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ABSTRACT: We report the synthesis and pharmacological investigation of analogs of the endogenous molecule kynurenic
acid (KYNA) as multifunctional agents for the treatment of Alzheimer’s disease (AD). Synthesized KYNA analogs were
tested for their N-methyl-D-aspartate (NMDA) receptor binding, mGluR5 binding and function, acetylcholinesterase
(AChE) inhibition, DPPH radical scavenging, interference with the amyloid beta peptide (Ap) fibrillation process, and
protection against AB-induced toxicity in transgenic Caenorhabditis elegans strain GMCio1 expressing full-length Ap,,.
Molecular modeling studies were also performed to predict the binding modes of most active compounds with NMDAR,
mGluRs and AB,,. Among the synthesized analogs, 3¢, 5b and 5¢ emerged as multifunctional compounds that act via
multiple anti-AD mechanisms including AChE inhibition, free radical scavenging, NMDA receptor binding, mGluRs5
binding, inhibition of AB,, fibril formation, and disassembly of preformed Ap,, fibrils. Interestingly, 5¢ showed protection
against A,,-induced toxicity in transgenic C. elegans strain GMCi01. Moreover, 5b and 5¢ displayed high permeability in
an MDRi-MDCKII cell-based model of the blood-brain barrier (BBB). Compound 3b emerged with specific activity as a
micromolar AChE inhibitor, however it had low permeability in the BBB model. This study highlights the opportunities
that exist to develop analogs of endogenous molecules from the kynurenine pathway for therapeutic uses.

Chemical modification of endogenous molecules can

INTRODUCTION

The N-methyl-D-aspartate receptor (NMDAR) is an
ionotropic  glutamate  receptor  that  mediates
glutamatergic neurotransmission and affects several basic
functions in the central nervous system (CNS) including
neurodevelopment, synaptic plasticity, learning, and
memory formation.' For the activation of ionotropic
glutamate receptors, glutamate is not the only agonist;
glycine and D-serine are co-agonists and the presence of
one or the other along with glutamate is needed for the
receptor to function.” Over-activation of NMDAR causes
pathological excitotoxicity that is linked to several
neurodegenerative diseases, including Alzheimer’s disease
(AD)* * which is characterized by progressive cognitive
decline and slow destruction of memory and thinking
skills.” Kynurenic acid (KYNA), one of the first reported
products of tryptophan metabolism (Scheme 1),°
possesses neuroprotective properties by antagonizing the
effect of NMDAR-mediated excitotoxicity.” KYNA is an
endogenous competitive antagonist of ionotropic
glutamate receptors, and it has a high affinity for the
obligatory glycine co-agonist site of the NMDAR.®°

generate new compounds with improved potencies
and/or additional functions that can be of therapeutic
benefit. For example, 5,7-dichlorokynurenic acid, an
analog of KYNA, is one of the most potent excitatory
amino acid receptor antagonists.” This illustrates that the
introduction of substituents into the quinolone benzene
ring of KYNA may improve the ligand-receptor
interactions and increase the potency of this endogenous
molecule. Furthermore, these substituents could also
impart additional multifunctional effects that might be
useful for treating AD. In this report, we describe our
investigation of synthetic analogs of KYNA as prospective
multifunctional agents for AD pharmacotherapy.

Symptomatic  treatments are the established
pharmacotherapy for AD," comprising the cholinesterase
inhibitors donepezil, rivastigmine, and galantamine, and
the uncompetitive NMDAR antagonist memantine which
blocks current flow by occupying the NMDAR ion
channel.” ® AD is a multifactorial disorder which is
hypothesized to involve several different etiopathogenic
mechanisms.” Consequently, multifunctional agents that
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act on multiple drug targets have recently been a focus of
AD drug discovery studies,”™ particularly agents with
potential disease-modifying properties that target the
formation of amyloid beta (AB) peptide (secretase
inhibitors), deposition of AP (fibrillation inhibitors),
deposition of tau, inflammation, and/or oxidative damage
(antioxidants and metal chelators). There has also
recently been interest in metabotropic glutamate
receptors (mGluRs), especially mGluRs, which modulate
NMDAR activity and excitotoxicity.”” * Antagonists of
mGluR5 are known to protect against excitotoxic
neurodegeneration and AB-induced toxicity.”
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N-Formyl-L-kynurenine

L-Tryptophan

Kynurenine
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NH
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IDO: Indolamine 2,3-dioxygenase
TDO: Tryptophan 2,3-dioxygenase NAD*
KAT: Kynurenine amino transferase

Scheme 1. Biosynthesis of kynurenic acid via tryptophan
metabolism.

