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Minor Structural Variations of Small Molecules Tune
Regulatory Activities toward Pathological Factors in

Alzheimer’s Disease

Michael W. Beck,™ ™ Jeffrey S. Derrick,”” Jong-Min Suh,”” Mingeun Kim,® Kyle J. Korshavn,®’
Richard A. Kerr,” Woo Jong Cho," Scott D. Larsen, Brandon T. Ruotolo,™
Ayyalusamy Ramamoorthy,*™ ¢ and Mi Hee Lim*"

Chemical tools have been valuable for establishing a better un-
derstanding of the relationships between metal ion dyshomeo-
stasis, the abnormal aggregation and accumulation of amyloid-
B (AP), and oxidative stress in Alzheimer’s disease (AD). Still,
very little information is available to correlate the structures of
chemical tools with specific reactivities used to uncover such
relationships. Recently, slight structural variations to the frame-
work of a chemical tool were found to drastically determine
the tool’s reactivities toward multiple pathological facets to
various extents. Herein, we report our rational design and char-
acterization of a structural series to illustrate the extent to
which the reactivities of small molecules vary toward different

Introduction

Effective diagnostic tools and treatments for neurodegenera-
tive diseases have been unavailable to date due to multiple as-
pects. One reason is the lack of our understanding of the un-
derlying pathogenesis required to develop such medical inter-
ventions."” This is highlighted in Alzheimer's disease (AD)
where, despite being one of the better-studied neurodegener-
ative diseases, the etiology is still unclear. The current under-
standing of AD implicates multiple factors that could be inter-
related.™<*92 Recently, an area of particular high interest is
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targets as a result of minor structural modifications. These
compounds were rationally and systematically modified based
on consideration of properties, including ionization potentials
and metal binding, to afford their desired reactivities with
metal-free or metal-bound A, reactive oxygen species (ROS),
and free organic radicals. Our results show that although small
molecules are structurally similar, they can interact with multi-
ple factors associated with AD pathogenesis and alleviate their
reactivities to different degrees. Together, our studies demon-
strate the rational structure-directed design that can be used
to develop chemical tools capable of regulating individual or
interrelated pathological features in AD.

the interconnection between metal ion dyshomeostasis, the
abnormal aggregation and accumulation of an intrinsically dis-
ordered protein (IDP) [i.e., amyloid-f3 (AP)], and increased oxi-
dative stress in the brain. Metal ions have been suggested to
be central to this interrelationship as several biologically rele-
vant metal ions [e.g., Fe"", Cu", Zn"] have been shown in vitro
to bind to AP and influence its aggregation and conform-
ation."**®%"< Additionally, the coordination of AR to redox-
active metal ions, Fe"" and Cu", has been shown to facilitate
the production of reactive oxygen species (ROS) through
Fenton-like reactions.l'®<&2ace3l

