations
of the compounds (particularly, L2-b and L2-b2) could occur
and subsequently direct their regulatory ability against AP
peptides and free radicals (vide supra).

Metal binding

Cu" or Zn" binding of compounds was monitored by UV/Vis or
'H NMR spectroscopy. Changes of the UV/Vis spectra were ob-
served upon addition of CuCl, to the EtOH solution of all small
molecules, indicative of their binding to Cu" (Supporting Infor-
mation, Figure S3a-f). In case of L2-b1 and L2-b2, new optical
bands were detected; for PMA1 and DPA1, the intensity of the
absorption spectra was increased; the spectral shifts of PMA2
and DPA2 were observed upon treatment with Cu'". Further-
more, Zn" binding of compounds was investigated by UV/Vis
and '"H NMR spectroscopy. The addition of Zn" (1 equiv) to the
CD4CN solution of L2-b1, PMA1, or PMA2 caused the variation
of chemical shifts of the pyridyl protons suggesting the in-
volvement of the N donor atoms on their pyridine ring in Zn"
binding (Supporting Information, Figure S3g-i). In addition, the
optical spectra of L2-b2, DPA1, and DPA2 were altered upon
introduction of Zn" to their EtOH solution (Supporting Informa-
tion, Figure S3j-I). Together, our UV/Vis and NMR studies pres-
ent that our molecules can interact with Cu" and Zn".

Chem. Eur. J. 2017, 23, 2706 - 2715 www.chemeurj.org
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Interactions with metal-free and Zn"-treated Af,, monomers

For both metal-free AB and metal-Af} aggregation pathways,
L2-b2 is indicated to have a modulating ability, distinct from
the other small molecules, particularly L2-b (reactivity only for
metal-Af species)**! and L2-b1 (no noticeable reactivity for
both metal-free A and metal-Ap) (Figure 2 and Supporting In-
formation, Figure S1). In order to pinpoint the different reactiv-
ity of these small molecules (i.e., L2-b, L2-b1, L2-b2) toward
targets, the interactions of L2-b1 and L2-b2 with monomeric
A4 in the absence of metal ions were first investigated by 2D
band-selective optimized flip-angle short transient heteronu-
clear multiple quantum correlation (SOFAST-HMQC) NMR spec-
troscopy (Figure 4b,c and Supporting Information, Figure S4).
Small but detectable chemical shift changes were observed
upon titration with 10 equiv of the compounds to metal-free
AB4 monomer (Supporting Information, Figure S4). To identify
the amino acid residues potentially involved in binding of
compounds to the peptide, their chemical shift perturbation
(CSP) was calculated (Figure 4b andc), indicating that L2-b1
and L2-b2 triggered slightly noticeable CSP, though to differ-
ent degrees, at the residues involved in self-recognition (E11;
L17-A21)"? and at the hydrophobic C-terminal region (131-
G33, M35, G38, and V40), relatively similar to L2-b.*? L2-b1
and L2-b2 resulted in the chemical shift change of V40 at the
C-terminus, like L2-b,“®" which may reflect the rearrangement
of the disordered C-terminus to pack against the compounds
instead of direct or indirect interactions with Af,,. Overall, L2-
b1, L2-b2, and L2-b™ are observed to have weak interactions
with metal-free Ap.

To visualize the interactions between L2-b, L2-b1, or L2-b2
and monomeric AB,, (PDB 1BA4“), studies using molecular
docking and molecular dynamics (MD) simulations were con-
ducted. Both rigid and flexible docking procedures were uti-
lized using the Autodock Vina 1.5.6 program.”” MD simulations
were performed on the starting structure obtained from dock-
ing procedures on complexes of L2-b, L2-b1, or L2-b2 with
AP These all-atom simulations were run by the GROMOS96
53a6 force field, as implemented in the GROMACS program.!'”
Multiple interactions of compounds with A, (i.e., T—m interac-
tion, C—H-mt interaction, N—H-mt interaction, and hydrogen
bonding) were observed (Figure 4 f,g and Supporting Informa-
tion, Figure S5). First, L2-b may interact with both polar and
non-polar residues through hydrogen bonding between its
secondary amine and H6 and m-m interactions between its
benzene/pyridine rings and F4 or H14, respectively (Supporting
Information, Figure S5a; left). Other amino acid residues of
AB4 (e.g., L17 and F19) were also shown to be involved in in-
teractions with L2-b through hydrogen bonding and a m-m in-
teraction, respectively (Supporting Information, Figure S5a;
right). As shown in Figure 4 f, L2-b1 was held between two ar-
omatic residues, F19 and F20, through m-mt and C—H interac-
tions, respectively. Additionally, hydrogen bonding between
the backbone carbonyl O atom (between F19 and F20) and L2-
b1’s secondary amine bridging the two aromatic rings could
be generated. Three aromatic residues H6, Y10, and H14 might
interact with L2-b1 through a -t interaction (Y10), a C—H-xt