In this study, analogs of KYNA were investigated for
multifunctional activity in relation to
acetylcholinesterase (AChE) inhibition, NMDAR binding,
mGluRs binding and function, free radical scavenging,
inhibition of AB,, fibrillation, and AP, fibril disassembly.
Furthermore, the in vivo protective effect of the molecules
against Ap,,-induced toxicity in transgenic Caenorhabditis
elegans strain GMCio1 was studied,” and the blood-brain
barrier (BBB) permeability of the most active compounds
was estimated using a cell-based model of the BBB.
Molecular modeling studies were also performed to
predict the binding modes of most active compounds
with NMDAR, mGluRs5 and AB,..

RESULTS AND DISCUSSION

Chemistry. Scheme 2 describes the synthesis of the
target KYNA analogs, which was accomplished using
established synthetic approaches. Substituted dimethyl
anilinofumarates (2a-c) were synthesized by treating
substituted anilines (1a-c) with dimethyl

acetylenedicarboxylate.”*>® Compounds 3a-c were formed
by cyclization of 2a-c at 120 °C in polyphosphoric acid
(PPA). Hydrolysis of methyl esters 3a-c was performed
using aqueous sodium hydroxide in methanol to obtain
the corresponding carboxylic acids 4a-c. In an alternative
pathway, nitroaromatics 3a-c were reduced by catalytic
hydrogenation to form anilines 5a-c.”3° The identity and
purity of the synthesized compounds were determined
using a combination of thin-layer chromatography,
melting point, '"H and ®C NMR spectroscopy, high-
resolution mass spectrometry and RP-HPLC (Supporting
Information).

Scheme 2. Synthesis of analogs of kynurenic acid.”
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4b: R=8-NO,,6-OCH;
4c: R=5-NO,,8-OCHj

3b: R=8-N0O2,6-OCHj;
3c: R=5-NO,,8-OCHj,3

N\ CO,CH3
5a: R=8-NH, R P
5b: R=8-NH,,6-OCH
5¢: R=5-NH,,8-OCHj3
OH
Reagents and conditions: (@) Dimethyl

acetylenedicarboxylate, CH;OH, reflux, 3-5 h (64-87%); (b)
PPA, 120 °C, 1 h (28-65%); (c) CH,OH, 2 M aqg. NaOH, r.t,,
0.5-1 h (83-90%); (d) 5% Pd/C, H,, CH,0OH, r.t., 4 h (40-95%).

Receptor binding affinity and function. The
NMDAR binding affinity of the compounds was
investigated using a radioligand binding assay (Table 1).>"
3* All of the synthesized compounds were subjected to
primary screening at 10 pM. Compounds 3b, 3¢, 4¢, 5a,
and 5b were weak-to-moderate inhibitors of [*H|MK-8o01
binding to the NMDAR, with percent inhibition values
ranging from 28 to 42%, though this was superior to
KYNA which exhibited only 1% inhibition. Compounds
3¢ and 5b were further tested in a secondary radioligand
binding assay to determine binding affinity (K)).
Compounds 3¢ and 5b exhibited K; values of 6.27 and 7.98
pM, respectively. The NMDAR antagonist dizocilpine
(MK-801) was also tested as a reference molecule and had
a K; value of 0.007 puM.
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Table 1. Receptor binding affinity (NMDAR, mGluRs5), function (mGluR5), and acetylcholinesterase inhibition

data.
NMDAR NMDAR mGIuRs, mGluR mGluR mGluRs
inhibition of binding inhibition of bindin g antagoniss ¢ agonist EeAChE IC
3 _ 3 . e o
Compound [ igﬁ/illfn:m affinity [glhé[ii}jgp affinity function function (uM) = S.E.M.2P
0,
K; (uM) K (uM) (% at 10 pM) (%at 10
(% at 10 uM) (% at 10 uM) M)
a a ]
3a 7.64 nd* 46.9 nd nd nd 33.6 £3.0
3b 28.2 nd* 43.9 nd* nd* nd’ 10.9 = 0.7
3¢ 37.9 6.27 57.3 0.885 21.9 * 2.50 3.45+ 175 11.0% at 10 pM®
4 7.09 nd‘ g1 nd’ nd’ nd* nd
4b 7.29 nd* 28.2 nd’ nd’ nd" 13311
4c 302 nd* »8.0 nd‘ nd‘ nd* nd
5a 30.5 nd 57.5 2.48 -3.93+1.33 5.70 = 1.31 nd’
5b 42.4 7.98 67.9 0.829 11.17 + 3.90 5.17 + 0.833 nd’
sc 6.0 nd* 383 nd’ nd’ nd’ nd
¢ d d d
KYNA 10.8 nd 35.5 nd nd nd nt
Dizocilpine nt nt nt nt
(MK-801) 100 0.007 nt
Fenobam nt nt 100 0.069 nt nt nt
Rivastigmine’ nt nt nt nt nt nt 76.2 + 2.5
Tacrine” nt nt nt nt nt nt 0.107 + 0.009
Donepezil” nt nt nt nt nt nt 0.096 * 0.009