To elucidate this interrelationship in depth, chemical tools
have been developed to target individual or interrelated fac-
tors and modulate their reactivities."*** These tools and po-
tential therapeutics include approaches that use organic, inor-
ganic, peptide, and antibody frameworks."=“*™"* We recently
reported the development of four small molecules (1-4;
Table 1) which have different modes of action, despite being
structurally similar, for targeting and controlling the aggrega-
tion of metal-free A or metal-Ap as well as the formation of
ROS overall diminishing toxicity.”’ Herein, we report the overall
investigations of the small molecules (1-9; Table 1) rationally
designed to tune the reactivities with differing targets (i.e.,
metal ions, metal-free AP, metal-AP, ROS, free organic radicals)
by performing slight structural modifications to a common
structural framework. Through chemical, biochemical, biophysi-
cal, and computational studies, we demonstrate that 1-9 have
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Table 1. Structures of the small molecules designed to modulate reactivities of metal-free and metal-bound A} and oxidative stress, their first and second
ionization potentials (IP, and IP,), first peak anodic potentials (E,,;), Trolox equivalent antioxidant capacity (TEAC), and reactivities with metal-free AB, Cu'-
AB, and Zn"-AB.
Compound® IP, [eV] IP, [eV] Epa V] TEAC AB Reactivity™
Metal-free cu" Zn"
&=
i5) 15) 15)
1 = HNONH2 6.23 6.02 0.262 26402 x Vi x
o_
as
2 =N HN 6.76" 7.16" 0.923 1.6+£0.2" X v x
o_
7 N\ >
51 5 5
3 = HNON\ 5.90 6.13 0.284 20402 x Ny v
E\B_\ / 151 5] 5]
4 N HNON 6.07 6.01 0.240 25402 v Vi Vi
H \
7 N\
—
5 C,}_,}NON 5.82 591 0228 1540.1 x v v
A—
Crieme
6 = HNON o 6.06 6.02 0.388 32403 x Vi x
/
as
7 = HNONOZ 7.75 8.16 - ~0.1+£0.1 x x x
8 - HN@,N\ 601 5.83 0.286 204011 x v v
/
N
9 [ />_\ / 6.10 6.06 0.238 1.8+£0.2 X 4 4
N HN—@—N
\
®) # 8]
L2-b — HNON\ 5.92 613 - 23402 x v v
[a] 1=N'"-(pyridin-2-ylmethyl)benzene-1,4-diamine; 2= 3,5-dimethoxy-N-(pyridin-2-ylmethyl)aniline; 3 =N',N'-dimethyl-N*-(quinolin-2-ylmethyl)benzene-1,4-
diamine; 4=N'-((1H-pyrrol-2-yl)methyl)-N*,N*-dimethylbenzene-1,4-diamine; 5=N'N'-diethyl-N*-(pyridin-2-ylmethyl)benzene-1,4-diamine; 6 =4-morpholi-
no-N-(pyridin-2-ylmethyl)aniline; 7 = 4-nitro-N-(pyridin-2-ylmethyl)aniline; 8 = N',N'-dimethyl-N*-(1-(pyridin-2-yl)ethyl)benzene-1,4-diamine; 9 = N',N'-dimeth-
yI-N"-((1-methyl-1H-imidazoI-2-y|)methy|)benzene-1,4-diamine; L2-b=N‘,NW-dimethyI-N"-(pYridin-2-y|methy|)benzene-1,4-diamine. [b]x: No significant reac-
tivity was observed.

structure-dependent capabilities to modulate the reactivities
with their targets. The target specificity of these compounds
(i.e., reactivity directed toward metal-free A and/or metal-Ap)
have been indicated to be associated with their redox proper-
ties:® 1) The compounds that undergo oxidation relatively
easily suppress the reactivity of metal-AB over metal-free AR
(1, 3, 5, 6, 8 and 9) or both metal-free and metal-bound AR
(4); 2) the compounds (2 and 7) that are more difficult to oxi-
dize indicate limited abilities to control the reactivity of Af in
the absence and presence of metal ions. In addition, the activi-
ty of our small molecules toward metal [Cu" or Zn"-AB was in-
dicated to be correlated to the formation of compound-metal-
AP ternary complexes. In particular, with respect to interactions
with Zn"-AB, the metal binding affinity of the compounds for
Zn" was found to be critical for promoting such reactivity.
Moreover, the activity of 4 with both metal-free A} and metal-
AP could be linked to its degradation to a known Af} modula-

ChemMedChem 2017, 12, 1828 - 1838 www.chemmedchem.org

1829

tor, N,N-dimethyl-p-phenylenediamine (DMPD).® Taken togeth-
er, our studies presented herein demonstrate the feasibility of
developing chemical tools toward individual or interrelated
pathological factors in AD, through considerations of the elec-
trochemical, metal binding, and biological properties of a
series of structurally similar molecules to generate a rational
structure-directed design approach. The insight gained from
these studies, particularly those relating the redox properties
of our small molecules to their anti-amyloidogenic activity will
open new, innovative approaches to devise new chemical re-
agents able to target and mitigate specific or intercommuni-
cated pathogenic features shown in neurodegenerative diseas-
es.
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Results and Discussion