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Interactions of L2-b, L2-b1, or L2-b2 with metal-free or Zn'-treated AB,, monomer. (a) Amino acid sequence of ApB,,. Plots of the chemical shift per-
turbation (CSP) determined through 2D "H-"°N SOFAST-HMQC NMR spectra of uniformly '*N-labeled monomeric AB,, upon titration with (b) L2-b1 or (c) L2-
b2. The average CSP (dashed line) with standard deviation (dotted line) is presented. *Residues could not be resolved for analysis. Conditions: [AB,] =

80 um; [L2-b1 or L2-b2] = 0 or 800 um; 20 mm phosphate buffer, pH 7.4, 50 mm NaCl; 7% D,O (v/v); 10°C. Plots of the CSP obtained from 2D 'H-""N
SOFAST-HMQC NMR spectra of uniformly "*N-labeled monomeric AB,, upon addition of Zn" without (blue) and with (black) (d) L2-b or (e) L2-b2. *Residues
could not be resolved for analysis. Conditions: [AB4] = 80 um; [ZnCl,] = 80 um; [L2-b or L2-b2] = 80 um; 20 mm phosphate buffer, pH 7.4, 50 mm NaCl; 7%
v/v D,0. MD simulations showing interactions of (f) L2-b1 or (g) L2-b2 with monomeric Af,,. Possible sites and energy of interactions of Ap,, (PDB 1BA4)
with L2-b1 or L2-b2 after all-atom MD simulations are summarized. The zoomed-in view (right, below) of each binding site with residues showing interaction
distances labeled in A with dashed lines (additional MD simulations data in Supporting Information, Figure S5).

interaction (H14), and hydrogen bonding (H6 and D7) (Sup-
porting Information, Figure S5b; right).

The residues F19 and S26 were indicated to interact with
L2-b2 through C—H-m interactions (between L2-b2’s benzene
ring and the H atom from the aromatic ring of F19; between
L2-b2’s pyridine ring and the H atom from °C of $26) (Fig-
ure 4g). Additionally, L2-b2’s secondary amine group and the
backbone carbonyl O atom between F19 and F20 may form
hydrogen bonding. Moreover, L2-b2 could be held between
two aromatic residues F4 and F20 by means of C—H-m (be-
tween its pyridine ring and the H atom from the aromatic ring
of F4) and N—H-mt (between its secondary amine and F20) in-
teractions, respectively. Hydrogen bonding between the N
atom of dimethylamino group on L2-b2’s benzene ring and
the backbone amine group of S8 could also be formed (Sup-
porting Information, Figure S5c; right). For all binding modes,
binding energies and contributions of electrostatic or hydro-
phobic interactions were calculated and summarized in the
table (Supporting Information, Figure S5). Together, through
MD simulations, the potential interactions of L2-b, L2-b1, and
L2-b2 with metal-free AP, monomer could be envisioned.
Based on our 2D NMR, MS, and MD simulations studies, the
regulatory activity of molecules with metal-free A} may be
achieved via the covalent adduct formation (observed by L2-
b2; Figure 5b) rather than non-covalent interactions (e.g., -7
and C—H-m interactions, and hydrogen bonding).
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The interaction of monomeric AP, with L2-b2 capable of
controlling metal-free A} aggregation (vide supra; Figure 2 and
Supporting Information, Figure S1) was further monitored by
electrospray ionization mass spectrometry (ESI-MS) (Figure 5a,b,
and Supporting Information, Figure S6). L2-b2 or its degraded
compounds, such as N,N-dimethyl-p-phenylenediamine (DMPD)
and/or oxidized DMPD (i.e., cationic imine)“? were shown to
have interactions with metal-free A (Figure 5b), in contrast to
L2-b that was unable to interact with metal-free AB.**" When
L2-b2 was incubated with metal-free AP, a newly observed
signal corresponding to the addition of 132 Da to Af, indicative
of forming a covalent adduct of Ap—cationic imine, was exhibit-
ed (magenta, Figure 5b). This adduct could be generated via
primary amine-containing residues from AP (e.g., K16 and K28)
(Figure 5b and Supporting Information, Figure S6), similar to the
complex formation of benzoquinone (BQ) with AR (AB-BQ).*
Such distinct interactions of L2-b2 with AP (i.e., compounds’
degradation and transformation followed by covalent crosslinks
with AP) could be associated with L2-b2-triggered alteration of
metal-free AP aggregation, which was not observed from the
samples of AB with L2-b.*"