nd-not determined. nt-not tested. “Data was taken after 40 min incubation and collected from =3 experiments. "KYNA and KYNA analogs 3-5
were screened and only 3a, 3b, 3¢, and 4b showed significant enzyme inhibition. “Values only provided for compounds which showed >35%
inhibition of PH]Mk-801 binding at 10 M in the primary screening assay. “Values only provided for compounds which showed >50% inhibition
of PH]MPEP binding at 10 uM in the primary screening assay. ‘IC, not determined due to solubility constraints; 3¢ exhibited 34.7% inhibition at
50 uM. “IC,, was only determined for compounds which showed >10% inhibition 10 uM. “Rivastigmine is a pseudo-irreversible inhibitor. "Data

for these reference drugs was recently published.

To predict the binding modes of 3¢ and 5b with the
glycine-binding site of the NR1 subunit of the NMDAR,
molecular modeling studies were conducted. The
structural coordinates of the NR1 subunit of the NMDAR
were taken from protein data bank (PBD) entry 1PBQ.**
Both 3¢ and 5b were predicted to have multiple hydrogen
bonding interactions with the residues of the glycine-
binding site of the NMDAR. The nitro and hydroxy
groups of 3¢ were predicted to form a network of
hydrogen bonds with Thri26 and Argi31 (Figure 1A).
Similarly, the functional groups of 5b were expected to
interact with GlIni3, Proi24, Argi3i, Seri8o and Asp224 via
hydrogen bonds (Figure 1B). The aromatic rings of both
compounds were predicted to interact via m-m stacking
with the phenyl ring of Pheg2.

The mGluRs5 binding affinity of the compounds was
determined using a radioligand binding assay (Table 1).

All of the synthesized compounds underwent primary
screening at 10 pM. Compounds 3¢, 5a, and 5b were
moderate inhibitors of PH]MPEP binding to mGluRs with
percent inhibition values in the range of 57-68%,
superior to KYNA which exhibited 35% inhibition. These
compounds were then tested in a secondary radioligand
binding assay, and the K; values of 3¢, 5a, and 5b were
0.885, 2.48 and 0.829 pM, respectively. The mGluRs
antagonist fenobam was also tested as a reference
molecule and had a K; value of 0.069 pM. Primary
screening for mGluRs5 agonist or antagonist activity of 3c,
5a, and sb was conducted with 10 pM of compound
(Table 1). Agonist function was reported as the percent of
maximal mGlurRs5 activity with a saturating concentration
of agonist (glutamate) set to 100%.> Antagonist function
was expressed as the percent inhibition of mGluRsg
activity in the presence of an ECg, concentration of the
agonist (glutamate) with a saturating concentration of

3
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reference antagonist (MPEP) set to 100%.> Compound 3¢

“ /‘ Asp224

Phe7é§M .

B

of mGluRs5 activity and no appreciable agonism.

Ser180
W)
- \

K
° /~ \( Trp8\6‘\k/~i/‘/’
+yr72 2_1:?;4

Gly122

Figure 1. Docking models obtained from molecular modeling studies. (A,B) Proposed binding interactions of 3¢ (A) and 5b (B)
with active site residues of the glycine-binding site of the NMDAR (PDB entry: 1PBQ). Binding site residues are depicted as sticks
with carbon atoms represented in yellow (green for 3¢ and 5b). (C) Docked model of a tautomer of 3¢ with mGluRs (PDB entry:
40009) showing proposed binding interactions. Protein residues are represented as sticks with carbon atoms in turquoise (green
for 3c¢). (D) Docked model of 3b with huAChE (PDB entry: 4EY7) showing proposed binding interactions with the active site
pocket. Active site residues are represented as sticks with carbon atoms in green (orange for 3b) The black dashed lines
represent hydrogen bonds, and light blue dashed lines represent n-n stacking. In all figures, the black dashed lines represent
hydrogen bonds, and light blue dashed lines represent n-rt stacking between ligand and receptor.