Rational design consideration and characterization of chem-
ical tools for regulating AD-related pathological factors

To develop small molecules able to interact with distinct and
interrelated targets (i.e., metals, metal-free AP, metal-AB, ROS,
free organic radicals) and modulate their reactivities (i.e., pep-
tide aggregation, generation of toxic peptide conformations,
oxidative stress), a library of small molecules was rationally de-
signed based on the previously reported metal-AB-interacting
framework (L2-b,”’ Table 1). In our initial studies of 1-4
(Table 1), the electron-donating properties of the aniline (in 1)
and dimethylamine (in 3) groups were suggested to be impor-
tant in the formation of their radical forms required for activity
toward their targets.” In our complete chemical series, new
compounds (5-9; Table 1) were included to contain electron-
donating or electron-withdrawing groups to tune ionization
potentials (IPs) of the basic framework affording distinct activi-
ties with targets: 1) a diethylamino (for 5) or 4-morpholino (for
6) group was installed in 5 and 6, respectively, compared with
the dimethylamino component of 8, 9, and L2-b; 2) compound
7, composed of an electron-withdrawing nitro moiety, was
constructed to decrease the compound’s ability to oxidize sim-
ilar to 2,”) which contains a 3,5-dimethoxybenzene moiety and
is relatively stable even in the presence of Cu". These com-
pounds were relatively easily obtained and purified (see Sup-
porting Information).

To confirm our rational design principle, computational cal-
culations were first performed to predict the first and second
electron ionization potentials (IP, and IP,, respectively) of the
two-electron oxidation of our compounds (1-9) as a method
to compare their relative ability to undergo oxidation. As sum-
marized in Table 1, the compounds (5, 6, 8, and 9) designed to
undergo oxidation have similar or lower computed IPs to the
previously determined values for 1,” 3, 4 and L2-b® sug-
gesting that 1, 3-6, 8, and 9 can produce radicals to be neces-
sary for activity. Furthermore, as expected, the computational
studies indicate that 7, along with 2, are more difficult to be
oxidized than the other compounds (Table 1). To experimental-
ly support these computational findings, the electrochemical
behavior of 1-9 was probed by cyclic voltammetry in dimethyl
sulfoxide (DMSO). All compounds with the exception of 1 and
7 showed single irreversible oxidation waves (Figure 1). Com-
pound 1 exhibited two irreversible oxidation waves with peak
anodic potentials of 0.262 and 0.521V (at a scan rate of
250 mVs™"), respectively (Figure 1 and Figure S1 in the Sup-
porting Information). Due to the irreversible nature of the elec-
trochemical waves in DMSO, E,,, values could not be obtained;
however, the peak anodic potentials of compounds 1, 3-6, 8,
and 9 occurred at much lower potentials (i.e., 0.262, 0.284,
0.240, 0.228, 0.388, 0.286, and 0.238V, respectively, at a scan
rate of 250 mVs™") than that of 2 (i.e., 0.923 V at a scan rate of
250 mVs™ ') (Figure 1 and Table S1 in the Supporting Informa-
tion). Compound 7 did not exhibit any oxidation waves over a
potential window of —0.20 to 1.4 V. The compounds (i.e., 1, 3-
6, 8, and 9) that are more easily oxidized have peak anodic po-
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tentials compared to a water-soluble analogue of vitamin E,
Trolox (~0.3 V),¥ as well as a structurally similar compound, p-
phenylenediamine (~0.4 V).**< Likewise, the compounds, i.e., 2
and 7, that are more difficult to oxidize have higher peak
anodic potentials more similar to acetaminophen (~0.6 V).*
As a way to compare 1-9 to other compounds, we also em-
ployed the commonly used the Trolox Equivalence Antioxidant
Capacity (TEAC) assay (see below), directly correlated to the ac-
tivity of Trolox.”! Overall, our electrochemical studies are con-
sistent with our calculation predictions that 2 and 7 are rela-
tively more difficult to oxidize than 1, 3-6, 8, and 9; thus, they
are less likely to generate the radical form required for reactivi-
ty with metal-free A} and metal-bound A species.