For the interaction with Zn"-AB, 2D NMR spectroscopy was
employed to analyze the samples containing L2-b or L2-b2
and Zn"-bound uniformly 'N-labeled AR, monomer (Fig-
ure 4d,e and Supporting Information, Figure S7). L2-b induced
relatively more CSP of R5 and H13 residues close to a metal
binding site of AP, (Figure 4d)."°%3%¢l As shown in Figure 4e,
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Figure 5. ESI-MS analysis of AB,, incubated with L2-b2 in the absence and presence of Cu". (a and b) The 3+ charge state of metal-free AB,, with and without
L2-b2. When L2-b2 was treated with Ap, the signal at m/z 1487.8 (132 Da increase from AB,,) possibly corresponding to an adduct formed with AB and oxi-
dized DMPD (cationic imine; cleaved from L2-b2) was observed. Conditions: [AB,] = 10 um; [CuCl,] = 10 pm; [L2-b2] = 50 um; 20 mm ammonium acetate,
pH 7.5; 37°C; 6 h incubation; no agitation. The 3+ charge state of AB,, incubated with (c) Cu" or (d) both Cu" and L2-b2. The signal highlighted in green cor-
responds to degraded AP by loss of 89.1 Da. Conditions: [Af3,,] = 20 pum; [CuCl,] = 20 um; [L2-b2] = 120 pm; 100 mm ammonium acetate, pH 7.5; 37°C;

30 min incubation; no agitation. (e) Amino acid sequence of Af,,. (f) MS/MS analyses of AB,, with and without treatment of Cu" and L2-b2. These data sup-
port that the amino acid sequence of Af is chemically modified within the first five residues (D,A,E;F,Rs) of the peptide in the presence of both Cu" and L2-

b2. All the A, species containing the identified —89.1 Da covalent modification
quencing data acquired under the same conditions.

similar to L2-b, L2-b2 caused CSP of residues, such as R5, S8,
and E11, within proximity of the metal binding region. Thus,
L2-b and L2-b2 could interact with Zn" surrounded by AP,
possibly leading to mediation of Zn"-AB,, aggregation, as de-
tected by gel/Western blot and TEM (Figure 2 and Supporting
Information, Figure S1).
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are highlighted in red, and are compared against control Af3,, MS/MS se-

Interactions with metal-free and Zn"-treated Ap fibrils

Along with A} monomer, to verify how L2-b or L2-b2 is able
to disassemble preformed metal-free and/or metal-added AP
aggregates to different extents, their interactions with metal-
free and Zn'-treated Ap,, fibrils were studied by saturation
transfer difference (STD) NMR (Figure 6a-c). Signals in STD
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NMR spectroscopy are proportional to each atom of either L2-
b or L2-b2 to its macromolecular binding partner, fibrils, which
allows atomic-level mapping of ligand binding to fibrillar AR.""
In the case of L2-b, the relatively strong saturation effect was
observed at the pyridine ring with metal-free AP, fibrils with
the slight saturation effect at the dimethylamino group. In ad-
dition to the pyridine ring, upon treatment of Zn"-Ap fibrils
with L2-b, the relatively noticeable saturation effects on the
molecule were also indicated at the methylene group between
the pyridine ring and the secondary amine (Figure 6¢; left). In
contrast to L2-b, both of the dimethylamino groups and the
pyridine ring of L2-b2 were found to have relatively significant
saturation effects against metal-free Af,, fibrils (Figure 6¢;
right), suggesting that this molecule could be relatively packed
into the fibrillar conformation of AP, as described by a previ-
ously reported compound.®® When Zn" was introduced to AP,
fibrils, the saturation effects on the dimethylamino group of
the pyridine ring was observed to be relatively less than those
on the benzene ring, along with the reduced saturation influ-
ence on the pyridine ring.