The binding interactions of 3¢ with mGluR5 were
predicted by molecular modeling studies (Figure 1 C)
using the structural coordinates of mGluRs taken from
PDB entry 4009.” The nitro and hydroxy groups of 3¢
showed proposed hydrogen bond interactions with an
amino group of Asn747. Similarly, the oxygen atom of the
methoxy group of 3¢ was expected to form a hydrogen
bond with the hydroxyl group of Ser8os5, and n-rt stacking
between the aromatic rings of 3¢ and Phe788 was also
predicted.

Acetylcholinesterase inhibition. Inhibition of AChE
by the synthesized KYNA analogs and reference drugs
rivastigmine, tacrine and donepezil, was determined by a
modified Ellman’s assay method (Table 1).3* Among all of
the synthesized compounds, 3a-c and 4b showed
substantial inhibition of Electrophorus electricus AChE
(EeAChE). Compound 3b emerged as the most active

compound among the tested compounds with an IC,,
value of 10.9 pM followed by 3a (IC,, 33.6 uM) and 3c
(34.7% inhibition at 50 uM). Compound 4b, which is an
acid derivative of ester 3b, also inhibited the enzyme, but
it was an order of magnitude weaker than 3b, with an IC,,
of 133 pM. These molecules were also evaluated for equine
BuChE inhibition, but no significant activity was observed
up to a concentration of 100 pM. Hence, these compounds
appear to selectively inhibit AChE. The catalytic site of
BuChE is rich in aliphatic residues and ~200 A’ larger
than that of AChE, therefore, the inability of these
analogs to inhibit BuChE could be due to weak binding or
poor fit with the large catalytic binding site of BuChE.> ¥

To investigate the binding of 3b with the active site of
AChE, molecular modeling studies were performed using
a reported crystal structure of human AChE (huAChE)
(PDB entry 4EY7).* The docked model of 3b with the

4
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huAChE binding site is represented in Figure 1D. The
oxygen atom of the nitro group and ring nitrogen of 3b
showed proposed hydrogen bond interactions with Glyi22
and Tyri24, respectively. Additionally, a dense network of
n-1t stacking between the aromatic rings of 3b and Trp86,
Tyr337, Phe338, Tyr341, and His447 was also predicted.

DPPH radical scavenging. The compounds were
tested for their free radical scavenging potential using the
DPPH radical assay. The violet DPPH free radical is
converted into its reduced yellow form DPPH-H by
antioxidant molecules® The free radical scavenging
properties of the molecules were estimated from two
parameters: antioxidant stoichiometry and antioxidant
reactivity. The antioxidant stoichiometry is the number of
DPPH radicals scavenged by one molecule of antioxidant,
and the antioxidant reactivity is the rate of the reaction
between the antioxidant and DPPH radicals.*” #

Table 2. Antioxidant potential of the KYNA analogs
with the DPPH radical®’

Antioxidant reactivity

Antioxidant
stoichiometry =~ Bimolecular rate constant?
Compounds  Stoichiometric Overall  Stoichiometric
factor (n)° ks (M s) V(M sY)°
5a 2.75 * 0.05 142+ 8 519 + 3.1
5b 3.17 £ 0.06 574 £ 45 181+1
5C 2.39 + 0.04 2384 + 1017 = 92
180
EGCG 15.1+ 0.2 3486 £ 34 232+ 4
GA/ 6.30 £ 0.18 1335 * 316 212 + 56

“KYNA and KYNA analogs 3-5 were tested, and only 5a-c were
active. "Data are expressed as the mean = SEM of at least three
independent experiments. “Number of DPPH molecules reduced by
one molecule of compound in 24 h. R® values of plots of (dA/dt), vs.
Ao[AH] were between 0.85 and 0.99. °k), = ky/n. #This antioxidant
data was recently published.*’

(-)-Epigallocatechin gallate (EGCG) and gallic acid (GA)
were tested as reference antioxidant compounds. ECCG
and GA are naturally occurring polyphenolic compounds
found in tea and previously reported by us and others for
their free radical scavenging properties.*”* EGCG had an
overall bimolecular rate constant (k;) of 3486 M™s™and a
stoichiometric factor (n) of 15.1. No significant activity was
observed for 3a-c¢ and g4a-c, but all three amino-
substituted KYNA analogs 5a-c showed substantial radical
scavenging activity (Table 2). Among these analogs, 5¢
had comparatively faster reaction kinetics with a k; value
of 2384 M™s™and an antioxidant stoichiometric factor of
2.39, resulting in a k’, value (k,/n) of 1017 M™'s™, which is

ACS Chemical Neuroscience

fourfold higher than EGCG. The higher antioxidant
reactivity of 5c¢ can be explained by its structural features
because in silico modeling predicted an intramolecular
hydrogen bond with a bond length of 2.0 A between the
amino group and the hydroxy group of the molecule
(Figure S10, Supporting Information). This hydrogen bond
might stabilize the aroxyl radical of 5c¢ and facilitate the
H-atom transfer to the DPPH radical resulting in a high
biomolecular rate constant for 5¢.*?