In addition, because the oxidation of our compounds is as-
sociated with their binding to Cu", as indicated from our previ-
ous report,” 8 and 9 were constructed to modulate metal
binding affinities to allow for more control of their activity. The
steric hindrance from the methyl group on the bridging
carbon of 8 can cause the pyridyl nitrogen and the secondary
amine to align to provide a metal binding site, affording en-
hanced metal binding. Compound 3 with a quinoline group
can have a slightly lower metal binding affinity than the com-
pounds containing a pyridine moiety, while 9 was designed
with a methylimidazole moiety to have a stronger metal bind-
ing affinity, on the basis of their relative Lewis basicities as re-
flected in their pK, values."”

Furthermore, the ability for small molecules to passively dif-
fuse across the blood-brain barrier (BBB) was also considered
in our tool design. The BBB permeability of 1-9 was predicted
by adhering to Lipinski's rules, along with calculated logBB
values, as well as using the in vitro parallel artificial membrane
permeability assay adapted for assessing BBB permeability
(PAMPA-BBB). All values for 1-9 were then compared with that
of L2-b (Table S2 in the Supporting Information).”*” The over-
all data indicate that our compounds can passively diffuse
across the BBB, suggesting their potential application in the
brain as chemical tools.

Modulation of metal-free Af} and metal-Af} aggregation

The ability of 1-9 to prevent AB aggregation (inhibition experi-
ment; Figure 2 and Figure S2 in the Supporting Information)
and disassemble preformed A} aggregates (disaggregation ex-
periment; Figures S3 and S4 in the Supporting Information) in
the absence and presence of metal ions [i.e., Cu" and Zn"]
were evaluated at both short (4 h) and longer (24 h) incubation
time points. Note that 1-4 were previously studied only after
the 24 h incubation time®™ and the new results of 1-4 at the
4 h incubation time interval were included in this present work
for the purpose of a comprehensive comparison with those of
the other compounds. Two isoforms of AP (AR, and AB.,)
were used for our studies because their aggregation pathways
have been suggested to occur through different mecha-
nisms.""! Size distributions and morphologies of the resulting
AR species were analyzed by gel electrophoresis followed by
western blot analysis (gel/western blot) and transmission elec-
tron microscopy (TEM), respectively.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemmedchem.org

L M E D)
et Europe Full Papers
80 1 1 250 1 2 140 1 3
250 mV/s 250 mV/s 1204 250mV/s
60 - 200
100
§ 25mV/s 150 4 25mV/s 25mVis
<40 1 80 1
é 5 100 - 60 -
3 50 .
01 20 1
0 1 i
-20 T T T g =50 ————r—r— <20 r——r——r—r—Tr—
02 0 02 04 06 08 02 0 02040608 101214 -02-01 0 0.1 0.2 03 04 05

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

200 1 4 200 1 5 200 1 6
250 mV/s 250 mV/s 250 mV/s
150 1 150 1 150 -
i 25mV/s 25 mVis 25mV/s
i | 100 |
-q&; 100 100
£ 50
O 50 1 50 1
o .
0 1 0 -
-02-01 0 0.1 0.2 03 04 05 02 04 0 04 02 03 04 02 0 02 04 06 038

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

140 7 250 1 8 200 - 9
120 4 250 mVis 250 mV/s 250 mV/s
100 - 20 150 1
<§_ 25mV/s 25mVis 25mV/s
80 A1 150 1
E 60 | 100 1
g 100 -
S 40 1
(&) 50 4
20 1 50 A1
0 1 0 0 -
-20 r—r— r r r T 1 r T T T T T v T T T T T T 1
-02 0 02040608101214 -0.2-0.1 0 0.1 0.2 0.3 04 0.50.6 -02-01 0 01 02 03 04 05

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

Potential vs. Ag/Ag'/ V

Figure 1. Electrochemical analysis of 1-9. Cyclic voltammograms of 1-9 (1 mm) were recorded in DMSO with 0.1 m (Bu,N)(CIO,) as a supporting electrolyte at
scan rates of 25, 50, 100, 150, 200, and 250 mVs™' at room temperature under N, (g). The electrochemical parameters from the voltammograms are reported

in Table S1.