To gain a better understanding of the interactions between
AP fibrils (PDB 2LMN™) and L2-b or L2-b2, MD simulations
were conducted. As shown in Figure 6d and the Supporting

(a) = STD NMR Reference Spectrum
= Metal-free AB,, Fibrils + L2-b

i == Metal-free Ap,, Fibrils + L2-b2
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Information, Figure S8, two binding modes (i.e., for both L2-
b and L2-b2, alignment orthogonal to the surface of the f3-
strand; for L2-b2, intercalation into the loop of two [-strands)
were observed. The complex of L2-b and fibrillar AB,, formed
hydrogen bonds with the H atoms from the benzene ring, the
pyridine ring, and the secondary amine bridging two aromatic
rings of L2-b with the O atoms from the carboxyl groups of
E22s, as well as the N atom from the pyridine ring of L2-b with
the H atom from aromatic ring of F20 (Supporting Information,
Figure S8a). Additionally, a C—H-m interaction (between the H
atom from the benzene ring of L2-b and the aromatic ring of
F20) could stabilize the molecule to interact with AP fibrils
(Supporting Information, Figure S8a). In the case of L2-b2, this
small molecule could be held on the fibril edge of the -strand
through a C—H-mt interaction with F20 (between the pyridine/
benzene rings of L2-b2 and the H atoms from the aromatic
rings of F20s). E22 may further assist in L2-b2 binding to Af fi-
brils through hydrogen bonding formation between the H
atom from the secondary amine between two aromatic rings
of L2-b2 and the O atom from the carbonyl group of E22 (Fig-
ure 6d (). Furthermore, L2-b2 could be packed within the hy-
drophobic pocket of the fibril (intercalation into the loop of
two f-strands) utilizing the interactions with A21 and F19 [C—

== STD NMR Reference Spectrum

"go 70 60 50 | 40 H (ppm) : 8.0 70 6.0 50 40 H (ppm)
(b) = STD NMR Reference Spectrum == STD NMR Reference Spectrum
= Zn'-AB,, Fibrils + L2-b = Zn'-Ap,, Fibrils + L2-b2
8.0 70 60 50 | 40 Hepem : 80 7.0 60 50 40 " H(ppm)

(c) Metal-free APy, Fibrils

@ ()

= F E22

Zn"-AB,, Fibrils

Q@& e

N /
N HN N
y @ \

(i)
F19 A21

Figure 6. Interactions of L2-b or L2-b2 with metal-free and Zn'-treated A fibrils. 'H STD NMR spectra of L2-b (left) or L2-b2 (right) in the presence (red) and
absence (black) of (a) metal-free or (b) Zn"-added AR, fibrils. Comparison of the STD signal intensities (red) to the STD reference (black) reflects the relative
proximity of the corresponding proton from the ligand to Af,; fibrils. Conditions: [AB,,] = 2 um; [ZnCl,] = 2 um; [L2-b or L2-b2] = 200 pm; 10 mm Tris-DCI,
pD 7.4. (c) Normalized STD intensities mapped on to the structures of L2-b and L2-b2 against metal-free AB,; fibrils (left) and Zn"-Ap,; fibrils (right). Yellow,
orange, and blue circles indicate the STD effects of >75%, 50-75%, and < 50%, respectively. Gray circles indicate the absence of the STD effect. (d) MD simu-
lations showing interactions of L2-b2 with metal-free AB,, fibrils. Two potential binding sites (i and ii) of interaction of L2-b2 with Af,, fibrils (PDB 2LMN)
after all-atom MD simulations. Right: The zoomed-in view of each binding site with residues showing interaction distances labelled in A with dashed lines.
Binding modes (for L2-b) and energies (for both L2-b and L2-b2) are presented in Supporting Information, Figure S8.
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H-m interaction (between the pyridine ring of L2-b2 and the H
atom from the methyl group of A21) and nt—m interaction (be-
tween the pyridine ring of L2-b2 and the aromatic ring of
F19); Figure 6d (ii)]. This binding mode (packed by fibrils; inter-
calation) at the hydrophobic pocket, expected from STD NMR
results (vide supra), may be linked to the relatively stronger
direct interaction of L2-b2 with preformed metal-free AB ag-
gregates, as shown in a previously reported compound.“¥