Inhibition of AB,, fibrillation and effect on fibril
disassembly. The amyloid cascade hypothesis is the
predominant theory used to explain the pathophysiology
of AD.* This hypothesis states that an imbalance between
the production and clearance of AB in the brain® leads to
amyloid deposition, which initiates a series of events,
leading to synaptic dysfunction, neuronal loss, and
neurotransmitter ~ dysfunction.*** The synthesized
compounds were tested for their effect on the AP,
fibrillation process. The amount of Ap,, protein fibrils in
solution was measured using ProteoStat fluorescent dye
which binds specifically to protein fibrils leading to an
increase in the fluorescence intensity of the dye.*
Compound 5c¢ significantly inhibited Ap,, fibrillation
(Figure 2A), reducing the Af,, fibril levels to 42.9% of
AB,, control. In comparison, EGCG showed a strong,
almost complete inhibition of Ap,, fibrillation (3.78% of
AB,, control), and GA reduced the levels of fibrils to 15.4%
of AB,, control (Figure 2A).*>**>° The activity of 5¢ was
superior to that of the endogenous molecule KYNA which
reduced the levels of fibrils to 68.0% of AB,, control.

Moreover, 5c¢ was also tested for disassembly of
preformed Ap,, fibrils in assays using dot-blot and
ProteoStat dye. In the dot-blot assay, the destabilizing
effect of 5¢ on preformed AB,, fibrils was clearly observed
from day five onwards, using OC antibody which detects
AB,, fibrils® (Figure 2C). On day nine, very few fibrils were
detected in the dot blot assay, which confirmed the
destabilizing effect of 5c¢ on preformed A,, fibrils.
Similarly, 5¢ demonstrated a 41.5% reduction in total
fibrils content in the ProteoStat disassembly assay (Figure
2B).

The effect of 5¢ and reference compounds EGCG and GA
on the morphology of ApB,, aggregates by the end of the
fibrillation assay was studied by transmission electron
microscopy (TEM) (Figure 2D). The A,, control showed
a network of high-density fibrils while incubation of Af,,
with EGCG and GA resulted in amorphous structures.*”>
Similarly, incubation of AB,, with 5c resulted in low-
density fibrils, thus confirming inhibition of Ap,,
fibrillation by 5c.
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Figure 2. Effect of 5¢ on Ap,, fibrillation and preformed A, fibrils. (A) Extent of AB,, fibrillation depicted as the percentage of
the AB,, control fluorescence intensity. AB,, (27 uM) was incubated with 100 pM EGCG, GA, KYNA, or 5¢ in phosphate buffer (20
mM, pH 7.4, I 017 M, DMSO 0.1% v/v) for 21 h at 37 °C under quiescent conditions. ProteoStat fluorescent dye was then added
and fluorescence intensity was recorded (A¢, 544 nm, A, 590 nm). Values are the mean + SEM of four independent experiments.
Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple comparisons test with "P < 0.0001 c.f.
to 0.1% DMSO control. (B) Disassembly of preformed AB,, fibrils depicted as Af,, fibrils remaining (% of the Af,, control
fluorescence intensity). AB,, (27 uM) was incubated in phosphate buffer (20 mM, pH 7.4, I 017 M, DMSO 0.1% v/v) containing
ProteoStat fluorescent dye, for 21 h at 37 °C under quiescent conditions. The fluorescence intensity was monitored (A 544 nm,
Aem 590 nm) to confirm fibril formation. The fibrils were then exposed to 100 pM EGCG, GA, or 5¢ for 42 h at 37 °C under
quiescent conditions and the fluorescence intensity was recorded (Ae 544 nm, A., 590 nm). Values are the mean + SEM of three
independent experiments. Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple
comparisons test with "P < 0.0001 c.f. to 0.1% DMSO control. (C) Dot-blot assay for determination of AR, fibril levels over g days
in phosphate buffer (20 mM, pH 7.4, I 0.17 M) at 37 °C under quiescent conditions. AB,, (27 pM) was incubated with 100 uM
EGCG or 5¢. Compound 5¢ contained DMSO (0.1% v/v). Sampling was conducted at various time points by spotting samples
onto nitrocellulose membranes, and the membranes probed with either fibril-specific OC antibody® or 6E10 antibody> that
recognizes all forms of AP via its residues 3-8. (D) Effect of EGCG, GA and 5¢ on the morphology of AB,, aggregates after 21 h of
the fibrillation process. AB,, (27 pM) was incubated with 100 pM EGCG, GA, or 5¢, in phosphate buffer (20 mM, pH 7.4, I 017 M,
DMSO 0.% v/v) at 37 °C under quiescent conditions. TEM images of: (i) AB,, control; (ii) AB,, + EGCG; (iii) AB,, + GA; (iv) AB,,
+ 5€C.
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Figure 3. Docking models obtained from molecular modeling studies. (A) Docking model of 5¢ with AB,, peptide (PDB entry
1IYT) showing proposed binding orientation and interactions. AB,, surface colors represents electrostatic potentials of residues
(blue-positive, red-negative). (B) Superimposed docking pose of 5¢ (yellow) and EGCG (green) with Ap,, peptide showing