Compound 4 was found to be the only molecule capable of
interacting with both metal-free and metal-associated AP with
more noticeable changes effected at the shorter time point
(4 h incubation) in metal-free AP, inhibition experiments and
AP, disaggregation experiments (Figure 2; Figures S2-S4 in
the Supporting Information). For 3, 5, and 9, the aggregation
of Cu™AP and Zn"-AB was redirected selectively over metal-
free AP aggregation. Additionally, these compounds had a
stronger effect at later time points with their activity toward
Zn"-AB being negligible at the early incubation time point.
This is similar to the previously reported activity of L2-b.”
Compounds 1, 2, and 6 could only modulate Cu"-AP aggrega-
tion to different extents. Compound 1 has a more noticeable
effect on Cu"-AP aggregation at the longer time point (24 h in-
cubation) while 6 influences Cu"-AB aggregation more noticea-
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bly at 4 h in both inhibition and disaggregation experiments
(Figure 2; Figures S2-S4 in the Supporting Information). Com-
pound 8 is shown to have the unique activity of having a
more prominent action at the earlier incubation time point
toward Cu"-AB aggregation in the inhibition experiments but
the opposite occurred in the disaggregation experiments
where its ability to break up preformed Cu'-Ap aggregates was
more detectable after 24 h. In addition, 8 is indicated to have
influence on preformed Zn"-AB aggregates upon 24 h incuba-
tion (Figure S4 in the Supporting Information). In both the in-
hibition and disaggregation experiments, 2 does not have a
prominent effect on Cu'-Ap aggregation with a stoichiometric
ratio of Cu" and AB; however, previous studies®™ indicate that 2
could control Cu"-Ap aggregation at higher Cu" concentrations.
Compound 7 also does not have significant effects on metal-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Modulation of AB,, aggregation by 1-9. a) Scheme of inhibition experiments. Mixtures of freshly prepared Ap with or without Cu" (blue) or Zn"
(green) were treated with 1-9 and incubated for 4 or 24 h before analysis. AR samples excluding compounds (lane C) were also prepared as controls. Condi-
tions: [AB] =25 um; [Cu" or Zn"1=25 pm; [compound] =50 um; pH 6.6 (for Cu"-containing samples) or pH 7.4 (for metal-free and Zn"-containing samples);
37°C; constant agitation. b) Analysis of the molecular weight of the resultant Ap species after 4 or 24 h incubation in the absence (left) or presence of Cu"
(middle) or Zn" (right) by gel electrophoresis and subsequent western blotting (gel/western blot) with an anti-Af antibody (6E10). c) TEM images of the AB
aggregates before (top) and after treatment with 5 and 6 (bottom) (scale bar=200 nm).

free and metal-Af} aggregation (Figure 2; Figures S2-S4 in the
Supporting Information). Unlike 2, however, even at higher Cu"
and Zn" concentrations, 7 does not have an apparent influence
on both metal-free and metal-induced Af} aggregation (Fig-
ure S5 in the Supporting Information).