Taken together, STD NMR and MD simulations suggest how
L2-b and L2-b2 could interact with metal-free AP fibrils and
Zn"-Ap fibrils. Through STD NMR, the metal binding portion of
L2-b (PMAT1; Figure 1) was observed to be related to the con-
tact with Zn"-Ap fibrils. In addition, different structural portions
of L2-b2 are indicated to have noticeable interactions with
metal-free AB fibrils and Zn"-Ap fibrils. Furthermore, MD simu-
lations visualize how such structural features of L2-b and L2-
b2 interact with AP fibrils, which suggests compounds’ binding
modes against peptide fibrils (in particular, for L2-b2, align-
ment on the surface of the B-strand and intercalation into the
loop that connects the two f-strands). Thus, the structural dif-
ference between L2-b and L2-b2 (i.e., additional dimethylami-
no group) is indicated to distinctly interact with metal-free and
Zn"-treated A fibrils.

Generation of degraded A

To determine how L2-b2 is able to alter Cu"-AB aggregation,
nano-ESI-MS (nESI-MS) optimized for the detection of non-co-
valent protein complexes was applied."® When the peptide
was incubated with L2-b2 in the presence of Cu", additional
m/z signals corresponding to a mass loss of 89.1 (£ 0.1) Da
compared to apo AP, were detected (green signal, Figure 5d),
similar to the results of L2-b.*? Tandem MS (MS/MS) sequenc-
ing indicates that this signal represents a modified form of
AB.o Which lacks 89.1 Da from the first five residues of the N-
terminus (D,A,E;F,Rs) (Figure 5e andf). These MS/MS data indi-
cate that L2-b2 likely binds to AP} proximal to the binding site
of Cu"[">434e Neither L2-b2 nor Cu" was directly detected in
the complex with either the N-terminal cleavage product or
apo AP, supporting the formation of a transient ternary com-
plex consistent with previously published results.*? These data
support that, compared to L2-b,"*” the additional dimethylami-
no functionality on the pyridine ring is shown to still generate
N-terminally cleaved Af} species (loss of 89.1 Da) that could re-
direct Cu'-AP aggregation. Along with the MS data (Figure 5d
andf), compared to L2-b, these observations suggest that the
additional dimethylamino moiety enables L2-b2 to interact
and react with both metal-free and Cu"-bound AB.

Proposed mechanisms for reactivities of L2-b2 toward metal-
free Af} and metal-Af