proposed binding interactions.
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Figure 4. Protection against AB,,-induced toxicity in C. elegans at 25 °C. Plotted are the proportions of individuals not paralysed
for untreated strains GMCi01 and CL2122, and GMCio1 grown in a Petri dish (30 mm x 15 mm) on media that was pre-treated
with 100 pL of 2 mM of 5¢, KYNA and EGCG. Values are the mean with upper and lower 95% confidence intervals, based on data
pooled from three independent experiments: Control strain CL2122 (n = 487),”° AB,, strain GMCio1 (n = 678),°° GMCio1 strain +
5¢ (n=157), GMCio1 strain + KYNA (n=158), GMCio1 strain + EGCG (n=137),”° where n=number of individuals assayed.
Statistical significance was determined by a 5x2 Fisher’s exact test, which gave an overall P value < 0.001. A series of 2x2 Fisher's
exact tests were subsequently conducted for pairwise comparisons, applying the Bonferroni correction for multiple tests, with AP

< 0.007.

The ability of EGCG to inhibit AP fibril formation is
believed to be due to interaction of EGCG and its quinone
auto-oxidation products with hydrophobic binding sites
in amyloid fibrils, and the formation of quinoprotein
adducts by reaction of the quinones with AP lysine
residues.’® > The interactions of 5¢ and EGCG** with Af,,
(PDB entry 1IYT*®) were studied using molecular
modeling (Figure 3A-B). This revealed similar predicted
binding interactions, including proposed hydrogen bond
interactions with the positively charged amino group of
Lys16, and an additional proposed hydrogen bond

between the ester oxygen atom of 5¢ and the amino group
of Glnis.

Protection against Ap,-induced toxicity in
transgenic C. elegans. The effect of 5¢, KYNA and EGCG
on Af-induced toxicity was studied in vivo using the
transgenic GMCio1 strain of C. elegans, which expresses
full length AB,,and develops severe, and fully penetrant,
time-dependent paralysis at 25 °C (Figure 4).>>° Strain
CL2122, which does not express AP, was used as a
transgenic control and exhibited no paralysis over the

7

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

time course of the experiment.”> 3> % Previous studies

showed that EGCG protects against AB-induced toxicity
in transgenic C. elegans strains CL2006 and GMC101.>*>*
* In this study, EGCG and KYNA showed a similar,
statistically significant protective effect on the nematodes
at all time points studied (16, 20 and 24 h), whereas
compound s5c displayed a statistically significant
protective effect at the 16 and 20 h time points.

Blood-brain barrier permeability and inherent
toxicity studies. BBB permeability is a critical parameter
for CNS drugs and more than 98% of existing small
molecule drugs do not cross the BBB.” BBB permeability
was estimated by testing 3b, 5b, 5¢, EGCG and GA in a bi-
directional permeability assay using an MDRi-MDCKII
cell monolayer (Table 3).° ® Fenoterol and propranolol
were used as low and high permeability markers,
respectively, and digoxin was used as a P-glycoprotein
substrate. EGCG, GA, and 3b had low permeability across
the cell monolayer, whereas sb and s5c had high
permeability with mean P,,, values of 31.4 x 10 cm/s and
28.7 x 10® cm/s, respectively. Both 5b and 5c presented a
low efflux ratio, which indicates that these compounds do
not belong to the P-glycoprotein substrate category.
Compound 3b had poor recovery from the assay, and
there is potential for hydrolysis of the methyl ester to the
free acid, which could be a reason for its low permeability.
On the other hand, the low permeability of EGCG and GA
may be attributed to their poor drug-likeness.** All
synthesized analogs of KYNA were tested for inherent
toxicity using SH-SY5Y neuroblastoma cells in an MTT
cell viability assay. Except for 4a, none of the compounds
were found to have any significant toxicity up to 100 pM
over a period of 48 h (Supporting Information).