TEM studies were carried out to visualize the morphology of
the resulting AP aggregates after 24 h incubation with 5, 6,
and 8. These compounds were chosen for the further TEM
analysis based on their differing activity toward metal-free and
metal-AP in the gel/western blot experiments. Compounds 5
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and 8 are shown to react with metal-Ap while 6 is specific for
Cu"-Ap. In agreement with the gel/western blot experiments, 5
does not have an impact on the AP forms in the absence of
metal ions. In the presence of Cu" and Zn", however, 5 produ-
ces less structured, more amorphous A aggregates (Figure 2;
Figures S2-5S4 in the Supporting Information). Similar results
were obtained in the metal-free and Cu" samples containing 6;
however, there was not a significant effect on the AP species
present in the Zn"-containing samples. In the case of 8, TEM
was only conducted on the 8-treated Cu'"-AB samples to help
understand the difference in the varied reactivity in both inhib-
ition and disaggregation experiments (see above). Despite
showing limited activity in the gel/western blot studies from
the 24 h inhibition samples, long and thick fibrils, indicated in
the control samples, are not present after treatment with 8
(Figure S2 in the Supporting Information). This suggests that 8
could redirect peptides into larger species that cannot pene-
trate into the gels. While in disaggregation samples, where
gel/western blots showed activity, 8 could mainly produce
shorter fibrils (Figure S4 in the Supporting Information). As a
whole, our peptide aggregation experiments demonstrate that
our small molecules have varying abilities to control metal-free
and metal-induced AP aggregation to different extents.

Molecular-level interactions with multiple amyloidogenic
targets

Metal-free and Cu'-treated A monomers

“N-Labeled AB,, monomer was titrated with 1-9 (0 to
10 equiv) and monitored by two dimensional (2D) 'H-"°N band-
selective optimized flip-angle short-transient (SOFAST)-hetero-
nuclear multiple quantum coherence (HMQC) nuclear magnetic
resonance (NMR) spectroscopy to observe the amino acid resi-
dues of AP that are targeted by 1-9 (Figure 3 and Figure S6 in
the Supporting Information). From our 2D SOFAST-HMQC NMR
results, 1-9 are shown to trigger relatively low chemical shift
perturbations (CSPs), similar to the previous studies with L2-b
and L2-NO,"” suggesting weak, nonspecific interactions with
AB. This is also indicated for 4, which does show the reactivity
toward metal-free AP, suggesting that its hydrolysis to produce
DMPD™ is required before interaction and subsequent aggre-
gation modulation.”

To explore the interactions between AP, and 5-9, nano-
electrospray ionization-mass spectrometry (nESI-MS) combined
with ion mobility-mass spectrometry (IM-MS), optimized for
the detection of non-covalent protein complexes, was used.!"
Data obtained from the Cu'-treated peptide samples incubat-
ed with 5-9 for 30 min (37 °C), presented in Figure 4, indicated
that 5, 6 and 9 exhibited a metal-dependent interaction with
A4 All three of these compounds were capable of producing
Cu-ligand-dependent signals corresponding to a mass 89 Da
lighter than the apo A, with clear differences in product
abundance, and are absent under the ligand-free conditions.
These data are consistent with some small molecules reported
previously.®”? In the absence of Cu", no evidence of the com-
pounds’ interactions was observed, which is in agreement with
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the findings obtained from our aggregation experiments (Fig-
ure S7 in the Supporting Information). As expected from our
gel/western blot studies (Figure 2; Figures S2-S5 in the Sup-
porting Information), 7 is indicated to have no interactions
with both metal-free A and metal-Af, which could be related
to its absence of noticeable anti-amyloidogenic activity in vitro.
Along with other data presented here, these observations sup-
port that 8 likely targets higher order, more transient oligomer-
ic species that cannot be resolved by IM-MS. Consistent with
these observations, whilst attempts to observe Cu"-small mole-
cule-bound A, dimers were carried out, the data proved to
be inconclusive due to poor signal-to-noise levels associated
with increased metal adduct formation within the Af} aggre-
gate states.