Multiple mechanisms of L2-b2 to redirect A aggregation in
the absence and presence of metal ions are proposed on the
basis of our NMR, MS, and computational results. L2-b2 could
be cleaved through oxidative modifications generating trans-
formed cationic imine™? that can be covalently bound to AP
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monomers to form an AP-cationic imine adduct (Figure 5b).
Upon Ap-cationic imine adduct formation, metal-free Ap ag-
gregation pathways could be redirected as previously repor-
ted.”d In addition, as shown in Figure 6, L2-b2 could be inter-
calated between -sheets of Af fibrils, which could be associ-
ated with its regulatory activity with metal-free Af fibrils, possi-
bly similar to a previously reported molecule.*¥ In the pres-
ence of Zn", L2-b2 is indicated to interact with monomeric AP
(close to the metal binding site of AR)™3¢¢ (Figure 4), which
implies its potential contact with Zn" surrounded by AP subse-
quently modulating peptide aggregation. More detailed stud-
ies of L2-b2’s interaction with Zn"-AP are the subject of future
studies. Lastly, toward Cu"-Ap, L2-b2 is able to lead to AP deg-
radation (Figure 5), similar to L2-b.*? This observed AP degra-
dation could be related to the formation of a transient ternary
complex between AP, Cu", and L2-b2, subsequently followed
by L2-b2’s oxidation and AP degradation of by well-known
radical-mediated pathways.'”? Such degraded AP could lose
aggregation propensity compared to full-length peptides.””
Based on analyses of AP products from both reactions of L2-
b2 with metal-free A and Cu'-Ap, the oxidation of this mole-
cule occurs, which suggests that its oxidative transformation is
required for the desired reactivities with an emphasis on im-
portance of anticipating IP values for rational design (Figure 1).
Collectively, L2-b2 is demonstrated to be a tool able to interact
and react with all metal-free AB, Cu'-AB, and Zn"-Ap to differ-
ent extents through several disparate mechanisms.

Conclusions

Chemical tools capable of targeting and controlling individual
or multiple pathogenic factors found in AD (i.e., metals, metal-
free AP, metal-bound Af, and oxidative stress) have been de-
veloped to elucidate AD pathogenesis at the molecular level;
however, such tool invention has been challenging. Unfortu-
nately, a guideline of designing chemical tools for distinct tar-
gets (e.g., as the first step, selecting key structural and mecha-
nistic properties of tools) has not been established. To contrib-
ute to this foundation, a new class of small molecules was con-
structed based on the structure of L2-b, known as a chemical
regulator for metal-Ap,“> with consideration of their BBB per-
meability and relatively low cytotoxicity. Employing our chemi-
cal series, the regulatory activities toward metal-free A and
metal-Ap aggregation, along with free radical scavenging ca-
pability, are observed to be directed by compounds’ structures
(e.g., functionality and entire backbone) and mechanistic char-
acteristics (e.g., covalent adduct formation with peptides and
peptide degradation through compounds’ transformations).
Through our structure-mechanism-based design, a molecular
multifunctional tool, L2-b2, was newly fashioned showing its
abilities to regulate all of our desired targets (i.e., metals,
metal-free AP, metal-Af, and oxidative stress). Taken together,
our overall multidisciplinary studies through a chemical library
present a design concept of chemical tools toward individual
or multiple inter-related pathological factors in AD based on
structural and mechanistic details. Our structure-mechanism-
based concept could open new avenues for devising chemical
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tools capable of regulating the actions of diverse pathological
factors in human diseases. In principle, depending on different
targets, distinct mechanisms of chemical tools to regulate their
actions should be taken into account.

Experimental Section

All reagents and solvents were purchased from commercial suppli-
ers and used as received unless otherwise stated. PMA1, PMA2,
and DPA1 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). L2-b, L2-b1, L2-b2, and DPA2 were synthesized as previously
reported procedures.* AB,, and ApB,, were purchased from AnaS-
pec (Fremont, CA, USA) (AB,, = DAEFRHDSGYEVHHQKLVF-
FAEDVGSNKGAIIGLMVGGVVIA). Double distilled H,O (ddH,0) was
obtained from a Milli-Q Direct 16 system (Merck KGaA, Darmstadt,
Germany). An Agilent 8453 UV-visible (UV/vis) spectrophotometer
(Santa Clara, CA, USA) was used to measure optical spectra. TEM
images were taken using a JEOL JEM-2100 transmission electron
microscope (UNIST Central Research Facilities, Ulsan, Republic of
Korea). Absorbance values for biological assays, including the MTT
and TEAC assays, were measured on a SpectraMax M5e microplate
reader (Molecular Devices, Sunnyvale, CA, USA). NMR studies of AP
with compounds in both the absence and presence of Zn" were
carried out on a 900 MHz Bruker spectrometer equipped with
a cryogenic probe (Michigan State University in Lansing, MI, USA).
A Waters (Milford, MA) Synapt G2 HDMS equipped with a nano-
electrospray ionization (nESI) or ESI source (Waters, Milford, MA,
USA) was used to study complex formation between L2-b2 and
AR, with and without Cu'".
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