Table 3. Permeability across an MDR1-MDCKII cell
monolayer.’

Compound Me_? N Papp Efﬂ.u§ rel\foe\j:ry BBB c
(10” cm/s)  ratio (%) category
Fenoterol 0.22 - 90.3 Low
Propranolol 211 - 70.8 High
Digoxin 0.10 78.5 65.3 Low
3b 0.31 0.02 0.78 Low
5b 28.7 0.66 86.7 High
5¢C 31.4 0.63 76.1 High
EGCG 0.07 2.97 62.9 Low
Gallic acid 0.01 29.3 65.0 Low

*Test concentration 2 puM; incubation time 2.5 h.”(P.y, B to A) / (Papp
A to B). ‘Binning Criteria: Low permeability: P, < 1.0 (x10° cm/s);
Moderate permeability: 1.0 < Py, < 55 (x10° cm/s); High
permeability: P,y = 5.5 (x10° cm/s); The boundaries for low and high
permeability binning are equivalent to 50% and 80% of the
"calculated Fa" in human.

CONCLUSIONS

Chemical modifications of endogenous molecules can
lead to the development of new analogs with improved
potency and drug-like properties. These modifications
could also be useful for the development of compounds
with multifunctional properties. By utilizing this
approach, here we reported the synthesis and evaluation
of multifunctional analogs of KYNA for the treatment of
AD. All of the synthesized compounds were tested for
their NMDAR binding, mGluR5 binding and function,
AChE inhibition, free radical scavenging ability and effect
on Af,, fibril formation and disassembly, which are
mechanisms by which drugs can target AD. Of note was
compound 5¢, which displayed activity through multiple
target mechanisms with disease-modifying potential. In
particular, 5¢ had a high stoichiometric bimolecular rate
constant for free radical scavenging which was superior to
that of the potent antioxidant EGCG. In the AB,,
fibrillation process, 5¢ exhibited 57.1% reduction in AB,,
control amplitude and TEM images showed very low
density fibrils with some amorphous structures.
Compound 5c also showed a significant disassembly of
preformed Ap,, fibrils in dot-blot and ProteoStat dye fibril
disassembly assays. Interestingly, s5c protected a
transgenic C. elegans strain from Af,,-induced toxicity in
a similar manner to EGCG and KYNA. Compound 5b was
also interesting, because it had moderate potency in the
DPPH radical scavenging process, which is a prospective
disease modifying property, and it showed 42.4%
inhibition in the NMDAR binding assay with a K; value of
7.98 uM. Compound 5b also had a K; value 0.829 pM for
mGluRs binding. One of the promising features of 5b and
5c¢ is their predicted high BBB permeability. Both of these
compounds displayed high permeability across an MDRi1-
MDCKII cell monolayer model of the BBB, even higher
than that of the high permeability reference drug
propranolol, and more than goo-fold better than the
reference antioxidant/anti-Af compounds EGCG and GA,
which displayed very low permeability. Compound 3b
emerged with specific activity as a micromolar AChE
inhibitor (EeAChE IC,, 10.9 pM), however it had low
permeability in the BBB model. None of 3b, 5b and 5c
were toxic to SH-SY5Y neuronal cells up to 100 pM over a
period of 48 h. Both 5b and 5¢ provide opportunities for
future development of multifunctional molecules based
on this scaffold. This study highlights how modification of
endogenous molecules is a useful strategy for the
development of novel therapeutic agents.
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Scheme 2. Synthesis of analogs of kynurenic acid.a
aReagents and conditions: (a) Dimethyl acetylenedicarbox-ylate, CH30H, reflux, 3-5 h (64-87%); (b) PPA,
120 oC, 1 h (28-65%); (c) CH30H, 2 M aqg. NaOH, r.t., 0.5-1 h (83-90%); (d) 5% Pd/C, H2, CH30H, r.t., 4
h (40-95%).