Monomeric Zn"-AB

Because 1% (only for Cu"-AB) and L2-b"” (for both Cu"- and
Zn"-AP) are demonstrated to bind Zn" but have differing activi-
ties toward modulation of Zn"-AB aggregation, their binding
affinities (K,) were compared. UV/Vis variable-pH spectrophoto-
metric titrations were carried out with a mixture of Zn" and 1
(Figure S8 in the Supporting Information). This titration experi-
ment indicates the presence of a 1:1 complex under the exper-
imental conditions having a stability constant (logp) of 5.5(3).
Based on this value and the previously determined pK, values
of 1, the pZn (pZn = —log[Zn,cheitea)) Was calculated to be 5.5,
which is an approximate disassociation constant (K;, 10" M~
[ZNyncheiateal) (Figure S8 in the Supporting Information). Com-
pared to 1, L2-b is shown to have an apparent K, of 107%'m
for Zn" indicating the generation of 1:1 and 1:2 Zn"-to-ligand
complexes.”™ The high micromolar binding affinity of 1 for Zn"
is not enough to control Zn"-AP aggregation, since Ap itself is
indicated to have the micromolar to nanomolar K, for Zn""*
As previously reported, the minimum binding affinity of small
molecules for Zn" is in the micromolar or lower range in order
to control Zn"-AB aggregation.* This is further supported by
our previous studies with 2 which also does not modulate Zn'-
AB aggregation where the K, for Cu" is reported to be micro-
molar.” It is expected that 2 would have an even lower affinity
for Zn" due to the trends observed in the Irving-Williams
series."™ Thus, 2, along with 1, has a binding affinity for zn"
that is too low to interact with Zn"-Ap.

2D SOFAST-HMQC NMR studies were conducted to further
understand the interaction of 1, 4, and 5 with Zn"-""N-labeled
AR4 monomer (Figure 5 and Figure S9 in the Supporting Infor-
mation). These compounds were chosen due to their differing
abilities to interact with Zn"-AB. Compound 1 was indicated to
have limited reactivity toward Zn"-AP, while 4 and 5 were
shown to be able to redirect the aggregation of AP in the
presence of Zn" (see below). As expected, 1 does not demon-
strate an ability to interact with Zn"-AP as evidenced by limited
changes in intensity upon treatment with the compound
(Figure 5 and Figure S9 in the Supporting Information). Com-
pound 4 also does not cause significant changes in the spec-
tra, which could be due to this molecule having only a limited
initial interaction with Zn"-AP or its degradation. Interestingly,
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Figure 3. Interaction of 1-9 with monomeric AB,,, monitored by SOFAST-HMQC NMR. Normalized chemical shift perturbations (CSPs) of 'H and '°N amide
atoms for AB,, after addition of 10 equiv of compounds from the SOFAST-HMQC NMR (600 MHz) spectra (Figure S6). Two horizontal lines represent the aver-
age chemical shift (dashed line) plus one standard deviation (dotted line). Residues that show no CSP are the result of unresolved peaks in the spectra.

unlike the other compounds which are able to reverse the de-
crease in signal intensity caused by Zn'-induced aggregation
of AB, 5 had the opposite effect as addition to Zn"-Ap further
decreased the intensity of all residues. This could suggest that
5 may mediate the formation of NMR-invisible oligomers. This
is in contrast to L2-b which demonstrates larger changes in
the NMR spectra of Zn"-AB">® denoting that L2-b can directly
interact with Zn"-AP possibly forming a ternary complex and
subsequently control the Zn"-ApB aggregation pathways.
Overall, the studies of our small molecules with Zn" or Zn'-
AP suggest that our compounds which do not modulate Zn"-
AP aggregation (1, 2, 6, and 7) do not have significant interac-
tions with Zn"-Ap most likely due to low binding affinities for
Zn". In contrast, the compounds which have an effect on Zn'-
AP aggregation (3, 5, 8, and 9) could have the affinities for
Zn", which directs the formation of ternary complexes with
Zn"-AB. In the case of 4, this compound can undergo hydroly-
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sis in the presence of Zn" to produce DMPD,*® a known Zn'-
Ap-interacting compound.

Regulation of oxidative stress

The activity of 5-9 to mediate oxidative stress was investigated
(Figure 6a,b). First, the ability to scavenge free organic radicals
was examined using the TEAC assay™’>' (Figure 6a). Com-
pounds 5, 6, 8, and 9 display a greater antioxidant capacity
than Trolox [5 and 9, slightly higher (~1.5 and 1.7, respective-
ly); 6 and 8, much higher (~3.2 and 2.0, respectively)]. This is
similar to the previously reported antioxidant capacities of 1-
45 and L2-b."*'? Conversely, 7 is not found to have an effect
toward free organic radicals (Figure 6a) which can be attribut-
ed to its absence of observable anodic waves over a large po-
tential window and its high calculated IPs as shown in Figure 1
and Table 1, respectively.
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The ability of 5-9 to decrease the production of ROS by
Fenton-like reactions promoted by Cu” was examined using
the 2-deoxyribose assay (Figure 6b)."® Compounds 8 and 9
are found to better control the generation of hydroxyl radicals
(-OH) than the previously studied 1-3® (~50% production in-
hibited) with 9 being the best compound studied (~75% pro-
duction inhibited; Figure 6b). Compounds 5 and 7 have com-
parably lower abilities to prevent the formation of ROS being
able to reduce the presence of -OH by only ~30 and 20%, re-
spectively. Therefore, our small molecules are able to quench
free organic radicals as well as control ROS generation.

Abatement of toxicity induced by metal-free and metal-
treated AP

Based on the different activities toward redirection of metal-
free AP and metal-Af} aggregation and ability to mediate oxi-
dative stress, 5-9 were chosen for further analysis of their tox-
icity in human neuroblastoma SK-N-BE(2)-M17 (M17) cells.
Compounds 5 and 7 (20 pum) are found to decrease cell viabili-
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ty by =30% in the absence or presence of metal ions [Cu"
(20 um) or Zn" (20 um)] (Figure 6 ). Under the same conditions,
6, 8, and 9 are shown to be relatively nontoxic with 9 slightly
decreasing cell viability to ~85% in the presence of Cu". Fur-
thermore, 6, 8, and 9 are able to mitigate the toxicity of A,
(Figure 6d) and AP, (Figure 6€) in the absence (left) and pres-
ence of externally introduced Cu" (middle) and Zn" (right).
Thus, 6, 8, and 9 are observed to reduce the cytotoxicity of
metal-Ap.

Conclusions

Inspired by initial studies regarding molecular modes of action
of structurally similar compounds toward multiple factors (i.e.,
metals, metal-free AP, metal-Ap, ROS, free organic radicals) in-
volved in AD pathogenesis, a chemical library of small mole-
cules was constructed to elucidate how structural variations
could direct their regulatory activities for pathological targets.
Our studies indicate the specificity for tempering the reactivity
of Cu"-AB over Zn"AP and metal-free AR for 1, 2, and 6;

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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metal-Ap versus metal-free AP for 3, 5, 8, 9, and L2-b; no spe-
cificity for 4 (modulating with A regardless if metal ions are
or are not present); having no detectable effects of 7 for both
metal-free and metal-bound AP. We show that these reactivity
behaviors can be imparted with consideration of the electro-
chemical characteristics and metal binding affinities of such
small molecules. Furthermore, we present that these com-
pounds have varying capabilities to diminish oxidative stress
with 6 being the best antioxidant and 9 having the greatest
control of ROS production from Fenton-like reactions, in con-
trast to 7 which has little antioxidant capacity and regulation
of ROS formation. Additionally, the toxicity of metal-free AR
and metal-Ap was found to be diminished by 6, 8, and 9 in
living cells.

Taken together, we demonstrate the feasibility of inventing
chemical tools directed at investigating the involvement of

ChemMedChem 2017, 12, 1828 - 1838 www.chemmedchem.org

1836

specific facets of AD through tuning their oxidation and metal
binding properties. The knowledge gained from our complete
studies using a series of small molecules (1-9) will aid in the
development of novel chemical tools with optimal properties.
These optimal characteristics, in addition to good pharmaco-
logical features, include metal binding affinities that are strong
enough to interact with metal-Af} species but do not disrupt
the activities of essential metalloproteins, the specificity for the
particular metal ions of interest, as well as the ability to inter-
act with metal-free and metal-bound A species. By develop-
ing methods to rationally generate chemical tools that have
different capabilities and combinations of capabilities, a more
complete chemical tool set can be developed for identifying
the pathogenesis of neurodegenerative diseases at the molec-
ular level.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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