88x106mm (300 x 300 DPI)

ACS Paragon Plus Environment



Page 15 of 19

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

Ser1 80>

i)

¥

C 'U\ \// Tyr6s59

O~
<
7

\ ‘\

Figure 1. Docking models obtained from molecular modeling studies. (A,B) Proposed binding interactions of
3c (A) and 5b (B) with active site residues of the glycine-binding site of the NMDAR (PDB entry: 1PBQ).
Binding site residues are depicted as sticks with carbon atoms represented in yellow (green for 3c and 5b).
(C) Docked model of a tautomer of 3c with mGIuR5 (PDB entry: 4009) showing proposed binding
interactions. Protein residues are represented as sticks with carbon atoms in turquoise (green for 3c). (D)
Docked model of 3b with huAChE (PDB entry: 4EY7) showing proposed binding interactions with the active
site pocket. Active site residues are represented as sticks with carbon atoms in green (orange for 3b) The
black dashed lines repre-sent hydrogen bonds, and light blue dashed lines represent n-n stacking. In all
figures, the black dashed lines represent hydro-gen bonds, and light blue dashed lines represent n-n

stacking between ligand and receptor.
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Figure 2. Effect of 5¢c on AB42 fibrillation and preformed AB42 fibrils. (A) Extent of AB42 fibrillation depicted
as the percentage of the AB42 control fluorescence intensity. AB42 (27 uM) was incubated with 100 uM
EGCG, GA, KYNA, or 5c in phosphate buffer (20 mM, pH 7.4,10.17 M, DMSO 0.1% v/v) for 21 h at 37 oC
under quiescent conditions. ProteoStat fluorescent dye was then added and fluorescence intensity was
recorded (Aex 544 nm, Aem 590 nm). Values are the mean + SEM of four independent experiments.
Statistical significance was determined by one-way ANOVA followed by Dunnett’s multiple comparisons test
with AP < 0.0001 c.f. to 0.1% DMSO control. (B) Disassembly of preformed AB42 fibrils depicted as AB42
fibrils remaining (% of the AB42 control fluo-rescence intensity). AB42 (27 pM) was incubated in phosphate
buffer (20 mM, pH 7.4, 1 0.17 M, DMSO 0.1% v/v) containing Pro-teoStat fluorescent dye, for 21 h at 37 °C
under quiescent conditions. The fluorescence intensity was monitored (Aex 544 nm, Aem 590 nm) to confirm
fibril formation. The fibrils were then exposed to 100 uM EGCG, GA, or 5c for 42 h at 37 oC under quiescent
conditions and the fluorescence intensity was recorded (Aex 544 nm, Aem 590 nm). Values are the mean %=
SEM of three independ-ent experiments. Statistical significance was determined by one-way ANOVA followed
by Dunnett’s multiple comparisons test with ~P < 0.0001 c.f. to 0.1% DMSO control. (C) Dot-blot assay for
determination of AB42 fibril levels over 9 days in phosphate buffer (20 mM, pH 7.4, 10.17 M) at 37 oC
under quiescent conditions. AB42 (27 uM) was incubated with 100 uM EGCG or 5c. Compound 5c contained
DMSO (0.1% v/v). Sampling was conducted at various time points by spotting samples onto nitrocellu-lose
membranes, and the membranes probed with either fibril-specific OC antibody51 or 6E10 antibody53 that
recognizes all forms of AB via its residues 3-8. (D) Effect of EGCG, GA and 5c on the morphology of AB42
aggregates after 21 h of the fibrillation process. AB42 (27 pM) was incubated with 100 uM EGCG, GA, or 5c,
in phosphate buffer (20 mM, pH 7.4, 1 0.17 M, DMSO 0.1% v/v) at 37 °C under quiescent conditions. TEM
images of: (i) AB42 control; (ii) AB42 + EGCG; (iii) AB42 + GA; (iv) AB42 + 5c.
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22 Figure 3. Docking models obtained from molecular modeling studies. (A) Docking model of 5c with AB42
23 peptide (PDB entry 1IYT) showing proposed binding orientation and interactions. AB42 surface colors
24 represents electrostatic potentials of residues (blue-positive, red-negative). (B) Superimposed docking pose
25 of 5¢ (yellow) and EGCG (green) with AB42 peptide showing pro-posed binding interactions.
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Figure 4. Protection against AB42-induced toxicity in C. elegans at 25 oC. Plotted are the proportions of
individuals not paralysed for untreated strains GMC101 and CL2122, and GMC101 grown in a Petri dish (30
mm X 15 mm) on media that was pre-treated with 100 pL of 2 mM of 5¢, KYNA and EGCG. Values are the

mean with upper and lower 95% confidence intervals, based on data pooled from three independent
experiments: Control strain CL2122 (n =487),50 AB42 strain GMC101 (n=678),50 GMC101 strain + 5c

(n=157), GMC101 strain + KYNA (n =158), GMC101 strain + EGCG (n = 137),50 where n = number of

individuals assayed. Statis-tical significance was determined by a 5x2 Fisher’s exact test, which gave an

overall P value < 0.001. A series of 2x2 Fisher's exact tests were subsequently conducted for pairwise
comparisons, applying the Bonferroni correction for multiple tests, with ~P < 0.007.
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